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Abstract 

 

Coal combustion is recognized as the primary source of anthropogenic mercury emission 

in South Africa followed by gold mining. Coal is also known to contain trace 

concentrations of mercury which is released to the environment during coal mining, 

beneficiation or combustion. Therefore, determining the mercury speciation in coal is of 

importance in order to understand its behavior and fate in the environment. 

Mercury was also used, at a large extent, in the Witwatersrand Basin (South Africa) for 

gold recoveries until 1915 and is still used in illegal artisanal mining. Consequences of 

these activities are the release of mercury to the environment. Nowadays, gold (and 

uranium) is also recovered through the reprocessing of old waste dumps increasing the 

concern related to mercury pollution. 

While much effort has been put in the northern hemisphere to understand and control 

problems related to anthropogenic mercury release and its fate to the ecosystem, risk 

assessment of mercury pollution in South Africa was based, until very recently, on total 

element concentrations only or on non systematic fragmental studies. It is necessary to 

evaluate mercury speciation under the country’s semi arid conditions, which are different 

to environmental conditions that exist in the northern hemisphere, and characterize 

potential sources, pathways, receptors and sinks in order to implement mitigation 

strategies and minimize risk.  

In this study, analytical methods and procedures have been developed and/or optimized 

for the determination of total mercury and the speciation of inorganic and organic forms 

of mercury in different sample matrices such as air, coal, sediment, water and biota.  

The development of an efficient and cost effective method for total gaseous mercury 

(TGM) determination was achieved using nano-gold supported metal oxide (1% wt Au) 

sorbents and cold vapor atomic fluorescence spectrometry (CV-AFS). Analytical figures 

of merit and TGM concentrations obtained when using Au/TiO2, as a mercury trap, were 

similar to those obtained with traditional sorbents. 

The combination of isotope dilution with the hyphenated gas chromatography-inductively 

coupled plasma mass spectrometry (ID GC-ICP-MS) was also achieved and used 

successfully for the speciation analysis of mercury in solid, liquid and biological samples.  
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The developed, or optimized, methodologies were used to estimate the average mercury 

content and characterize the speciation of mercury in South African coals, and also to 

study the speciation of mercury in selected South African environmental compartments 

impacted by gold mining activities.  

The obtained average mercury content in coals collected from the Highveld and 

Waterberg coalfields (0.20 ± 0.03 mg kg-1) was close to the reported United States 

Geological Survey (USGS) average for South African coals. Speciated isotope dilution 

analyses and sequential extraction procedures revealed the occurrence of elemental 

mercury, inorganic and organo-mercury species, and also the association of mercury 

mainly to organic compounds and pyrite. 

The environmental pollution assessment was conducted within the Witwatersrand Basin, 

at four gold mining sites selected mainly for their mining history and from geophysical 

information obtained through satellite images. This study showed a relatively important 

pollution in three of the four sites, namely the Vaal River west site near Klerksdorp, the 

West Wits site near Carletonville (both in the North-West Province) and the Randfontein 

site in the West Rand (Gauteng Province). Only one site, the closed Rietfontein landfill 

site in the East Rand (Gauteng Province) was found to be not impacted by mercury 

pollution. 

The methylation of mercury was characterized in all sites and factors governing the 

mercury methylation process at the different study sites were also investigated.     

Geochemical models were also used to explain the distribution, transport and fate of 

mercury in the study systems.  
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Chapter 1  
Introduction and problem statement 

 
 
1.1 Introduction 
 
Mercury is well known as one of the most hazardous contaminants that may be present in 

the environment. The growing global concern over the release of mercury to the 

environment has prompted the preparation of country-specific inventories that quantify 

mercury emissions from various sources (Leaner et al., 2009). A global Mercury Program 

was recently created by the United Nations Environment Program (UNEP) Governing 

Council in order to raise awareness of the nature of mercury pollution problems. The 

main goals of this program consist on assisting Governments and other stakeholders to 

identify, understand, and implement actions to mitigate mercury problems in their 

countries (USEPA, 2008).  

The mobilization and release of mercury by human activities is referred to as 

anthropogenic mercury emissions. In South Africa (SA), the largest point sources of 

mercury emissions are coal combustion followed by gold mining activities (reprocessing 

of old tailing dams and artisanal mining) (Naicker et al., 2003; Lusilao, 2009; Telmer and 

Veiga, 2009) and the largest single combustion source is coal-fired power plants (Pacyna, 

et al., 2006; Dabrowski et al., 2008). The country is ranked among the top 10 producer 

and consumer of coal in the world and is also a primary producer of important and 

strategic metals such as gold, platinum, lead and zinc (Pirrone et al., 2010). Although the 

production facilities of these minerals and materials are known for their contribution to 

mercury pollution, limited information is available for SA (and the rest of the African 

continent) in relation to emissions from anthropogenic sources and mercury content in 

products (Pirrone et al., 2010). 

In 2006, the Council for Scientific and Industrial Research (CSIR) hosted a meeting in 

Pretoria (SA) to discuss the way forward in establishing a mercury assessment for the 

country. The workshop focused on initiating a South African Mercury Assessment 

(SAMA) program, which aims to develop a framework for mercury research focusing 

initially on the sources, transport, fate and consequences of mercury from coal-fired 

power plants in SA (Leaner, 2006). 
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Some of the expectations from the participants at the workshop were to address the 

mercury biogeochemical cycle by addressing the whole chain of events in deposition and 

effects, and to develop methodologies for accurate and reliable measurements for 

mercury species, that includes date-to-date analysis and continuous monitoring. This 

focus area is important since it was recognized that mercury research in South(ern) Africa 

is practically inexistent (Leaner, 2006). Therefore, the development of mercury research 

will enable the collection of reliable data that can be used to address mercury pollution 

problems within the country, and on a larger scale, to the African continent.  

 

A particular aspect of mercury is that it exists in the environment in a number of different 

chemical and physical forms with different behavior in terms of transport and 

environmental effects (Schroeder and Munthe, 1998). Among the different mercury 

species, monomethylmercury (MeHg, MMHg or MHg) is of particular interest due to its 

high toxicity and to its high capacity to bioaccumulate in food chains (USEPA, 1997a; 

Bloom and Watras, 1989; Brosset and Lord, 1995).  

For toxicological and biogeochemical studies the total concentration of mercury is of 

little value without knowledge of its chemical forms. Thus, speciation of mercury is a 

critical determinant of its mobility, reactivity, and potential bioavailability in mercury- 

impacted regions. Understanding the movement and geochemistry of mercury from these 

regions is therefore necessary in order to predict the potential impacts and hazards 

associated with the mercury contamination. 

 

1.2 Statement of the problem 

 

1.2.1 Gaseous mercury measurements 

 

An interest has aroused, during the last two decades, in studying the environmental 

turnover of mercury species, be it organic or inorganic, and large research efforts have 

been put into the identification and quantification of these species over the last (Stoichev 

et al., 2006). 
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Currently, it is difficult to detect mercury at extremely low concentrations such as those 

found in water (µg m-3) or air samples (ng m-3) (Harris et al., 2007). The available 

detection equipment is very strongly matrix dependent and cannot detect small amounts 

of the pollutant. Several methods/systems exist to monitor low concentration levels of 

mercury and generally provide limits of detection from ng m-3 (Stoichev et al., 2006). 

Their sensitivity, however, is achieved at the expenses of elaborate and time-consuming 

sample preparation and pre-concentration procedures. 

Analytical methods have also been developed within our research laboratory for the 

determination of inorganic and organomercury forms in different liquid and solid 

matrices. These methods were successfully tested on real environmental samples 

(Lusilao, 2009), though it was clearly emphasized that the developed methods had to be 

improved for ultra trace mercury determination. 

 

In the past, investigations of atmospheric mercury have been done on gaseous species, 

and methodologies for accurate determination of gaseous mercury in ambient air are now 

well established (Xiao et al., 1997; Tekran, 1998). Furthermore, recent advances in 

analytical instrumentation (better selectivity and sensitivity) and “trace metal-free” 

methodologies have made the determination of atmospheric levels of mercury (pg m-3 

range) feasible, and have significantly advanced the knowledge of atmospheric behavior 

of mercury (Xiao et al., 1997; Tekran, 1998). Nevertheless, high quality data are still 

scarce (especially for the southern hemisphere) and improved techniques and methods for 

sampling and analysis of gaseous mercury are still needed. The generated information, 

linked with other data can be used to assess the various pathways of human exposure to 

mercury. 

Mercury occurs in the atmosphere in mainly three forms: elemental mercury vapor (Hg0), 

reactive gas phase mercury (RGM) and particulate phase mercury (TPM). Of these three 

species, only Hg0 has been tentatively identified with spectroscopic methods (Edner et al., 

1989) while the other two are operationally defined species, i.e. their chemical and 

physical structure cannot be exactly identified by experimental methods but are instead 

characterized by their properties and capability to be collected by different sampling 

equipment. 
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Sampling and analysis of atmospheric mercury is often made as total gaseous mercury 

(TGM) which is an operationally fraction defined as species passing through a 0:45 µm 

filter or some other simple filtration device such as quartz wool plugs and which are 

collected on gold, or other collection material. TGM is mainly composed of elemental 

mercury vapour with minor fractions of other volatile species such as HgCl2; CH3HgCl or 

(CH3)2Hg. At remote locations, where TPM concentrations are usually low, TGM makes 

up the main part (> 99%) of the total mercury concentration in air (Munthe et al., 2001). 

Number of methods have been developed to measure TGM, RGM and TPM at both urban 

and background levels (Lu et al., 1998).  

The different mercury species are ubiquitous in the atmosphere with ambient TGM 

concentrations averaging about 1.5 ng m-3 in the background air throughout the world 

(Iverfeldt, 1991). Higher concentrations are found in industrialized regions and close to 

emission sources. RGM and TPM vary substantially in concentration typically from 1 to 

600 pg m-3, depending on location (Keeler et al., 1995; Stratton and Lindberg, 1995).  

 

It is, therefore, clear that mercury measurement methods must be able to detect mercury 

at relatively low levels to be utilized for environmental gaseous samples. For example, 

mercury concentrations in coal combustion flue gas may range between 1 to 30 ng m-3. 

Thus, in order to detect mercury in flue gas, the analytical method must be sensitive 

enough to accurately measure within 0.5 ng m-3 with no interferences from other flue gas 

constituents (Laudal et al., 1998). This imperatively requires the use of preconcentration 

techniques. 

Numerous methods (automated or manual) are used as a preconcentration step prior to the 

mercury analysis.  These methods consist on a liquid or solid sorption system to collect 

volatile species. A variety of liquid and solid sorbents can be used to separate and 

preconcentrate mercury species. Solid sorbents offer several advantages relative to liquid 

sorbents such as greater stability and easier handling. Moreover, solid sorbents also can 

be used repeatedly and the mercury collected can be analyzed directly using sensitive 

techniques (Laudal et al., 1998).  

These advantages provide impetus for the development of solid sorption methods. 

Mercury can be selectively captured on solid sampling medium through adsorption, 
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amalgamation, diffusion, and ion exchange processes. The gold trap is one of the mostly 

used solid sorbents. Different techniques using gold (foil, chips, thin film, etc.) coating on 

a substrate are available (EMEP, 2002). As an example, the International Organization 

for Standardization (ISO) has developed a standard method of sampling mercury by 

amalgamation on gold/platinum alloy thread (ISO, 2003). 

The general principle for those techniques consist on trapping mercury from the sample 

using the gold trap and after collection, the trap is heated to remove mercury species. The 

trap can be re-used many times after desorption and sensitive detection methods are used 

for the identification and quantification of desorbed mercury species. 

On another hand, in developing and testing innovative and cost-effective mercury control 

technologies, there are two main approaches that have been studied for mercury vapor 

control at elevated temperatures. One involves direct capture of Hg0 by injection of 

sorbents, usually powdered activated carbons (USEPA, 2003). The other approach 

focuses on the development of oxidation catalysts, such as noble metal catalysts, to 

transform Hg0 to Hg2+ for removal during scrubbing processes (Presto and Granite, 2008). 

A recent trend in the development of these new “mercury traps” for low concentrations 

consists on the use of nanostructured materials which shows mercury removal up to 95% 

(Sjostrom and Chang, 2003; USPTO, 2006).   

It is, therefore, believed that such materials can also be used as analytical traps for the 

preconcentration of low level mercury. 

 

1.2.2 Mercury concentration and distribution in South African coal 

 

Environmental legislation in the developed countries has had significant impact on coal 

utilization, especially coal combustion for power generation, in limiting emissions of 

potentially hazardous materials such as inorganic constituents in coal to the environment. 

This legislation has led to significant development of new models for the behavior of 

inorganics in coal combustion and a complementary enhancement of many analytical 

methods for determining inorganics in coal (Huggins, 2002). 

It has long been recognized that there are environmental consequences related to the use 

of coal for energy production. Extensive research has been conducted in the northern 



 6 

hemisphere and reports written about the environmental problems associated with coal 

mining, processing, and combustion and related problems such as acid mine drainage, 

acid rain, smog, and greenhouse gas emissions (Finkelman et al., 2002).  

In the United States, for example, the mercury concentration in coal has been a subject of 

wide-spread discussion since the passage of the 1990 clean air act amendment (CAAA) 

(Toole-O’Neil et al., 1999). The CAAA specifies 189 potential hazardous air pollutants 

(HAPs) among these are trace elements, including mercury. The CAAA focuses on 

mercury for special consideration because of its potentially adverse impact on human 

health. 

There appears to be considerable sources of mercury input in Southern Africa. Global 

human activities such as combustion of fossil fuels and the incineration of waste 

materials are estimated to account for 70% of the total mercury in the atmosphere.  

Unfortunately, the amount of mercury emissions in the region is unknown (Leaner, 

2006). 

It is known that the main variables affecting mercury emissions to the environment 

during coal combustion include the mercury content of the coal, the type and efficiency 

of control devices used to reduce gaseous and particulate emissions, and the total amount 

of coal combusted (Wagner and Hlatshwayo, 2005). 

Recent studies conducted by Dabrowski et al. (2008) and Leaner et al. (2009), based on 

the total amount of coal burned in all power plants per year, the mercury content of South 

African coals and the emission control devices used in each power plant, suggested that 

mercury emitted from South African coal fired power stations was lower than previously 

reported by Pacyna et al. (2006). However, the authors also suggested that further 

research is required to validate and refine the results obtained from their studies.  

Indeed, the mercury concentrations used for the above studies were based either on 

estimates of the average mercury content in South African coals (Leaner et al., 2009) or 

on the few published data (Dabrowski et al., 2008). 

Watling and Watling (1982) have determined a mercury concentration of 0.33 mg kg-1 for 

South African coals whereas Wagner and Hlatshwayo (2005) reported a mean value of 

0.15 ± 0.05 mg kg-1 (ranging between 0.04 and 0.27 mg kg-1) in coal samples obtained 

from the Highveld coalfield. More recently, the United States Geological Survey (USGS) 
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reported an average mercury concentration of 0.16 mg kg-1 for forty South African coals 

collected at different coalfields (Kolker et al., 2011). 

Previous studies on the geochemistry of coal, including South African coal, have 

demonstrated a notable vertical variation in mercury concentration compared to 

horizontal variation, indicative of different depositional environments vertically and 

possibly of localized metamorphism (Watling and Watling, 1982; Sakulpitakphon et al., 

2004). The variability of reported mercury concentrations of South African coals shows 

the need of more analysis of South African coals and the importance of sampling 

strategies, especially when it comes to mercury determination. 

Further, mercury has the property of strong volatility at high temperature and tends to 

adsorb in many types of containers used for storage. Care must be taken to avoid loss of 

the analyte during sample preparation and storage (Stoichev et al., 2006). Results 

presented by Wagner and Hlatshwayo (2005) for six Highveld coals were, at least, 20% 

lower compared to those reported by the USGS for five of the six analyzed samples. 

Besides, the mercury concentration of 0.19 mg kg-1 measured for the certified reference 

material (SARM 20) also was about 20% lower than the certified mean of 0.25 mg kg-1. 

This shows that mercury was lost somewhere during the sample preparation, probably 

during the digestion, as mentioned by the authors. Therefore, the actual mercury 

concentration in the Highveld coal is presumed to be higher than reported. 

 

On another hand, since the US Environmental Protection Agency (USEPA) issued a 

federal rule to reduce mercury emissions from coal-fired power plants (Hoffart et al., 

2006) there have been many studies about the removal of mercury after the combustion 

of coal. However, only a few studies have been done about the pre-combustion removal 

of mercury from coal (Iwashita et al., 2004). 

The intention of coal cleaning is to reduce the inorganic contaminants in the coal before it 

is crushed and introduced into the boiler for combustion. Conventional coal cleaning 

methods usually employ pyrite-attacking mechanisms (Dronen et al., 2004) because some 

of the mercury in the coal is associated with the pyrite fraction. The greatest fraction of 

cleaned coal is bituminous varieties, due mainly to their high pyrite and sulfur content. A 
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much smaller fraction of the subbituminous coals are cleaned, while lignite coals are 

rarely cleaned (Hoffart et al., 2006). 

In general, low grade bituminous coal is used for combustion in South African’s power 

plants and no coal washing (and potential removal of mercury) takes place prior to 

burning (Dabrowski et al., 2008). The majority of power plants receive coal from mines 

situated in the Witbank and Highveld coalfields (see Chapter 2 for location map), while 

few of them receive coal from mines situated in the Sasolburg and Waterberg coalfields, 

(Chamber of Mines, 2004). Only few data are available on the specific mercury content 

of these coals. 

 

In addition, Dvornikov (Toole-O’Neil et al., 1999 and the reference therein) proposed, on 

the basis of extensive studies of Soviet coal, that mercury occurs as mercury sulfide, 

metallic mercury and organometallic compounds whereas Gao et al. (2008) have, more 

recently, demonstrated the occurrence of the toxic methylmercury in some China coals. 

Unfortunately, while many studies in the world have been devoted to the problem of 

mercury in coal, such as its modes of occurrence and its emission behavior, little is 

known about the speciation of mercury in South African coals. 

The quantification of mercury and the determination of its distribution in South African 

coals are therefore very important to understand mercury behavior during coal 

beneficiation, cleaning and combustion. This will also help in developing suitable 

cleaning procedures for South African coals prior to combustion. 

 

In a summary, due to the complex chemical structure of coal matrices, it is important to 

define the speciation of mercury in coal in order to get a better understanding of its fate 

and effect in biological, geological and atmospheric ecosystems after mining and/or 

combustion and to determine which cleaning methods can be successfully used. 

 

1.2.3 Mercury pollution from gold mining operations in South Africa 

 

Mining activities are known to play a significant role in the economic development of 

SA. Up until a few years back, SA was the world's largest gold producer. China surpassed 
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SA as the world's largest producer in 2007. China continues to increase gold production 

and remained the leading gold-producing nation in 2009, followed by Australia, SA, and 

the United States (www.mbendi.com). 

In 2008, SA was estimated, by the USGS, to have 6,000 metric tons of gold reserves 

(USGS, 2008), although a later study presented by Hartnady (2009) suggests that South 

African gold reserves are only about half of the USGS estimate i.e. 2,948 metric tons and 

places SA only fourth in world rank, after Australia (5,000 t), Peru (3,500 t) and Russia 

(3,000 t). Ninety five percents of SA’s gold mines are underground operations, reaching 

depths of over 3.8 km. Coupled with declining grades, increased depth of mining and a 

slide in the gold price, costs have begun to rise, resulting in the steady fall in production. 

The future of the gold industry in SA therefore depends on increased productivity. 

 

By far the most gold that has been mined in SA (98%) has come from the Witwatersrand 

goldfields (figure 1.1). SA does have other smaller gold producers outside of the 

Witwatersrand (“Wits”), in the form of Archaean greenstone belts. The main gold 

producing greenstone belts are the Barberton Greenstone Belt situated in the 

Mpumalanga province, just north of Swaziland and the Kraaipan greenstone belt located 

west of Johannesburg, near Kuruman. Other smaller belts exist in the Northern Province, 

but have been worked sporadically (www.mbendi.com). 

 

The name "Witwatersrand" means "White Waters Ridge” and was derived from the white 

quartzite ridge which strikes parallel to the edge of the basin in which the sediment was 

deposited. The gold mines in this area are situated around an ancient sea (over 2700 

million years old) where rivers deposited their sediments in the form of sand and gravel 

which became the conglomerate containing the gold. The Witwatersrand Basin is 

approximately 350 km long and 200 km wide. The gold mines in this area are possibly 

the deepest mines in the world (mining operations at 3600 m and exploration core-drilling 

up to 4600 m). Peak gold production occurred in 1970 when over 1000 metric tons were 

mined (Hartnady, 2009). However gold production has declined since 1980. 
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Figure 1.1 Map of the Witwatersrand Basin in South Africa (Modified after Tutu, 2006 
and the reference therein) 

  

The average recovery grade of the Witwatersrand gold mines has declined from 13.3 g t-1 

in 1970 to 5.3 g t-1 in 1991 (Mphephu, 2004; wwwu.edu.uni-klu.ac.at) . 

Over 100 mineral species have been reported from the gold-bearing reefs. Zircon, 

chromite and other "heavy minerals" occur throughout the Witwatersrand. The most 

common silicate minerals in the reefs are quartz, muscovite, pyrophyllite, chloritoid and 

chlorite (wwwu.edu.uni-klu.ac.at). 

The sulphide minerals are the second most abundant minerals. A wide variety of nickel-

cobalt-platinum sulpharsenides as well as copper sulphosalts and antimony-bearing 
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minerals are present. Included in this group are species such as cobalt-rich arsenopyrite, 

gersdorrite and cobaltite, and the platinum group minerals geversite, sperrylite, braggite 

and cooperite. Pyrite is present in a variety of habits and forms. The main uranium-

bearing minerals are uraninite and brannerite with minor amounts of coffinite and 

uranothorite. Uranium (and gold) tends to be enriched when found in combination with 

carbon. In some places a "reef", the Carbon Leader, is developed and mined as the gold 

content is exceptionally high.   

Most of the gold in the Witwatersrand is present as native gold which occurs in a variety 

of forms and habits, such as microscopic vein lets or overgrowths and is usually only 

visible under the microscope (the average gold particle ranges from 0.005mm to 0.5mm 

in diameter). There are however remarkable exceptions like those observed on the 

Randfontein Estates gold mine or in the City Deep Mine. In this latest, beautiful clear 

quartz crystals up to 10 cm long with small calcite crystals were found (wwwu.edu.uni-

klu.ac.at). 

 

Gold mining began on the Witwatersrand in 1886 across a broad arc some 60 km long, 

marking the outcrop of the Main Reef conglomerates. It soon became evident that the 

gold occurrence was of considerable significance, and prospectors and miners flocked to 

the area. Townships were established along the length of the outcrop to accommodate the 

growing workforce (McCarthy and Venter, 2006). Coal was discovered on the East Rand 

in the late 1880s, and by 1890 was being transported by rail along the Rand to supply the 

power needs of the growing industry (Jeffrey, 2005). Gold exploitation commenced in the 

Central Rand, followed by the West and East Rand (late 1890s) and continued to the 

West Wits area and Orange Free State Goldfields (1951) and after 1958 spread to the 

Eastern part of the Basin, the Evander Goldfield. This resulted to the creation of. a vast 

mining–industrial complex in the Witwatersrand Basin. The mining activity gave rise to a 

large conurbation centered on Johannesburg, which today accommodates millions of 

people (Forstner and Wittmann, 1976; Mc Carthy and Venter, 2006, Naicker et al., 2003). 

Since the gold-bearing conglomerate encountered in SA is always intimately associated 

with a matrix, crushing and grinding were therefore a prerequisite to the recovery of gold, 

whether by amalgamation, cyanidation, flotation or gravity concentration. 
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Gold was initially extracted using a mercury amalgam method. Ore mined underground 

was brought to the surface, where it was milled to a fine sand, during and after which it 

was exposed to a film of mercury spread on copper plates. These were periodically 

removed, and the mercury–gold amalgam scraped off and distilled to recover the gold. 

The tailings were transported to dumps near the extraction plant, producing the so called 

‘‘sand dumps’’ (Naicker et al., 2003).  

Although cyanidation was introduced later on, to supplement amalgamation and has 

become the only method of treatment on several mines, Forstner and Wittmann (1976) 

observed that approximately 43% of the total South African gold output was still attained 

by amalgamation in the late 1970s. They estimated the consumption of mercury to 

fluctuate between 10 and 40 mg per ton of milled rock.  

The success achieved by the cyanide process lies in the selective dissolution of gold by 

weak cyanide solutions from other ore constituents. Gold is precipitated from the cyanide 

solution by zinc dust and a 10% lead nitrate solution, and is recovered from the zinc 

precipitate by calcining the base metal constituents to the oxide form and by smelting 

with a borosilicate flux to eliminate the sulfur content. The tailings were pumped to large 

dumps, known as ‘‘slimes dumps’’. 

Due to the high degree of extraction efficiency and more economic results achieved by 

direct cyanidation, practically no scope has been offered for the application of flotation 

methods to the recovery of gold in SA. The only exception is the recovery of uranium 

oxide as by-product from gold ores from 1952. Extraction of uranium oxide requires 

leaching of gold plant slime with concentrated sulfuric acid (Forstner and Wittmann, 

1976). 

The main residues from gold-mining operations consist of waste rocks, cyanided sand 

and slime, surplus mine water and discarded solutions such as waste sulfuric acid. The 

waste rock can be disposed of as concrete aggregate, rail-ballast, etc. and has commercial 

value. 

 

Due to the high selectivity of both the mercury amalgamation and the cyanidation for 

gold, other ore minerals were unaffected during the extraction process, and hence 

reported to the tailings dumps (Naicker et al., 2003). By the end of 1972, it was reported 
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that more than three millions metric tons of ore had been cumulatively mined (Forstner 

and Wittmann, 1976) and, in the late 1980s, approximately 240 tailings dams covering a 

surface area of 44 000 hectares were registered in the Witwatersrand Basin (Tutu, 2006). 

In the last two decades, many of these dumps have been and are being retreated to 

recover the remaining gold, and the tailings are pumped to disposal sites (Mpephu, 2004). 

Due to inadequate design, poor management and neglect, these tailings dams have been 

subjected to varying degrees of water and wind erosion which led to serious 

environmental damages such as the pollution of surrounding watersheds, as a result of 

acid mine drainage generated mainly from sulphides and heavy metals in the tailings 

dams, air pollution in the form of airborne dust from unrehabilitated, partially 

rehabilitated and reprocessed tailings dams, and the sterilization of appreciable tracts of 

land partly as a result of shallow undermining (Tutu, 2006). 

Many studies also have reported the existence of acid mine drainage on the 

Witwatersrand (e.g. Wittmann and Forstner, 1976; Naicker et al., 2003), and the presence 

of enhanced concentrations of heavy metals including mercury in surface waters and 

sediments (Naicker et al., 2003, McCarthy and Venter, 2006). The source was assumed to 

be from surface run-off from the main tailing dumps in the catchment as well as pumped 

water from mining operations (Marsden, 1986). Other studies showed that the dumps, 

particularly those consisting predominantly of sand sized tailings, were polluting the 

underlying ground water which in turn was entering the surface water environment via 

ground-water seeps (Mphephu, 2004). 

The migration of pollutants such as mercury from these remote poorly-monitored mine 

sites can result in elevated mercury levels in more populated urban regions. Therefore, 

understanding the transport and bio-geochemistry of mercury from mines in the 

Witwatersrand Basin is necessary in order to predict ecological consequences associated 

with this form of contamination. 

In soils and surface waters, mercury can exist in the mercuric (Hg+2) and mercurous 

(Hg+1) states as a number of complex ions with varying water solubilities. Mercuric 

mercury, present as complexes and chelates with ligands, is probably the predominant 

form of mercury present in surface waters (ATSDR, 1999). The transport and partitioning 

of mercury in surface waters and soils is influenced by the particular form of the 
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compound (speciation). Therefore, the speciation of mercury is a critical determinant of 

its mobility, reactivity, and potential bioavailability in gold-mine impacted regions. Net 

generation of methylmercury, for example, is important in investigations of the 

environmental effects of mercury contamination, because of its toxicity and also due the 

fact that methylmercury is the form of mercury that is concentrated by fish and aquatic 

food chains (USGS, 2003). 

Mercury speciation in these complex natural systems is additionally influenced by a 

number of physical, geological, and anthropogenic variables (Kim et al., 2004). 

Sediments, on another hand, are important carriers for trace metals in the environment 

and reflect the current quality of the system. Analysis of the development of 

concentrations of metals along sediment cores therefore makes it possible to determine 

the history of metal contamination for a certain region (de Lacerda et al., 1991). Harris et 

al. (2007) reported that methylmercury in sediment is a useful indicator to assess changes 

in mercury load, changes to the net bioaccessibility of inorganic mercury and changes in 

bacterial activity. Recent studies (Nsengimana, 2007; Lusilao, 2009) done on the Klip 

River basin in SA have also demonstrated that sediments and stream-water are a useful 

barometer of changes in mercury load. Because of the importance of sediments in 

mercury methylation, investigation of selected sediment environments from the 

Witwatersrand Basin could generate significant information regarding the relative impact 

of mercury contamination on the presence of methylmercury in reservoirs and wetlands. 

Understanding conditions that regulate the formation and behavior of methylmercury in 

aquatic sediments is, therefore, essential for determining the modes of transfer of this 

contaminant to the water column and biota.  

 

Unfortunately, as mentioned previously, mercury research in SA is practically non-

existent and the few fragmented risk assessments of local mercury pollution is based on 

total mercury concentrations among other elements (Leaner, 2006). Due to the limited 

data available on the anthropogenic emission of mercury in SA, the level of mercury 

pollution and its consequences in terms of ecosystem services and human health appear to 

be highly underestimated in the country. In order to get a better assessment of the local 



 15 

environmental impact of mercury pollution from gold mining sites, adequate information 

concerning its speciation is thus required. 
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Chapter 2   
Literature review 

 
 

2.1 Introduction 

 

Interest in the impact of mercury released into the environment been driven by the human 

health concerns associated with mercury ingestion, mainly through the consumption of 

seafood (Grigal, 2002). Mercury (Hg) occurs in two oxidation states in environmental 

media: metallic (Hg0 or Hg(0)) and mercuric (Hg2+ or Hg(II)). Under ordinary conditions, 

Hg0 vaporizes readily and is easily transported in the atmosphere. Natural sources of 

mercury to the atmosphere include degassing of the earth’s crust through volcanoes and 

diffusion from ore bodies (Nriagu, 1979). Human activities such as mining and associated 

smelting, burning of fossil fuels, and industrial uses of mercury in chloralkali plants, 

paints, batteries, medicine, and dentistry have significantly increased the global reservoir 

of atmospheric mercury since the beginning of the industrialized period (Fitzgerald et al., 

1998). The wide distribution of mercury via atmospheric processes and its deposition, 

from the atmosphere, to terrestrial and aquatic systems has led to the recognition of 

mercury as a toxic global pollutant (Fitzgerald et al., 1998; Jackson, 1997). 

There are various questions related to uncertainties of the relative importance of different 

mercury sources (natural and anthropogenic), processes controlling cycling and fate in 

the environment, and toxicological effects on humans and wildlife (Krabbenhoft et al., 

2005). The purpose of this chapter is to provide a general description of some of the latest 

understanding of the processes that affect the biogeochemical cycling of mercury in the 

environment. However, it is necessary, in order to put mercury cycling in the proper 

context, to present a brief history of human uses of mercury and an overview on the past 

and present mercury sources to the environment, and reasons for concern. 

 

As early as 430 BC in Almadén, Spain, humans discovered how to extract mercury from 

geologically enriched deposits (Martínez-Cortizas et al., 1999). Over the past twenty-five 

centuries, mining operations around the globe have extracted more than 800,000 metric 

tons of mercury and dispersed it for industrial and commercial purposes (Ferrara, 1999). 
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This resulted not only in high levels of environmental contamination near processing 

areas, but also regional to global scale impacts through evasion of gaseous elemental 

mercury (Hg0) and subsequent long-range transport and deposition. 

The migration of mercury-enriched sediment into stream flow spreads the mercury from 

mine sites into surrounding watersheds. More than a century later, continued dispersion 

of this mercury contamination of streams, large rivers, reservoirs, and wetlands well 

downstream of the mines continues, and is a major topic of concern and research 

worldwide. Volatilization of Hg0 from various mining operations (mercury or gold 

mining), or emissions from contaminated mine tailings, has resulted in regional-scale 

mercury contamination via atmospheric transport and deposition at locations as far as 

1000 km away from sources (Schuster et al., 2002). The large-scale geographic spread of 

mercury from sites of use, its subsequent emission and transport to distant sites of 

deposition summarizes the modern view of the current global mercury problem. 

 

2.2 Latest global mercury emission inventories 
 
By the 1970s, researchers across the northern hemisphere generally concluded that 

atmospheric mercury concentrations, and corresponding deposition rates, had generally 

increased 3–5 fold over historical times, although considerable variation in 

historic/current flux ratio is seen among specific study sites and the variation appears to 

relate to proximity to emission sources (Krabbenhoft et al., 2005). 

These sources can be broadly classified as combustion sources (principally coal-fired 

utility boilers, municipal waste combustors, commercial/ industrial boilers, medical waste 

incinerators), and manufacturing sources (principally heavy-metal processing, chlor-

alkali, cement, and pulp and paper manufacturing) (USEPA, 1997a). Unlike most other 

widespread contamination issues, the mercury problem also has a natural-source 

component that, according to Mason et al. (1994), comprises about a third of the global 

mercury emission budget. Table 2.1 presents an estimate of the global mercury emission 

from natural sources. 
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Table 2.1 Global mercury emissions by natural sources estimated for 2008  
(After Pirrone et al., 2010) 

Source Hg (Mg yr-1) Contribution (%) 

Oceans 
Lakes 
Forest 
Tundra/Grassland/Savannah/Prairie/Chaparral 
Desert/Metalliferous/Non-vegetated Zones 
Agricultural areas 
Evasion after mercury deposition events 
Biomass burning 
Volcanoes and geothermal areas 
Total 

2682 
96 
342 
448 
546 
128 
200 
675 
90 

5207 

52 
2 
7 
9 
10 
2 
4 
13 
2 

100 
 

Quantifying the total contribution of natural mercury sources to the global mercury 

budget is critically important for evaluating what environmental response might be 

expected from proposals or regulatory actions to reduce mercury emissions.  

Natural emissions are, as mentioned above, principally derived from crustal degassing, 

volcanoes, and volatilization from geologically-enriched materials (Rasmussen, 1994; 

Gustin et al., 2000; Rytuba, 2005). Another major class of “naturally appearing” mercury 

sources is emissions from forest fires, soils and oceans (Mason et al., 1994; Friedli et al., 

2003). However, the majority of these mercury fluxes are actually re-emissions of 

mercury originally released from anthropogenic sources and deposited after long-range 

transport (Mason et al., 1994; Fitzgerald et al., 1998; Ebinghaus et al., 1999).  

This emission and re-emission phenomenon is one example of the biogeochemical cycles 

that control the distribution and fate of mercury in the environment. 

. 

Earlier studies of global mercury emissions were aimed primarily to assess the 

contributions from anthropogenic sources (Nriagu and Pacyna, 1988; Pirrone et al., 1996; 

Pacyna et al., 2006), particularly from coal, oil and wood combustion as well as from 

solid waste incineration and pyrometallurgical processes. Several studies have estimated 

global emissions from volcanoes (Ferrara et al., 2000; Pyle and Mather, 2003), artisanal 

small scale gold mining (Lacerda, 1995; Veiga et al., 2006), re-emission from oceans and 

surface waters (Mason and Sheu, 2002), top soil and vegetation (Gustin et al., 2000) and 

forest fires (Friedli et al., 2003; Ebinghaus et al., 2007). Recent assessments of mercury 
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emissions to the global atmosphere have included the contribution of the most important 

anthropogenic and natural sources (AMAP/UNEP, 2008; Pacyna et al., 2009; Pirrone et 

al., 2010). Table 2.2 summarizes the global contribution of the most important 

anthropogenic sources. 

 

Table 2.2 Global mercury emissions from anthropogenic sources  
(Pirrone et al., 2010) 

Source category 
 

Hg emission (Mg yr-1) 

Coal and oil combustion 
Non-ferrous metal production 
Pig iron and steel production 
Cement production 
Caustic soda production 
Mercury production 
Artisanal gold mining production 
Waste disposal 
Coal bed fires 
Vinyl chloride monomer production 
Other 
Total 

810 
310 
43 
236 
163 
50 
400 
197 
32 
24 
65 

2320 
 

In the last decades a considerable amount of research has been done to improve mercury 

emission inventories at country level (Pirrone et al., 2010), including those countries with 

economies in transition (Feng et al., 2009; Streets et al., 2009).  

In Europe, mercury emissions from anthropogenic sources in the year 2005 (table 2.3) 

were near 145 Mg, with the highest contribution from stationary combustion sources 

(52%). The total anthropogenic mercury emission from North America is estimated to be 

153 Mg yr−1. The major sources are known to be coal combustion and the incineration of 

solid waste for the United States (USEPA, 2005), and smelters for non-ferrous metal 

production for Canada and Mexico (CEC, 2001; Environment Canada, 2008).  

For Russia, the total anthropogenic emissions are estimated to be 70 Mg yr−1, with 77% 

being the contribution from processes where mercury is mobilized as an impurity (ACAP, 

2005). 
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Table 2.3 Global emissions of total mercury from major anthropogenic sources in Mg yr-1 
(after Pirrone et al., 2010). The South African contribution is shown in bold 

  
SCa 

 
NFMP 

 
PISP 

 
CP 

 
CSP 

 
MP 

 
GP 

 
WD 

 
O 

 
T 

Ref. 
year 

S. Africa 
China 
India 
Australia 
Europe 
Russia 
N. America 
S. America 
Total 
Othersb 
Total 

32.6 
268.0 
124.6 
2.2 
76.6 
46.0 
65.2 
8.0 

623.2 
186.8 
810.0 

0.3 
203.0 
15.5 
11.6 
18.7 
5.2 
34.7 
13.6 
302.2 
7.1 

310.0 

1..3 
8.9 
4.6 
0.8 
0.0 
2.6 
12.8 
1.8 
32.8 
10.4 
43.2 

3.8 
35.0 
4.7 
0.9 
18.8 
3.9 
15.1 
6.4 
88.6 
147.1 
235.7 

0.0 
0.0 
6.2 
0.0 
6.3 
2.8 
10.3 
2.2 
27.8 
135.1 
162.9 

0.0 
27.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
27.5 
22.5 
50.0 

0.3 
44.7 
0.5 
0.3 
0.0 
4.3 
0.0 
16.2 
66.3 
333.7 
400.4 

0.6 
14.1 
77.4 
0.2 
10.1 
3.5 
13.0 
0.0 

118.9 
68.5 
187.4 

1.3 
7.6 
7.5 
0.6 
14.7 
1.5 
1.7 
1.5 
36.4 
28.2 
64.6 

40.2 
609.1 
240.9 
16.6 
145.2 
69.8 
152.8 
49.7 

1324.3 
939.4 

2319.7c 

2004 
2003 
2004 
2005 
2005 
2005 
2005 
2005 
 
2006 

a SC: Stationary combustion; NFMP: Non-ferrous metal production; PISP: Pig iron and steel production; 
CP: Cement production; CSP: Caustic soda production; MP: Mercury production; GP: Gold production; 
WD: Waste disposal; CB: Coal-bed fires; VCM: Vinyl chloride monomer production; O: Other; T: Total 
b Others: Rest of the world 
c This sum considers also CB and VCM estimates, which account for 32.0 Mg yr-1 and 
24 Mgyr-1, respectively. Totals for countries do not include these values. 
 

Mercury emissions in China were estimated to be 609 Mg in 2003, with a large fraction 

(44%) due to coal combustion, which in China includes three major subcategories: coal-

fired power plants, industrial boilers and residential uses. As China is the largest coal 

producer and consumer in the world, mercury emissions in China have been increasing 

rapidly in recent years and are receiving increasing attention (Streets et al., 2009; Wang 

et al., 2009). By 2007, coal consumption by power generation in China increased to 1.49 

billion tons, indicating an even higher annual growth rate of 5.9% during 2004–2007 (Wu 

et al., 2006). 

In India, The highest contributing source categories are coal combustion (52%) and waste 

disposal through incineration (32%). Industrial mercury emissions in India have 

decreased from 321 Mg in 2000 to 241 Mg in 2004. The Ministry of Environment and 

Forests in New Delhi has stated that 86% of mercury-cell chlorine plants have been 

converted to membrane technology (Mukherjee et al., 2009). This change suggests that 

mercury emissions from this sector have decreased from 132 Mg in 2000 to 6.2 Mg in 

2004. 

In Brazil, the amount of mercury entering the environment was estimated to be about 200 

Mg yr−1 (Pirrone et al., 2010). The major source of mercury pollution in this country is 

known to be gold production, especially artisanal scale gold mining (Telmer and Veiga, 
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2009). This case will be discussed with more details in the following section. An estimate 

done in the Alta Floresta area (Brazil) showed that a typical month’s production of 230 

kg of gold emitted 240 kg of mercury to the atmosphere as Hg0 and 60 kg of mercury into 

rivers. In addition, emissions of mercury from coal fired power plants is about 5.6 Mg 

yr−1 (emission factor 0.2 mg kg−1) with a coal consumption of about 28 Tg yr−1 

(Mukherjee et al., 2009). 

In Australia, the total mercury emission from anthropogenic sources is 16.6 Mg yr−1 with 

coal fired power plants (2.2 Mg yr−1) and non-ferrous metal smelters (11.6 Mg yr−1) 

representing the major emission sources (Nelson, 2007). 

There is limited information available for SA (and other African countries) in terms of 

emission sources. Nevertheless most mercury released to the environment originates from 

coal combustion and gold mining activities (Pacyna et al., 2006; Dabrowski et al., 2008; 

Telmer and Veiga, 2009). Leaner et al. (2009) critically revised previous estimates 

(Pacyna et al., 2006), giving an estimate for the country of 40.2 Mg yr−1. Most of the 

mercury emissions are related to electric power generation facilities that account for 81% 

of the total national emission (Dabrowski et al., 2008). The coal gasification process 

accounts for 4% of the total, whereas coal combustion in cement kilns and producing 

clinker is the major source of mercury in cement production, representing 9% of the total 

emission. It is of importance to notice, here, that there is a specific concern about the 

uncertainty of anthropogenic emission estimates from regions that are inadequately 

described in terms of point sources, such as Africa and South America, or from regions 

that exhibit unusually large uncertainties, as it is the case for Asia. These uncertainties 

affect model development, environmental policy and human welfare (Pirrone et al., 

2010). 

Estimates presented in table 2.3 show that summing up the contributions from 

anthropogenic sources nearly 2320 Mg of mercury is released annually to the global 

atmosphere (31% GEb). A comparison of the above estimates with those previously 

reported in the literature suggests that Europe and North America are reducing their 

contribution to the global mercury burden, whereas emissions in Asia are increasing, the 

latter is primarily driven by the upward trend of energy demand that in the last decade has 

grown at a rate of 6 to 10% per year (Pirrone et al., 2010). 
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The improvement of the mercury emission inventory on a global scale, with special 

attention to fossil fuel fired power plants in countries characterized by fast economic 

growth (i.e. China, India) is in agreement with recommendations and requirements of 

major international conventions and programs aimed to reduce the impact of human 

activities on ecosystems and human health (Pirrone et al., 2010). 

 

2.3 Major anthropogenic sources of mercury  

 

Mercury is released to the atmosphere from a large number of man-made sources, which 

include fossil-fuel fired power plants, ferrous and non-ferrous metals manufacturing 

facilities, caustic soda production plants, ore processing facilities, incinerators for urban, 

medical and industrial wastes, cement plants and chemicals production facilities.  

The current global atmospheric budget (table 2.2) shows that the majority of mercury 

emissions originate from combustion of fossil fuels (11% GEb), followed by artisanal 

small scale gold mining (5% GEb). Coal combustion and gold production are also 

believed, by many authors (e.g. Pacyna et al., 2006; Dabrowski et al., 2008; Pirrone et 

al., 2010), to be the major contributors of mercury pollution in SA. That is the reason 

why a particular attention is given in this section to these pollution sources.   

 

2.3.1 Coal 

 

Coal is a fossil fuel formed in ecosystems where plant remains were preserved by water 

and mud from oxidization and biodegradation, thus sequestering atmospheric carbon. 

Coal is a readily combustible black or brownish-black rock. It is a sedimentary rock, but 

the harder forms, such as anthracite coal, can be regarded as metamorphic rock because 

of later exposure to elevated temperature and pressure. It is composed primarily of carbon 

and hydrogen along with small quantities of other elements, notably sulfur. Coal is 

extracted from the ground by coal mining, either underground mining or open pit mining 

(surface mining) (www.Wikipedia.org; Kroschwitz and Grant, 1993; Selsbo, 1996). Coal 

is the largest source of fuel for the generation of electricity world-wide, as well as the 
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largest world-wide source of carbon dioxide emissions, slightly ahead of petroleum and 

about double that of natural gas. 

Coal is classified into four main types or ranks (lignite, subbituminous, bituminous, 

anthracite), depending on the amounts and types of carbon it contains and on the amount 

of heat energy it can produce. The rank of a deposit of coal depends on the pressure and 

heat acting on the plant debris as it sank deeper and deeper over millions of years. For the 

most part, the higher ranks of coal contain more heat-producing energy (EIA, 2008; 

Kroschwitz and Grant, 1993). 

- Lignite: is the lowest rank of coal with the lowest energy content.  Lignite coal deposits       

tend to be relatively young coal deposits that were not subjected to extreme heat or 

pressure. Lignite is crumbly and has high moisture content. It is used almost exclusively 

as fuel for electric power generation. 

- Subbituminous: coal has a higher heating value than lignite. Subbituminous coal 

typically contains 35-45% carbon, compared to 25-35% for lignite. Its properties range 

from those of lignite to those of bituminous coal and are used primarily as fuel for steam-

electric power generation. Additionally, it is an important source of light aromatic 

hydrocarbons for the chemical synthesis industry.   

- Bituminous coal: contains 45-86% carbon, and has two to three times the heating value 

of lignite. Bituminous coal was formed under high heat and pressure. It is used primarily 

as fuel in steam-electric power generation, with substantial quantities also used for heat 

and power applications in manufacturing and to make coke. 

- Anthracite: contains 86-97% carbon, and has a heating value slightly lower than 

bituminous coal.  It is used primarily for residential and commercial space heating.   

 

World coal consumption in 2006 was 6.118 billions tons (Pirrone et al., 2010), 

representing the primary fuel used in electrical power generation facilities (42%) and 

accounts for about the 27% of world’s energy consumption (EIA, 2009). Table 2.4 shows 

the trend of coal production in different countries from 2003 to 2006. 
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Table 2.4 Production of Coal by Country and year (million tonnes) (www.Wikipedia.org) 

 
Country   

 
2003 

 
2004 

 
2005 

 
2006 

 
Share 

PR China 1722.0 1992.3 2204.7 2380.0 .384 
United States 972.3 1008.9 1026.5 1053.6 .170 
India 375.4 407.7 428.4 447.3 .072 
Australia 351.5 366.1 378.8 373.8 .060 
Russian Federation 276.7 281.7 298.5 309.2 .050 
South Africa  237.9 243.4 244.4 256.9 .041 
Germany 204.9 207.8 202.8 197.2 .032 
Indonesia 114.3 132.4 146.9 195.0 .031 
Poland 163.8 162.4 159.5 156.1 .025 
Total World 5187.6 5585.3 5886.7 6195.1 1 

 

When coal is used for electricity generation, it is usually pulverized and then burned in a 

furnace with a boiler. The furnace heat converts boiler water to steam, which is then used 

to spin turbines which turn generators and create electricity. The thermodynamic 

efficiency of this process has been improved over time. "Standard" steam turbines have 

topped out with some of the most advanced reaching about 35% thermodynamic 

efficiency for the entire process, which means 65% of the coal energy is waste heat 

released into the surrounding environment (www.Wikipedia.org). 

The total known deposits recoverable by current technologies, including highly polluting, 

low energy content types of coal (i.e., lignite, bituminous), might be sufficient for 300 

years' use at current consumption levels, although maximal production could be reached 

within decades (EIA, 2007). 

At the end of 2006 the recoverable coal reserves amounted around 800 or 900 gigatons. 

The US Energy Information Administration gives world reserves as 998 billion short tons 

(= 905 gigatons), approximately half of it being hard coal (See also Table 2.5). At the 

current production rate, this would last 164 years. At the current global total energy 

consumption of 15 terawatt, there is enough coal to provide the entire planet with all of 

its energy for 57 years (EIA, 2007). 
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Table 2.5 Proved recoverable coal reserves at end-2006 in million tonnes (teragrams) 
(www.Wikipedia.org) 

 
Country  

 
Bituminous 

and 
anthracite 

 
SubBituminous 

and lignite 

 
TOTAL 

 
Share 

USA 111,338 135,305 246,643 27.1 
Russia 49,088 107,922 157,010 17.3 
China 62,200 52,300 114,500 12.6 
India 90,085 2,360 92,445 10.2 
Australia 38,600 39,900 78,500 8.6 
South Africa 48,750 0 48,750 5.4 
Ukraine 16,274 17,879 34,153 3.8 
Kazakhstan 28,151 3,128 31,279 3.4 
Poland 14,000 0 14,000 1.5 
Brazil 0 10,113 10,113 1.1 
Germany 183 6,556 6,739 0.7 
Colombia 6,230 381 6,611 0.7 
Canada 3,471 3,107 6,578 0.7 
Czech Republic 2,094 3,458 5,552 0.6 
Indonesia 740 4,228 4,968 0.5 
Turkey 278 3,908 4,186 0.5 
Greece 0 3,900 3,900 0.4 
Hungary 198 3,159 3,357 0.4 
Pakistan 0 3,050 3,050 0.3 
Bulgaria 4 2,183 2,187 0.2 
Thailand 0 1,354 1,354 0.1 
North Korea 300 300 600 0.1 
New Zealand 33 538 571 0.1 
Spain 200 330 530 0.1 
Zimbabwe 502 0 502 0.1 
Romania 22 472 494 0.1 
Venezuela 479 0 479 0.1 
TOTAL 478,771 430,293 909,064 100.0 

 

 

2.3.1.1 Mercury in coal 

 

Depending on the source and quality of the coal, any number of naturally occurring 

elements can be found. For instance, Huggins (2002) reported up to 79 elements in US 

coals among these are the 11 inorganic elements listed by the U.S. Clean Air Act 

Amendments as potentially hazardous air pollutants: antimony, arsenic, beryllium, 
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cadmium, chromium, cobalt, lead, manganese, mercury, nickel and selenium (Finkelman, 

1994). Among these metals, mercury is the most concerned health issues resulting from 

its emission because the element is quite volatile, so that 30–75% of mercury in coal will 

be released to air when coal is burned in coal-fired power plant (Iwashita et al., 2004). 
Therefore, many studies have been devoted to the problem of mercury in coal such as its 

occurrence in coal, its emission behavior, and the reduction of mercury emission (Feng 

and Hong, 1999; Hoffart et al., 2006; Toole-O’Neil et al., 1999).  

Although it is very difficult to generalize the mercury concentration in coal, the literature 

indicates that the mercury content in coal varies between 0.01 and 1.5 mg kg-1 (Toole-

O’Neil et al., 1999; Pirrone et al., 2010). The concentration of mercury is somewhat 

lower in lignite coals than in bituminous and sub-bituminous coals. However, the lower 

heating values of lignite coals relative to bituminous and sub-bituminous coals suggest 

that the amount of lignite burned per megawatt of energy produced is higher compared to 

other coal types (Tewalt and Finkelman, 2001). Moreover, concentrations of mercury 

within the same mining field may vary by one order of magnitude or more (Mukherjee et 

al., 2009). 

 

2.3.1.2 Coal in South Africa 

 

Coal is found in SA in 19 coalfields (figure2.1), located mainly in KwaZulu-Natal, 

Mpumalanga, Limpopo, and the Free State, with lesser amounts in Gauteng, the North 

West Province and the Eastern Cape.  

The main coal mining areas are presently in the Witbank-Middelburg, Ermelo and 

Standerton-Secunda areas of Mpumalanga, around Sasolburg-Vereeniging in the Free 

State/Gauteng and in northwestern KwaZulu- Natal where smaller operations are found. 

Single, although large, collieries are found near Ellisras and Tshipise (Jeffrey, 2005). 

The South African coal resource and reserve estimates vary widely since each value of 

the reserves was estimated under a different set of circumstances (e.g. depth, seam 

thickness and grade cut-offs), different classification systems and at different times with 

different sets of economic constraints using different criteria. Recent studies suggest that 

the total remaining recoverable reserves are estimated at 49 billion tons (table 2.5).  
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The Waterberg, Highveld and the Witbank coalfields contain above 70% of the total 

reserves. The Witbank coalfield is nearing depletion and additional sources for coal 

supply must soon be identified if the coal industry is to continue into the 21st century. 

The Waterberg coalfield is a likely replacement of the Witbank coalfield, simply because 

it has the potential to contain the vast majority of the country’s remaining in situ virgin 

coal resources. The Highveld coalfield reserves are important to the long-term life of 

Sasol’s Sasol Synthetic Fuels (SSF) and Sasol Chemical Industries (SCI), which requires 

40 million tons a year. It is likely that production will continue for a considerable number 

of years.  

The Sasolburg-Vereeniging coalfield is also a supplier to SSF and SCI, as well as 

supplying coal to Lethabo power station. The remaining coal reserves of the Free State 

coalfield are low-grade coal suitable for power generation and possible liquid fuel 

production, while the remaining reserves in the South Rand Coalfield are classified as 

lowgrade bituminous coal with a CV of less than 25.5 MJ kg-1 (Bredell, 1987). The 

Limpopo (Tuli) coalfield is reported to contain between 349–517 Mt of mineable in situ 

raw bituminous coal with the potential to provide, after washing, between 125–243 Mt of 

metallurgical coal. South Africa currently produces less than 0.5 Mt of saleable coking 

coal (Spalding, 2003) per annum and therefore the Limpopo (Tuli) coalfield will remain a 

potentially valuable coking coal resource for the future. 

 

The Highveld coalfield of SA (figure 2.1) is part of the Lower Permian Vryheid 

Formation (~280 Ma) in the Karoo Supergroup (Roberts, 2008). It is located mainly in 

Mpumalanga Province, approximately 130 km southeast of Johannesburg and 100 km 

south of Witbank (Hagelskamp et al., 1988). There are five coal seams (No. 1 – No. 5) 

associated with this formation, however only the No. 2 and No. 4 seams are economically 

mined over much of the area. The bituminous coal seams were deposited under cool, wet 

conditions with water originating from retreating glacial activity to the north 

(Hagelskamp et al., 1988; Hodgson and Krantz, 1998; Wagner and Hlatshwayo, 2005). 

Coal quality increases from west to east, increasing in vitrinite content and overall rank 

(Sullivan, 1995). Coal in Gauteng, for instance, tends to occur in thick, shallow deposits 

and is of poorer quality than seams in Kwazulu Natal, which are deeper and thinner. 
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The Highveld Coalfield is the next most productive coalfield, after the Witbank coalfield, 

with ten operating collieries. In 2001, it accounted for about 73.65 million tons (24.92 %) 

of the total run-of-mine (ROM) production (Jeffrey, 2005). Mining was largely initiated 

by the development of the coal-fired Kriel and Matla power stations with collieries 

established to feed these power stations. Since then, the five Sasol mines around the 

Secunda area were developed. All the Sasol mines are dedicated coal suppliers to the SSF 

and SCI where the coal is used as a feedstock in the production of liquid fuels and 

chemicals (Jeffrey, 2005). 

 

 
Figure 2.1 Coalfields of South Africa (After Fourie et al., 2008)  
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The coal produced at Forzando and Dorstfontein Collieries is exported, whereas New 

Denmark Colliery is a dedicated supplier of coal to Eskom’s Tutuka power station. 

 

South African coals, generally categorized as low rank bituminous with high ash content 

(Wagner and Hlatshwayo, 2005), have a heating value of 23,000-30,000 btu kg-1, 

relatively low sulfur content, and when combusted, produce a low lime (CaO) ash which 

does not cement easily with water. Most of the trace metals are found in the non-coal 

interlayers (also known as partings or middlings) that are mined and combusted along 

with viable ore, resulting in incomplete combustion and increased ash production. 

Nonvolatile trace metals end up in the fly ash or bottom ash, which are then disposed of 

in an ash dump (dry) or dam (wet) (Swaine, 2000; Goodarzi et al., 2008). 

 

Coal is the leading fuel produced and consumed in SA, where reserves rank fifth, with 

production being sixth in the world as shown in table2.4 (McCarthy and Rubidge, 2005). 

SA houses the vast majority of recoverable coal reserves in Africa (Table 2.5). Coal 

mining in the Highveld region began in the 1890’s and by the end of the century, there 

were 4 collieries in the Middleburg-Witbank district which produced coal (~2000 

kilotons per year) almost exclusively to support the bustling goldfields in Johannesburg 

(Roberts, 2008). Production and export increased in 1907 due to the installment of a rail 

line and continued to increase steadily into the 1970s, at which point a steep demand for 

electricity forced the expansion of operations in both coal mining and power station 

construction (Lang, 1995). Since then, demand has continued to increase. In 2002, 245.3 

million tons (Mt) of coal was produced, with 171.6 Mt of that consumed within SA. The 

balance was exported to the European Union and East Asia, making SA the third largest 

coal exporter for that year (EIA, 2005). Eskom, one of the world’s largest utility 

companies, remains almost completely responsible for providing electricity to SA and 

exports power to Botswana, Lesotho, Mozambique, Namibia, Swaziland and Zimbabwe 

(Roberts, 2008). Coal-fired power stations produce 90% of SA’s electricity, consuming 

over 90 Mt of coal per year. The most economical coal mining takes place in 

Mpumalanga Province where several power stations typically have dedicated coal mines 
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(Dabrowski et al., 2008). Coal use by Sasol is also significant, accounting for 

approximately 25 % of the total coal consumption in SA (Dabrowski, 2010). 

Coal is transported from the mine to the power station on conveyor belts where it is 

crushed to a fine powder and burned in modern boilers to produce high-pressure steam. 

This steam turns turbines which results in the production of electricity. Smoke from the 

boilers is filtered to remove all possible emissions, but gases (sulfur dioxide, carbon 

dioxide, and nitrogen oxides), extremely fine particulates, and highly volatile heavy 

metals such as mercury and selenium escape (Goodarzi et al., 2008). The remaining ash, 

containing most of the naturally-occurring heavy metals present in the coal is “returned to 

the ground and isolated from the environment” (Roberts, 2008) in long-term storage 

dumps or dams. 

Mercury emissions via coal combustion are particularly relevant in the South African 

context. Considering the world-wide importance of power stations as a source of mercury 

to the atmosphere, it is likely that the electricity generation sector may be an important 

source of emissions in SA. This was highlighted by a paper that listed SA as the second 

highest source of mercury emissions to the atmosphere on a global scale (Pacyna et al., 

2006). 

Few studies are available on the mercury content of coal used in South African power 

stations. Mercury levels in South African coals indicate an average concentration that is 

equivalent to the global average value of ~0.2 mg kg-1. Previous studies reported an 

average mercury content of 0.327 mg kg-1 (Watling and Watling, 1982) for South African 

coals, while a more recent study (Wagner and Hlatshwayo, 2005) performed on highveld 

coals, reported an average mercury content of 0.15 mg kg-1. A critical discussion of these 

figures was presented in chapter 1. While, the mercury content of South African coal 

seems to be relatively low, the large quantities of coal burned every year potentially 

results in high annual mercury emissions. In 2004, approximately 110 million tonnes of 

coal was consumed for electricity production. A more recent estimate for 2007 indicates 

an increase to approximately 125 million tonnes. Based on coal consumption data, 

emission control devices fitted in the stacks of the power stations and estimates of the 

mercury content of coal (using an assumed concentration of 0.2 mg kg-1), it has been 

estimated that SA emits about 10 tonnes (ranging between 2.6 and 17.6 tonnes) of 
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mercury to the atmosphere per year (Dabrowski et al., 2008). The range in estimates is 

associated with the uncertainty in the actual mercury content of the coal used and in the 

efficiency of the emission control devices in trapping mercury. While this estimate is 

considerably lower than the 50 tonnes estimated in other studies (Pacyna et al., 2006), 

when expressed as a ratio of the total population in South Africa, the per capita mercury 

emissions (0.24 g per person per year) are relatively higher than other leading 

industrialized nations such as Canada (0.15), China (0.13), Russia (0.16) and the USA 

(0.2) (Dabrowski et al., 2010). This would seem to suggest, that while total mercury 

emissions could be lower than previously expected in South Africa, the country still 

appears to emit high levels in relation to the local population, suggesting that the potential 

for exposure to humans and the environment is relatively high. 

South African mercury emissions are not likely to decrease in the future. In fact, the exact 

opposite is true. South Africa has experienced a steady growth in demand for electricity 

on the back of increased economic development over the last decade. This demand has 

put South Africa’s power generation under increased pressure, leading to the recent 

energy crisis (2009) experienced across the country. Consequently, demand currently 

exceeds available capacity and development of increased power generation infrastructure 

is essential. South Africa’s coal reserves are estimated at about 50 billion tons, and, based 

on the current production rate, are sufficient to last another 200 years. The current energy 

crisis in combination with the lack of development of alternative energy sources (such as 

nuclear, hydroelectric, wind and solar energy) indicates that the country’s future primary 

energy needs will continue to be provided by coal (Dabrowski et al., 2010). 

Eskom’s expansion programme will result in the consumption of approximately 200 

million tons of coal by 2018, which is an increase of 60 % over current usage. Therefore, 

mercury emissions arising from this source can be expected to increase significantly to 

almost double the current emissions. 

 

2.3.2 Mining  

 

Mining has been and still is a continuing source of environmental heavy metals 

contamination. The modern mining industry is of considerable importance to the world 
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economy as it provides a great diversity of mineral products for industrial and household 

consumers (table 2.6). The consequence of the large size of the mining and mineral 

processing industry is not only the large volume of materials processed but also the large 

volume of wastes produced. The exploitation of mineral resources results in the 

production of large volumes of waste rocks as they have to be removed to access the 

resource (Lottermoser, 2010). 

 
Table 2.6 World production of selected non-fuel mineral commodities in l999and 2006 

(Lottermoser, 2010 and references therein) 
Mineral Production 1999 Production 2006 

Antimony 0.122 Mt 0.134 Mt 
Arsenic trioxide 38800 t 52700t 
Bauxite 127 Mt 178 Mt 
Beryl 6210 t 4480 t 
Chromite 14 Mt 19.7 Mt 
Cobalt 29900 t 67500 t 
Copper 12.6 Mt 15.1 Mt 
Gold 2540 t 2460 t 
Iron ore 990 Mt 1800 Mt 
Lead 3.02 Mt 3.47 Mt 
Manganese ore 20.4 Mt 33.4 Mt 
Mercury 1800 t 1480 t 
Molybdenum 0.123 Mt 0.185 Mt 
Nickel 1.12 Mt 1.58 Mt 
Niobium-tantalum concentrate 57100 t 67700 t 
Platinum-group elements 379 t 518 t 
Silver 17700 t 20200 t 
Tin 0.198 Mt 0.304 Mt 
Titanium concentrates 4.17 Mt 6.7 Mt 
Tungsten 31000 t 90800 t 
Vanadium 42200 t 56300 t 
Zinc 8.04 Mt 10 Mt 

 

For example, only a very small valuable component is extracted from metalliferous ores 

during processing and metallurgical extraction. The great majority of the total mined 

material is gangue which is generally rejected as processing and metallurgical waste. 

Therefore, mining operations result in the production of a high volume of unwanted 

material. 
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2.3.2.1 Important mining concepts 

 

To understand the environmental impact of mining activities it is of importance to explain 

technical concepts of the principal mining operations. Definitions presented in this 

section were obtained from Lottermoser (2010), unless stated otherwise.  

Industrial mining operations include mining, mineral processing, and metallurgical 

extraction. Mining is defined as the extraction of material from the ground in order to 

recover one or more component parts of the mined material. Mineral processing or 

beneficiation aims to physically separate and concentrate the ore mineral(s), whereas 

"metallurgical extraction" aims to destroy the crystallographic bonds in the ore mineral in 

order to recover the sought after element or compound.  

At mine sites, mining is always associated with mineral processing of some form (e.g. 

crushing; grinding; gravity, magnetic or electrostatic separation; dotation). It is 

sometimes accompanied by the metallurgical extraction of commodities such as gold, 

copper, nickel, uranium or phosphate (e.g. in situ leaching). 

All three principal mining activities produce wastes. Mine wastes are defined herein as 

solid, liquid or gaseous by-products of mining operations. They are unwanted, have no 

current economic value and accumulate at mine sites.  Many mine wastes, especially 

those of the metal mining industry, contain metals and/or metalloids at elevated 

concentrations.  

In most metal ores, the metals are found in chemical combination with other elements 

forming metal-bearing ore minerals such as oxides or sulfides. Ore minerals are defined 

as minerals from which elements can be extracted at a reasonable profit. 

In contrast, industrial minerals are defined as any rock or mineral of economic value 

excluding metallic ores, mineral fuels, and gemstones. Thus, ore is a rock, soil or 

sediment that contains economically recoverable levels of metals or minerals. Mining 

results in the extraction of ore/industrial minerals and gangue minerals. Mineral 

processing enriches the ore/industrial mineral and rejects unwanted gangue minerals. 

Finally, metallurgical extraction destroys the crystallographic bonds of minerals and 

rejects unwanted elements. 
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Mine wastes can be classified as solid mining, processing and metallurgical wastes and 

mine waters (table 2.7 and figure 2.2). 

Mining wastes either do not contain ore minerals, industrial minerals, metals, coal or 

mineral fuels, or the concentration of the minerals, metals, coal or mineral fuels is 

subeconomic. Mining wastes are heterogeneous geological materials and may consist of 

sedimentary, metamorphic or igneous rocks, soils, and loose sediments. Nearly all mining 

operations generate wastes, often in very large amounts. 

 

 

Figure 2.2 Schematic product and waste streams at a metal mine (Lottermoser, 2010) 
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Table 2.7 Simplified mining activities whereby a resource is mined, processed and 
metallurgically treated (After Lottermoser, 2010) 

Activity generating the mine waste Mine wastes 
 

Open pit mining, underground mining Mining waste (e.g; waste rocks, overburden, 
spoils, mining water, atmospheric 

emissions) 
 

Mineral processing, coal washing, mineral 
fuel processing 

Processing wastes (e.g. tailings, sludges, 
mill water, atmospheric emissions) 

 
Pyrometallurgy, hydrometallurgy, 

electrometallurgy 
Metallurgical wastes (e.g. slags, roasted 

ores, flue dusts, ashes, leached ores, process 
water, atmospheric emissions) 

 

Processing wastes are defined herein as the portions of the crushed, milled, ground, 

washed or treated resource deemed too poor to be treated further. The definition thereby 

includes tailings, sludges and waste water from mineral processing, coal washing, and 

mineral fuel processing. Tailings are defined as the processing waste from a mill, 

washery or concentrator that removed the economic metals, minerals, mineral fuels or 

coal from the mined resource. 

The physical and chemical characteristics of processing wastes vary according to the 

mineralogy and geochemistry of the treated resource, type of processing technology, 

particle size of the crushed material, and the type of process chemicals. The particle size 

for processing wastes can range in size from colloidal size to fairly coarse, gravel size 

particles. Processing wastes can be used for backfilling mine workings or for reclamation 

and rehabilitation of mined areas, but an alternative method of disposal must be found for 

most of them. Usually, this disposal simply involves dumping the wastes at the surface 

next to the mine workings. Most processing wastes accumulate in solution or as a 

sediment slurry. These tailings are generally deposited in a tailings dam or pond which 

has been constructed using mining or processing wastes or other earth materials available 

on or near the mine site. 

Processing of metal and industrial ores produces an intermediate product, a mineral 

concentrate, which is the input to extractive metallurgy. Extractive metallurgy is largely 

based on hydrometallurgy (e.g. Au, U, Ni) and pyrometallurgy (e.g. Cu, Pb, Sn, Fe), and 

to a lesser degree on electrometallurgy (e.g. Al, Zn) (Ripley et al., 1996; Warhurst, 2000). 
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Hydrometallurgy involves the use of solvents to dissolve the element of interest (e.g. 

leaching of the ore at gold mines with a cyanide solution). In contrast, pyrometallurgy is 

based on the breakdown of the crystalline structure of the ore mineral by heat whereas 

electrometallurgy uses electricity. These metallurgical processes destroy the chemical 

combination of elements and result in the production of various waste products including 

atmospheric emissions. 

Metallurgical wastes are defined as the residues of the leached or smelted resource 

deemed too poor to be treated further. Hydrometallurgical extraction is performed at 

many gold, uranium or phosphate mines, and wastes accumulate on site. In contrast, 

electro- and pyrometallurgical processes and their wastes are generally not found at 

modern mine sites, unless there is cheap fuel or readily available energy for these 

extractive processes. At many historical metal mines, the ore or ore mineral concentrate 

was smelted or roasted in order to remove sulfur and to produce a purer marketable 

product. Consequently, roasted ore, slag, ash, and flue dust are frequently found at 

historical metal mine sites. 

In addition to the removal, processing of rock and the production/disposal of solid wastes, 

mining operations also involve the production, use and disposal of mine water. The term 

mine water is collective and includes any water at a mine site including surface water and 

subsurface ground water (Morin and Hutt, 1997 and table 2.8). 

Water is needed at a mine site for dust suppression, mineral processing, coal washing, 

and hydrometallurgical extraction. Mine water commonly contains process chemicals and 

it is generated and disposed of at various stages during mining activities. Water of poor 

quality requires remediation as its uncontrolled discharge. Drainage or seepage from the 

mine site may be associated with the release of heat, suspended solids, bases, acids, and 

dissolved solids including process chemicals, metals, metalloids, radioactive substances 

or salts. Such a release could result in a pronounced negative impact on the environment 

surrounding the mine site (Lottermoser, 2010). 
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Table 2.8 Mine water terminology (Lottermoser, 2010) 

Term Definition 
 

Type of mine water 
 

 

Mine water Any surface water or ground water present at a mine 
site 
 

Mining water Water that had contact with any of the mine 
workings 
 

Mill water Water that is used to crush and size the ore 
 

Process water Water that is used to process the ore using 
hydrometallurgical extraction techniques; it 
commonly contains process chemicals 
 

Leachate Mine water that has percolated through or out of 
solid mine wastes 
 

Effluent Mining, mill or process water that is discharged into 
surface waters 
 

Mine drainage water Surface or ground water that actually or potentially 
flows from the mine site into surrounding areas 
 

Acid mine drainage (AMD) water Low pH surface or ground water that formed from 
the oxidation of sulfide minerals and that actually or 
potentially flows from the mine site into 
surrounding areas 

 

Type of process 
 

 

Mine seepage Slow flow of ground water to the surface at pit 
faces, underground workings, waste dumps, tailing 
dams, and heap leach piles 
 

Mine drainage Process of water discharge at a mine 
Acid mine drainage (AMD) Process whereby low pH mine water is formed from 

the oxidation of sulfide minerals  

 

 

2.3.2.2 Mercury and gold mining 

 

Mercury has been mined for more than 2,000 years and most of the mercury used 

historically by man has been produced through the mining of ore. Mercury can be highly 

enriched in certain rocks called ore deposits. The most common mineral containing 

mercury in ore deposits is cinnabar, or mercury sulfide (HgS), but naturally occurring 



 38 

elemental mercury, or quicksilver (Hg0), is also found in some mercury deposits (USGS, 

2003). Both cinnabar and elemental mercury are distinctive, making their identification 

relatively easy. Elemental mercury is a silver-colored liquid at room temperature; 

cinnabar is a distinctive red mineral. Roasting the ore in a furnace easily converts 

cinnabar to elemental mercury; this ease of conversion is another reason why mercury has 

been mined for such a long time. Elemental mercury is the final product obtained through 

mining of cinnabar. 

Historically, the largest mercury mines have been those in Spain, Italy, Slovenia, Peru, 

China, the former U.S.S.R., Algeria, Mexico, Turkey, and the United States (USGS, 

2003), but many other mercury mines are found throughout the world. Most mercury 

mines are presently closed owing to low demand and low prices for mercury worldwide, 

primarily as a result of environmental and health concerns surrounding mercury. 

Although few mercury mines in the world are presently operating, closed and inactive 

mercury mines are sites of some of the highest mercury concentrations on Earth. 

 

One of the significant mining uses of mercury worldwide is the amalgamation of gold by 

mercury, a technique used for the extraction of precious metals in many mines. The first 

known usage of amalgamation in gold mining occurred in Spain as early as 700 BC and 

the process was subsequently used extensively by the Romans around 50 BC. The 

Spanish also experienced the first documented case of mercury pollution (Lacerda and 

Salomons, 1998).   

In the U.S., Miners used Hg0 to recover gold at both placer (alluvial) and hardrock mines 

(Hunerlach and Alpers, 2003). In placer mine operations, loss of Hg0 during gold 

recovery was reported to be as much as 30 percent or higher, depending upon the 

efficiency of the gold recovery apparatus (Hunerlach and Alpers, 2003). More than 

100,000 t of mercury was produced in California since 1850, of which more than 10,000 t 

was used to extract gold by amalgamation from the gold-bearing gravels (Churchill, 

1999).  The South African gold mining case and the related mercury concern was 

introduced in the section that stated the reasons of the current study (See section 1.2.3) 

As a result of the extensive use of mercury for amalgamation during gold recovery and its 

subsequent loss, Hg0 is commonly present in riverbanks, soils, and drainages throughout 



 39 

the region of historic gold mining operations. Mercury concentrations in sediments are 

generally higher in areas of large-scale gold mining and processing activities. In sluice 

boxes, where gold was recovered, and in areas where mining debris is continually 

reworked by seasonal runoff, total mercury concentrations can be as much as 1,000 mg 

kg-1 in tailings. In general, total mercury concentrations tend to increase with the amount 

of fine-grained material because the amount of surface area available for adsorption 

increases with an increase in the amount of fine-grained material (Hunerlach and Alpers, 

2003). 

From the late 19th century onwards, mercury was no longer used since cyanide leaching 

was invented which allowed large-scale gold mining operations. Although this practice is 

not generally used in developed countries, in the 1970s, the mercury process was 

reintroduced in countries like Brazil, Bolivia, Venezuela, Peru, Ecuador, Colombia, 

French Guyana, Indonesia, Ghana, and the Philippines (Lacerda and Salomons, 1998; 

Veiga, 1997).  

Since 1980, artisanal scale gold mining (AGM or ASGM) activities have been increasing 

steadily. The term artisanal mining is preferred to be used as a simple way to encompass 

all small, medium, large, informal, legal and illegal mining activities that use rudimentary 

processes to extract gold from secondary and primary ore bodies (Veiga, 1997). ASGM is 

believed to account for one-quarter of the world’s gold output and continues to play an 

important economic role and provides livelihood for a large number of people. However, 

research findings from the Brazilian Amazon demonstrate that the threatening potential 

consequence of the modern Amazon “gold rush” is the uncontrolled use of mercury 

(Donkor et al., 2006).  

Mercury amalgamation is used in ASGM because the technique is cheap, simple, fast, 

independent, and reliable. And so in many settings, it is hard to beat (Telmer and Veiga, 

2009; Lacerda and Salomons 1998). 

Significant liquid mercury is lost to streams and rivers surrounding many gold mining 

areas throughout the world as a result of amalgamation practices. In some of these areas, 

liquid mercury that was used decades ago remains in these rivers as a potential 

environmental problem (USGS, 2003). 
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2.3.2.3 Impact of mining in mercury pollution 
 
Major impacts of mining on land can occur before, during and after operation and may 

include: vegetation clearance; construction of access roads, infrastructure, survey lines, 

drill sites, and exploration tracks; creation of large voids, piles of wastes, and tailings 

dams; surface subsidence; excessive use of water; destruction or disturbance of natural 

habitats or sites of cultural significance; emission of heat, radioactivity, and noise; and 

the accidental or deliberate release of solid, liquid or gaseous contaminants into the 

surrounding ecosystems (Lottermoser, 2010). 

The major factor that influences contaminant release is the geology of the mined 

resource. Climate and topography as well as the applied mining and mineral processing 

activities also play their role in the type and magnitude of contaminant release from a 

specific mine site or waste repository (Lottermoser, 2010). The geology of a deposit may 

influence, for example, the chemistry of local ground and surface waters and the 

properties of soils. Also, local soils, sediments and waters can be naturally burdened with 

trace elements. This is especially the case where weathering and erosion have exposed 

metallic mineral deposits and have led to the mobilization of trace elements into the 

environment. At such sites, soils, sediments and waters are naturally enriched in metals 

and metalloids (Kelley and Hudson, 2007).  

The natural occurrence of elements varies between different ore deposit and rock types.  

Thus, rocks and ores with particular element enrichments cause environmental signatures 

in receiving streams, soils and sediments, and these enrichments may even bring about 

adverse effects on local and regional ecosystems. The environmental signatures and 

impacts of mineral deposits may occur naturally or can be caused by improper mining 

and mine waste disposal practices (Lottermoser, 2010). 

 

Much of the environmental impacts of mining are associated with the release of harmful 

elements from mine wastes. Mine wastes pose a problem because some of them may 

impact on local ecosystems. Anthropogenic inputs of metals and metalloids to 

atmospheric, terrestrial and aquatic ecosystems as a result of mining have been estimated 

to be at several million kilograms per year (Nriagu and Pacyna, 1988; Smith and Huyck, 

1999). 
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However, many metals are essential for cellular functions and are required by organisms 

at low concentrations (Smith and Huyck, 1999). It is only when the bioavailable (i.e. 

available for uptake into the organism) concentrations of these metals are excessively 

high that they have a negative impact on the health of the organism and toxicity might be 

seen. Processes that cause toxicity, disrupt ecological processes, inflict damage to 

infrastructure, or pose a hazard to human health are referred to as pollution (Thornton et 

al., 1995). In contrast, contamination refers to processes which do not cause harmful 

effects (Thornton et al., 1995). 

Environmental contamination as a result of mining is not new to the industrialized world 

and the knowledge that mining and smelting may lead to environmental impacts is not 

new to modern science either. The concern for the health of miners has evolved in 

parallel with mining development, particularly in respect to the exposure of humans to 

mercury and arsenic. Mercury deposits in the Mediterranean were first worked by the 

Phoenicians, Carthaginians, Etruscans and Romans, who used the ore as a red pigment 

for paint and cosmetics (Ferrara, 1999). During the Middle Ages, metal contamination of 

soils and sediments around mine sites became common (e.g. Hurkamp et al., 2009) and in 

1540, Biringuccio wrote a book on metallurgy and documented the poisonous effect of 

arsenic, mercury, zinc and sulfur (Biringuccio, 1540). 

 

Today, mines wastes are produced around the world in nearly all countries. In many 

developing countries, the exploitation of mineral resources is of considerable importance 

for economic growth, employment and infrastructure development. Many of the world's 

poorest countries and communities are affected by artisanal mining and the associated 

uncontrolled release of mine wastes. 

Artisanal mining is highly labor intensive and employs 10-15 million people worldwide, 

and up to 100 million people are estimated to depend on small-scale mining for their 

livelihood (Lottermoser, 2010). The largely unregulated mining practices and associated 

uncontrolled release of mine wastes cause environmental harm. One example is mercury 

which has been used for nearly 3000 years to concentrate and extract gold and silver from 

geological ores (Lacerda and Salomons, 1998). The use of mercury in gold mining is 

associated with significant releases of mercury into the environment and with an uptake 
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of mercury by humans during the mining and roasting processes (Lacerda and Salomons, 

1998). Around 2100 years ago, Roman authorities were importing mercury from Spain to 

be used in gold mining in Italy. Curiously, after less than 100 years, the use of mercury in 

gold mining was forbidden in mainland Italy and continued in the occupied territories. It 

is quite possible that this prohibition was already a response to environmental health 

problems caused by the mercury process (Lacerda and Salomons, 1998). 

The unregulated mining practices have caused mercury contamination of rivers such as 

the Amazon on a massive scale (Lottermoser, 2010). In fact, artisanal gold mining is one 

of the most significant sources of mercury releases into the global environment (See table 

2.2).  

Mercury is released to the environment during artisanal gold mining in a variety of ways. 

When it is used to amalgamate gold, some escapes directly into water bodies as Hg0 

droplets or as coatings of mercury adsorbed onto sediment grains (Telmer and Veiga, 

2009). The mercury that forms the amalgam with gold is emitted to the atmosphere when 

the amalgam is heated – if a fume hood or retort is not used.  As well naturally occurring 

mercury in soils and sediments that are eroded by sluicing and dredging becomes 

remobilized and bioavailable in receiving waters. Finally, where a combination of 

cyanide and mercury are used, the formation of water soluble cyano-mercuric complexes 

enhances transport and bio-availability. Even though the fate of mercury in any of these 

processes is poorly understood, the interactions of cyanide and mercury are the least 

understood at this time (Telmer and Veiga, 2009). 

The use cyanide during gold extraction dissolves not only gold but also mercury, forming 

cyano-mercury complexes wich are easily mobilized by rain and often, due to poor 

containment practices, quick reach stream waters. The water-soluble mercury cyanide is 

expected to be either more bioavailable or easier biomethylated than Hg0. Therefore, 

mercury from ASGM is first released into surface water and soils and later emitted (latent 

emissions) to the atmosphere, or exposed in products. 

 

The following processes are used during mercury amalgamation with gold (Telmer and 

Veiga, 2009):  
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- The “whole ore amalgamation” is the process of bringing mercury into contact with 

100% of the material being mined. This process uses mercury very inefficiently (3 and 50 

units of mercury are consumed to produce one unit of gold) and most of the mercury loss 

during the process initially occurs into the solid tailings which are often discharged 

directly into receiving waters and soils. Importantly, this mercury continues to evade into 

the environment for centuries. It is also certain that mercury in tailings that are 

subsequently leached with cyanide to recover more gold, a growing trend also observed 

in SA (Tutu, 2006), undergoes enhanced aqueous transport and emission to the 

atmosphere. This is because of the complexation of mercury by cyanide since mercury 

and cyanide, like gold and cyanide, readily form soluble complexes, and that when 

cyano-mercury complexes degrade, mercury readily volatilizes. 

Immediate emissions to the atmosphere during whole ore amalgamation occur when the 

recovered amalgam is heated to produce the gold and are therefore, in the simplest case, 

roughly equal to the amount of gold produced.  

- In case when only a “gravity concentrate” is amalgamated, losses are normally about 1 

to 2 units of mercury for each unit of gold produced, but can be significantly lower if a 

mercury capturing system (e.g. retorts or fume hoods) is used when the amalgam is burnt. 

Sometimes the tailings are rich in valuable minerals and will therefore be further 

processed. During reprocessing the tailings are often amalgamated a second time to 

recover any residual gold, and further processed to produce a high grade heavy mineral 

concentrate which is contaminated in mercury and a waste which is discarded. 

Another cause of Hg pollution is the “dirty mercury” which is the mercury used 3 to 4 

times for amalgamation and becomes much less effective and, therefore, discarded 

(Telmer and Veiga, 2009). 

 

The widespread application of amalgamation techniques has resulted in mercury 

contamination of many streams around the world. Such contamination has been caused 

by historic gold mining operations in the United States (USGS, 2003), Russia (Laperdina, 

2002), South America (Lacerda and Salomons, 1998), Asia (Feng et al., 2009), Europe 

(Covelli et al., 2001), and Australia (Churchill et al., 2004).  
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Much of the mercury used in the gold mining process ends up in the rivers. The elemental 

mercury after reaching the rivers is transformed partly to the highly toxic methylmercury 

form, which process is described in details in the following section. A major proportion 

of the mercury is also lost to the atmosphere, as mentioned above, through burning of the 

gold-mercury amalgam or through degassing of metallic mercury from tailings, soils, 

sediments, and rivers (de Lacerda and Marins, 1997; Pfeiffer et al., 1993). Nearly 3000 t 

of mercury have been released into the Amazon environment in the last 15 years. The 

annual emission of mercury to the atmosphere in the Brazilian Amazon has been 

estimated to be greater than the total annual emission of mercury from industry in the 

United Kingdom (Lottermoser, 2010). 

Uncontrolled gold mining in the Amazon not only results in mercury contamination of 

air, soils, sediments, rivers, fish and plants but also in the destruction of rainforests, 

increased erosion of riverbanks, and the exposure of miners, gold dealers, fishermen and 

residents to toxic mercury concentrations. The miners show symptoms of mercury 

poisoning also known as Mad Hatter's or “Minamata Disease” (see section 2.4). They 

burn off the gold-mercury amalgam in an open pan or closed retort to distill the mercury 

and to concentrate the gold. Roasting of the amalgam commonly takes place in a hut and 

on the same fire used to cook food. Miners - eager to see how much gold will remain 

once the mercury is burned off - will stand directly over the amalgam as it is burned. The 

gold miners end up inhaling the mercury vapor and as a result, many have been poisoned 

(Telmer and Veiga, 2009). 

 

2.4 The biogeochemistry of mercury 

 

There are three prominent processes that release mercury of mixed natural and 

anthropogenic origin to the atmosphere. These three include biomass burning (deliberate 

and natural) and the evasion of mercury from soils and the ocean. The general factors 

controlling emission of mercury from these sources have been discussed by Fitzgerald 

and Lamborg (2003). 

Due to the chalcophilic nature of its associations, mercury is found in higher abundances 

in intrusive magmatic rocks and locations of subaerial and submarine volcanism with 
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peak concentrations as high as several percent in ore-grade minerals (e.g., 35% mercury 

in sphalerite; Ozerova, 1996). Thus, mercury concentrations in soils weathered from this 

material can be very high as well (Gustin et al., 2000) and represent a potentially 

significant source of mercury to the atmosphere through low-temperature volatilization. 

As with soils, biomass burning and oceanic evasion also mobilize both natural and 

anthropogenic mercury and represent sources of mixed origin. In this way, these media 

act to recycle mercury in the environment, extending the residence time of mercury at the 

Earth’s surface. 

On another hand, watersheds are known to be major sources of mercury to the aquatic 

environment. However, and similar to biomass burning and evasion, the mercury released 

from watersheds is of mixed origin with a fairly long residence time (Fitzegerald and 

Lamborg, 2003). 

 

2.4.1 Atmospheric cycling and chemistry of mercury 

 

Mercury exists in the atmosphere in primarily four forms: gaseous elemental mercury 

vapor (Hg0) or metallic or zero valent mercury; gaseous divalent mercury Hg2
2+ 

(mercurous) or Hg2+ (mercuric-Hg (II)); particulate-bound mercury (Hgp or particulate 

phase mercury-TPM), both Hg0 and Hg2+; and organic mercury (mainly methylmercury 

(MeHg) (USEPA, 1997a). The vapor pressure of mercury is strongly dependent on 

temperature, and it vaporizes readily under ambient conditions. Consequently, elemental 

mercury (Hg0) is not found in nature as a pure, confined liquid, but instead exists as a 

vapor in the atmosphere. It is insoluble in water and is less chemically active than other 

forms of mercury. As a result, its removal rate is slow and thus can be transported in the 

atmosphere thousand of miles from emission sources. Consequently, gaseous elemental 

mercury vapor (Hg°) is the major component of the global circulation of atmospheric 

mercury (Schroeder and Munthe, 1998). 

Gaseous mono and divalent mercury (Hg2
2+ and Hg2+), also called reactive gaseous 

mercury (RGM), can form many inorganic and organic chemical compounds; however, 

mercurous mercury (Hg2
2+) is very unstable under ordinary environmental conditions and 

therefore is generally not found in the atmosphere. Mercuric mercury (Hg2+) is less 
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volatile than Hg2
2+ and more water-soluble than Hg0. Mercuric mercury may be found in 

the gas phase or bound to airborne particles (TPM). Both gas-phase and particulate Hg2+ 

are readily removed from the atmosphere by precipitation. Oxidation processes in the 

atmosphere and in-cloud water can also convert elemental mercury to Hg2+. Because of 

its high solubility, gas-phase Hg2+ may be removed from the atmosphere within a few 

tens to a few hundred kilometers from its source. Particular-phase mercury may be 

deposited at intermediate distances from the source depending on the size of the aerosol 

(Schroeder and Munthe, 1998). Elemental mercury on the other hand has a relatively long 

lifetime of 0.5 to 2 years due to its low solubility in water and slow removal rate from the 

atmosphere via deposition and transformation to water-soluble species (Munthe et al., 

2001). 

Although a small fraction of the mercury in atmospheric deposition is in the form of 

organomercury species such as mono and dimethylmercury, the dominant source of these 

species to most aquatic systems is in situ formation, or formation within the watershed 

(Waldron et al., 2000). 

Fitzgerald and Lamborg (2003) reported that concentrations of total gaseous mercury 

(TGM), which includes elemental, ionic and gaseous alkylated forms, in remote areas are 

typically in the range of 1-2 ng m-3 (figure 2.3). Concentrations below 1 ng m-3 are to be 

found under certain conditions and higher values are often observed in urban/suburban 

locations. 

Basic processes involved in the atmospheric fate and transport of mercury include:  

- emissions to the atmosphere,  

- transformation and transport in the atmosphere,  

- deposition from the air, and  

- re-emission to the atmosphere.  
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Figure 2.3 TGM in the atmosphere at several locations (Lamborg et al., 2002) 
 

In a summary, elemental mercury vapour is not thought to be susceptible to any major 

process of direct deposition to the earth`s surface. There is an indirect pathway, by which 

Hg0 released into the atmosphere may be removed and deposited to the earth`s surface 

(figure 2.4). 

It was quickly realized that the mercury species to be found in greatest abundance in 

precipitation was ionic mercury (e.g. Fogg and Fitzgerald, 1979). The discrepancy 

between the dominant gas (Hg0) and precipitation phase species (Hg2+) implied a process 

of oxidation of elemental mercury in the atmosphere and its subsequent scavenging as 

being a major component of the mercury cycle. 

Many mechanisms for elemental mercury oxidation in the atmosphere have been 

proposed and a few have been studied in detail through laboratory experiments 

(Fitzgerald and Lamborg, 2003 and the references therein). Some of the proposed 

mechanisms are shown in figure 2.4. 
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Figure 2.4 Summary of some of the important physical and chemical transformation of 
mercury in the atmosphere (from Fitzgerald and Lamborg, 2003 and the references 

therein) 
 

Chemical reactions are thought to occur in the aquatic phase (cloud droplets) that both 

oxidize Hg0 to divalent mercury, Hg(II), and reduce Hg(II) to Hg0  (Lindqvist et al., 

1991): 

Hg0(g) → Hg0(aq)                                                                              (2.1) 

Hg0(aq) + O3(aq) → Hg(II)(aq)                                                         (2.2) 

Hg(II)(aq) + soot/possible evaporation → Hg(II)(p)                         (2.3)  

Hg(II)(aq) +SO3
2-(aq) → Hg0(aq)                                                      (2.4) 

With (g) = gas phase molecule; (aq) = aqueous phase molecule and (p) = particulate 

phase molecule.  

The Hg(II) produced would then be susceptible to atmospheric removal via wet 

deposition.  

There is still an inconsistency between experiments related to the mechanisms for 

mercury removal. Many lab, field, and model efforts indicate that the lifetime of mercury 

in the atmosphere must be one to two years (Fitzgerald and Lamborg, 2003), but there is 

a number of plausible removal mechanisms that suggest the flux from the atmosphere is 

more consistent with lifetimes that are less than a year. The likely resolution of this 

problem lies in the observation that majority of the Earth’s surface is covered by areas 
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that are not temperate or boreal forests, including the open ocean and tropical regions 

(Fitzgerald and Lamborg, 2003). 

 

2.4.2 Aquatic biogeochemistry of mercury  

 

There is an interesting mechanistic scheme that was derived from the Mercury Cycling 

Model developed by Hudson and colleagues (1994) which summarizes the 

biogeochemistry of mercury in the aquatic environment (figure 2.5). 

Although organic and inorganic ligands and organisms differ in fresh and salty 

environments, it is believed that much of the biogeochemical processing and movement 

of mercury are expected to be similar to the model above mentioned (Fitzgerald and 

Lamborg, 2003). 

Based on existing distribution and speciation data for mercury in natural waters, 

important features associated with mercury cycling in natural waters are highlighted in 

the following summary: 

(i) The speciation of mercury in water is dependent on a number of factors such as the 

dissolved solid phase partition coefficient (KD) for mercury in water (Hurley et al., 1994; 

Babiarz et al., 2001), the pH, pE and composition of the water matrix (Lusilao, 2009 and 

the references therein). 

(ii) The total mercury (HgTOT) in water, which is defined as the BrCl oxidized fraction of 

mercury, can be partition into dissolved (filter passing) and particulate phases (Harris et 

al., 2007). 

(iii) For the dissolved phase, current analytical procedures only allow for the 

measurement of total mercury, methylated mercury and elemental mercury (e.g. Watras 

et al., 1994; Fitzgerald et al., 1991). The latter two mercury species generally account for 

up to a few percent of the dissolved total mercury in water (Wiener et al., 2003). 

Therefore, most researchers currently rely on thermodynamic modeling in order to 

provide insights into the speciation of the majority of the mercury in aquatic 

environments, and to relate speciation to important considerations like cycling and 

bioavailability (Benoit et al. 2003). 
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Figure 2.5  Generalised view of mercury biogeochemistry in the aquatic environment.  
(Hudson et al., 1994)   

  

 (iv) In aerobic natural waters, the most important inorganic ligands are Cl- and OH- 

while dissolved organic carbon (DOC) is the most important organic ligand. 

(v) In freshwater, where concentrations from 3 to 30 mg L-1 are common, DOC is the 

most important ligand for mercury. Simple organic ligands such as carboxylic acid have 

weak binding constants for mercury, whereas thiols have very strong binding constants 

and will dominate the inorganic mercury species distribution under most environmental 

conditions (Haitzer et al., 2002). 

(vi) In anoxic waters, reduced sulfur species (most notably sulfide) are the strongest 

inorganic ligands for mercury. As sulfide concentrations increase, HgS is favored 

followed by HgHS2- then HgS2
2- and finally Hg(HS)2  (Benoit et al. 1999a).  

The formation of a neutral HgS complex is dominant at low concentrations of sulfide 

(Benoit et al. 1999b). However, at low sulfide levels, thiols may then become competitive 

for mercury binding. 
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Moreover, in discussing the various reactions of mercury, another important process that 

needs to be addressed is the issue of photochemistry. Once deposited in natural waters, 

mercury undergoes an aquatic redox cycling between oxidized Hg2+, dissolved gaseous 

Hg0 (DGM), and methylmercury. Diel changes of DGM that track solar radiation 

(typically, highest DGM levels around noon and lowest during night) have been observed 

in natural freshwaters. These findings implicate an intrinsic role of sunlight in controlling 

aquatic DGM dynamics. This is of significance for aquatic mercury biogeochemical 

cycling and its environmental impacts because the competition of this sunlight-driven 

pathway for Hg2+ substrate with the methylation pathway would reduce mercury toxic 

hazards in local aquatic ecosystems through removal of Hg2+ as a result of its reduction to 

Hg0 and its subsequent evasion (Zhang and Lindberg, 2001). Yet, mechanistic 

understanding of the phenomena has remained limited.  

 

2.5 Mercury methylation 

 

While inorganic mercury (Hg2+ or IHg) is the major source of mercury to most aquatic 

systems, it is methylmercury (CH3Hg+, MHg, MMHg or MeHg) that bioconcentrates in 

aquatic food webs and is the source of health advisories worldwide that caution against 

the consumption of fish containing elevated MHg (Benoit et al., 2003; Lindqvist et al., 

1991; USEPA, 1997). 

Two large-scale poisonings, in Minamata, Japan and in Iraq, between 1950 and 1975, 

focused attention on the health risks associated with mercury consumption, especially in 

its methylated form (Mason and Benoit, 2003 and the references therein). In Minamata, 

MHg from a vinyl chloride-acetic acid plant was the source of contamination (Fujiki and 

Tajima, 1992). IHg, used as a catalyst, was primarily methylated to MHg within the plant 

and subsequently discharged in the wastewater. Historically, fish levels as high as 20 mg 

kg-1 and sediment levels above 500 mg kg-1 of mercury were reported (Fujiki and Tajima, 

1992).  

Patient hair concentrations were similarly elevated (as high as 700 mg kg-1 Hg). More 

than 1000 people have died, and mercury poisoning is now often referred to as 

“Minamata disease”. 
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The poisoning incident in Iraq was the result of the consumption of seed grain preserved 

with MHg, a commonly used preservative at the time (Mason and Benoit, 2003 and the 

reference therein). 

In many direct discharge incidents, contrary to Minamata, elevated levels of mercury in 

fish, as MHg, have resulted from methylation of the mercury in the aquatic environment. 

 

Although a small fraction of the mercury in atmospheric deposition is MHg, the dominant 

source of MHg to most aquatic systems is in situ formation, or formation within the 

watershed (Krabbenhoft et al., 1995).The current consensus, based mainly on 

temperature-dependency of mercury methylation and its response to biological substrates 

(Compeau and Bartha, 1985; Berman and Bartha, 1986), is that biological methylation of 

IHg to MHg is more important than abiotic processes in natural systems. Biological 

methylation was first demonstrated by Jensen and Jernelov (1969) and it is now generally 

accepted that sulfate reducing bacteria (SRB) are the key mercury methylators (Compeau 

and Bartha, 1985; Gilmour and Riedel, 1995), although a number of organisms besides 

SRBs have been shown to produce MHg in pure culture from added IHg (Robinson and 

Tuovinen, 1984). It is generally accepted that MHg is produced in an accidental side 

reaction of a metabolic pathway involving methylcobalamin (Choi et al., 1994), although 

this pathway has only been demonstrated in one SRB. 

The ability of methylcobalamin to spontaneously methylate mercury in vitro (Compeau 

and Bartha, 1983) prompted investigations into the methyl carrier in sulfate reducers. 

Berman et al. (1990) suggested, based on the selective inhibition of mercury methylation 

in D. desulfuricans LS, that methylation was mediated by a cobalt porphyrin compound 

in this organism. Their continued work (Choi and Bartha, 1993) identified this corrinoid 

to be cobalamin (vitamin B-12), and they suggested that mercury methylation is an 

enzymatically catalyzed process in vivo.  

The following sequence and reaction have been proposed (Rodriguez Martin-Doimeadios 

et al., 2004) to explain the mercury methylation:  

Hg0 →Hg2+ →CH3Hg+ → (CH3)2Hg                                                        (2.5) 

HgCl2 + CH3CoB12   →   CH3HgCl +CoB12Cl                                         (2.6) 
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Cobalamin also has been identified in some acetogens and methanogens (Stupperich et 

al., 1990). Therefore, not all organisms that contain cobalamin are capable of methylating 

mercury. Diffusion across the cell membrane has been proposed as the important uptake 

mechanism (Benoit et al., 1999a). This hypothesis is consistent with studies that have 

demonstrated diffusion of neutral mercury complexes (chloride complexes) across 

artificial membranes and into diatom cells (Mason et al., 1995 and 1996). 

It has also been noted in many field studies that the rate of mercury methylation, and the 

MeHg concentration in sediments, decrease as the sediment sulfide concentration 

increases (Benoit et al., 1999a, Choi and Bartha, 1994).  

A number of mercury complexes exist in solution in the presence of dissolved sulfide, 

including HgS0, Hg(SH)2
0, Hg(SH)+, HgS2

2- and HgHS2
- (Benoit et al., 2003)   and it is 

possible that inorganic mercury uptake by SRB occurs via diffusion of the dissolved 

neutral mercury complexes, such as HgS0. If so, then the bioavailability of mercury to the 

bacteria would be a function of sulfide levels, as this is the ligand controlling mercury 

speciation in solution in low oxygen zones where SRB are active. It has been shown 

through chemical complexation modeling that the speciation of mercury tends to shift 

toward charged complexes as sulfide levels increase (Benoit et al., 1999b), decreasing the 

fraction of mercury as uncharged complexes, and, as a result, the bioavailability of 

mercury to methylating bacteria. 

The primary site of methylation is just below the oxic/anoxic interface, which is often 

near the sediment surface in aquatic systems (Krabbenhoft et al., 1995; Korthals and 

Winfrey, 1987). It should be noted, however, that MHg can be produced in environments 

where sulfate reduction is low, such as upland soils, where other bacteria and fungi may 

be important methylators. However, studies have focused on environments within aquatic 

ecosystems where the MHg produced has greatest likelihood of entering the aquatic food 

chain, and where sulfate reduction is a dominant degradation pathway for organic matter 

in sediments.  

One obvious mediator of mercury methylation rate is the concentration of IHg substrate, 

and its chemical form. Although there is a significant relationship between mercury and 

MHg across ecosystems, mercury does not appear to be largest source of variability in 

MHg production among ecosystems. The relationship between mercury and MHg 
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concentrations in surface lake, river and estuary sediments and wetland soils across many 

ecosystems is weak but there is, on average, about 1% of the total mercury (HgTOT) as 

MHg for the lower concentration (<500 ng g-1) sites, which represent the range in 

mercury concentration of natural, unimpacted environments. The measured concentration 

at any time point is an integration of the impact of all the processes influencing MHg, 

such as differing loading rates (Allan and Heyes, 1998; Allan et al., 2001) and 

methylation and demethylation rates (Korthals and Winfrey, 1987), which vary spatially 

and temporarily (with season and temperature).  

Overall, within single rivers or wetlands, or even clusters of similar ecosystems, 

significant relationships can exist, but the relationships currently have no predictive 

power, given the importance of other parameters, discussed below, in influencing 

methylation rate by controlling the availability of mercury to, and activity of, the 

methylating bacteria, and given our current level of understanding. 

Effective regulation of mercury pollution requires the ability to predict the relationship 

between mercury and MHg among ecosystems, a goal that researchers and modelers 

seem to be slowly approaching. Clearly, while many other factors influence mercury 

methylation, the supply and availability of mercury is a key parameter. 

In addition to the effect of sulfide, other chemical factors influencing methylation include 

the supply of labile carbon (Miskimmin, 1991) although the role of dissolved organic 

carbon (DOC) is complex. The distribution of methylation activity is tied to the 

distribution of biodegradable organic matter but complexation of mercury by DOC may 

influence mercury bioavailability. Maximal net methylation is often observed in surface 

sediments (Korthals and Winfrey, 1987) where microbial activity is greatest due to the 

input of fresh organic matter. As a result, systems with high levels of organic matter 

production, such as wetlands, recently flooded reservoirs, or periodically flooded river 

plains, may exhibit extremely high rates of methylmercury production (Benoit et al., 

2003).    

The impact of organic content on mercury methylation appears to be complex (Korthals 

and Winfrey, 1987; Miskimmin, 1991). While mercury binds strongly to DOC, laboratory 

complexation studies using DOC suggest that this binding is not sufficient for Hg-DOC 

complexation to be important in systems where sulfide is present (Benoit et al., 2001; 
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Reddy et al., 2000). Thus, while DOC has been shown to be the most important 

complexing ligand in surface waters in the absence of sulfide (Reddy et al., 2000), it is 

likely to be unimportant in mercury complexation in sediment porewaters under typical 

DOC concentrations and >0.01 µM sulfide (Benoit et al., 2001; Reddy et al., 2000). 

However, binding of mercury to organic matter is important in the solid phase. 

Laboratory studies suggest that in oxic regions, organic complexation is much more 

important than binding of mercury to metal oxide phases in all except very low organic 

matter sediments (Miller and Mason, 2001). 

It has been suggested that Fe-S formation scavenges mercury in anoxic regions of the 

sediment (Mikac et al., 1989) and that mercury binds strongly to pyrite such that, even 

when only small amounts are present, it is the dominant solid phase binding mercury in 

sediments (Huerta-Diaz and Morse, 1992). These studies focused on regions of low 

organic content and, in contrast, sediment sequential extraction studies done by Benoit et 

al. (Miller and Mason, 2001) show that mercury is associated with the organic fraction 

even in the presence of significant solid sulfide phases. Furthermore, it has been shown 

that the sediment particle-dissolved distribution coefficient (Kd) is a strong function of 

organic carbon (Bloom et al., 1999). In the environment, concentrations of iron, sulfur 

and carbon typically co-vary in sediments, and all often correlate with mercury, and it is 

therefore difficult to ascertain from field data which is the ultimate controlling phase 

(Mason and Lawrence, 1999). Laboratory and field studies (Miller and Mason, 2001) 

suggest that the binding of mercury to organic matter involves interaction with the thiol 

groups of the organic molecules and thus, in a sense, the complexation of mercury to 

inorganic sulfide phases or to organic matter are comparable as both involve the 

interaction between mercury and a reduced sulfur species. 

 

The conflicting influences of sulfate and sulfide on the extent of mercury methylation are 

well illustrated by the studies in the Florida Everglades (Gilmour et al., 1998) which 

showed that the highest methylation rates, and the highest %MHg in the sediment, were 

at sites of intermediate sulfate-reduction rates and sulfide concentration. 

As the sulfide concentration decreases, the relative concentration of predicted HgS0 

concentration increases. The peak in methylation rate results from the combination of the 
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increasing availability of mercury to the SRB coupled with the decreasing sulfate 

reduction rate. These results confirm the importance of both mercury speciation, and 

bacterial activity, in controlling mercury methylation rate. Overall, the sites with the 

highest mercury methylation are those that also have the highest fish MeHg 

concentrations (Mason et Benoit, 2003), confirming the direct link between the extent of 

mercury methylation and fish MeHg levels. 

Experiments performed in Everglades sediments incubated with sulfate or sulfide showed 

that in cores taken from a relatively low sulfate site, addition of sulfate stimulated 

methylation, and sulfate reduction, even though sulfide levels increased slightly whereas 

the addition of sulfide alone resulted in inhibition of methylation. This demonstrates that 

inhibition occurs at low µM sulfide concentrations in Everglades sediments. However, 

high rates of mercury methylation have been demonstrated in highly sulfidic saltmarsh 

sediments (King et al., 2000). Benoit et al. (2003) suggested that the high rates of sulfate-

reduction in these sediments could make up for the very low percentage of dissolved 

mercury that would exist as neutral species. For Everglades sites with higher ambient 

sulfate, addition of sulfate did not increase methylation but addition of more sulfide led to 

an inhibition of mercury methylation.  

Overall, the results of the field and laboratory studies show that the balance between 

sulfate availability, which controls SRB activity, and sulfide production and 

accumulation, which control mercury bioavailability, are critical in modeling methylation 

rates. 

Since the complexation of mercury with sulfide and thiols involves acid-base chemistry, 

the role of pH needs to be considered. An inverse correlation between lake water pH and 

mercury in fish tissues has been observed in a number of studies (Benoit et al., 2003 and 

references therein) suggesting that pH influences methylation and demethylation in 

aquatic ecosystems. In some freshwater studies, methylation was reduced with decreasing 

pH (Winfrey and Rudd, 1990) while the impact on demethylation was small. In other 

studies, increasing rates of mercury methylation in epilimnetic lake waters and at the 

sediment surface were found with lowered pH (Miskimmin et al., 1992; Ramlal et al., 

1985; Xun et al., 1987). Winfrey and Rudd (1990) reviewed potential mechanisms for 

low pH effects on mercury methylation and suggested that changes in mercury binding 
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could account for the seemingly conflicting results seen in all of these studies. They 

pointed out that lowering pH may lead to increased association of mercury with solid 

phases, decreased dissolved pore water mercury, and (presumably) to lower availability 

of IHg to bacteria. Considering the reaction of mercury with the solid phase (RSH + Hg2+ 

= RSHg+ + H+), and the dissolved speciation, the following overall reaction can be 

postulated (Mason et Benoit, 2003): 

 

RSHg+ + H2O + HS- = HgS0 + RSH + H+                                                  (2.7) 

 

In the pH range of 7-10 (pKa1 ~7 for H2S and assuming the pK for RSH is around 10), an 

increase in pH, at constant sulfide, will result in an increase in HgS0 relative to RSHg+ 

([HS-]/[RSH] is essentially constant) and thus methylation should increase with pH. 

Below a pH of 7, decreasing pH (increasing [H+]) leads to decreasing [HS-], and as a 

result, HgS0 will decrease relative to RSHg+ with pH i.e., methylation rate should 

decrease (Mason et Benoit, 2003). This theoretical consideration supports the notions put 

forward by Winfrey and Rudd (1990) and suggests that a decrease in pH will lead to a 

decrease in methylation rate in sediments because of changes in the concentration of 

bioavailable mercury in porewaters. The magnitude of the effect will depend on the pH 

range as the impact of pH is more marked at low pH. Overall, these considerations 

suggest that sulfide concentration will have the most significant impact on mercury 

bioavailability in porewater but that other factors such as organic matter content, pH, 

temperature and the presence or absence of inorganic sulfide phases all play a role in 

controlling mercury bioavailability to methylating bacteria. 

Temperature is another important variable as the temperature responses of methylation 

and demethylation have been reported to differ (Korthals and Winfrey, 1987). However, 

seasonal changes in mercury complexation that affect methylation and demethylation 

differently could account for these observations. 

Demethylation of MeHg can occur via a number of mechanisms, including microbial 

demethylation and reduction by mer operon-mediated pathways, and by .oxidative 

demethylation processes (Marvin-Dipasquale and Oremland, 1998; Marvin-DiPasquale et 

al., 2000). Microbial degradation of MeHg occurs through the cleavage of the carbon-
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mercury bond by the enzyme organomercurial lyase followed by reduction of Hg2+ by 

mercuric reductase to yield methane and Hg0 (Robinson and Tuovinen, 1984). 

As many as half of the bacteria from mercury contaminated sites may contain the mer 

operon (Liebert.et al., 1999). However, another mechanism also appears to mediate 

MeHg degradation. While methane and Hg0 are the primary products of mer-mediated 

mercury demethylation, CO2 has also been observed as a major MeHg demethylation 

product by Marvin-Dipasquale and co-workers (Marvin-Dipasquale and Oremland, 1998; 

Marvin-DiPasquale et al., 2000). These authors suggested that MeHg degradation can 

occur through biochemical pathways used to derive energy from single carbon substrates, 

and they termed this process “oxidative demethylation”, i.e.: 

 

4CH3Hg+ + 2H2O + 4H+ = 3CH4 + CO2 + 4Hg2+ + 4H2                              (2.8) 

 

A variety of aerobes and anaerobes (including sulfate reducers and methanogens) have 

been implicated in carrying out oxidative demethylation, and oxidative demethylation has 

been observed in freshwater, estuarine and alkaline-hypersaline sediments (Marvin-

Dipasquale and Oremland, 1998;). However, the identity of the organisms responsible for 

oxidative demethylation in the environment remains poorly understood. Further, no 

organism has been isolated that carries out this pathway. 

 In addition, photochemical MHg degradation in the water column has been demonstrated 

(Sellers et al., 1996). The mer-based pathway is an inducible detoxification mechanism, 

while oxidative demethylation is thought to be a type of C1 metabolism. Numerous 

researches suggest that oxidative demethylation is the dominant process in 

uncontaminated surface sediments (Marvin-Dipasquale and Oremland, 1998; Marvin-

DiPasquale et al., 2000) whereas in highly contaminated environments, the mer operon is 

more prevalent among the microbial community, and Hg2+ reduction activity is enhanced 

(Liebert.et al., 1999). 
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2.6 Transport and deposition of mercury from gold mine drainage and tailings in 

watersheds 

 

The fate of mercury in water, sediments and soils in gold mining areas has been studied 

mostly in large surveys at a great number of mining sites such as the Amazon region, 

Mindanao Island in the Philippines and a few last century USA gold rush sites (Lacerda 

and Salomons, 1998).  

The different mining processes using mercury amalgamation result in different wastes, 

mercury dispersal mechanisms, degree of mercury mobility, and biological availability in 

terrestrial and aquatic ecosystems. Figure 2.6 describes the transport and fate of mercury 

in environments impacted by gold mining. 

In areas where gold is mined from active bottom sediments from rivers, mercury is lost to 

the environment as elemental Hg0 directly into rivers whereas while the mining operation 

involves grinding of gold-rich soils, Hg0 is concentrated in tailings and can eventually be 

mobilized through leaching and particle transport during rains. The insoluble and 

practically unreactive Hg0 remains present in most surface environments, at least for 

many decades (Fitzgerald et al., 1991) and also displays very low availability to 

biological uptake (Taysayev, 1991).  

Moreover, while fluvial transport can move mercury from river mining operations at 

considerable distances in a few years, mercury dispersal from tailings, on another hand, 

can be a very slow process, sometimes involving the transport of the tailings themselves 

through erosion (Miller et al., 1993) and migration through groundwater (Prokopovich, 

1984). These releasing processes may last through time, posing an environmental 

contamination risk even after mining activity has ceased for centuries (Fuge et al., 1992). 

In both mining situations, an important proportion of mercury is lost to the atmosphere 

either through burning of the Au-Hg amalgam or through volatilization of Hg0 from soils, 

sediments and rivers. 
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Figure 2.6 Schematic diagram showing transport and fate of mercury and potentially 
contaminated sediments from hydraulic and drift mine environment through rivers, 
reservoirs, and the flood plain, and into an estuary. A simplified mercury cycle is shown 
(Modified after Hunerlach and Alpers, 2003) 
 

The fate of mercury once introduced into the aquatic environment will depend on the 

characteristics (limnology) of the receiving waters and mercury will be transformed 

(partly) into the highly toxic methylmercury form, as described in the previous section.  

Limnological classification divides tropical rivers into the following classes based on 

their major hydrochemical properties (Lacerda et al., 1990; Furch et al., 1982): “white”, 

“black” and “clean” rivers. 

• White Water rivers, which are rich in suspended matter (>200 mg l-1) have a neutral pH 

and moderate electric conductivity (>40 µS cm-1), and mean dissolved element 

concentrations similar to the mean of world rivers. The Amazon River is a typical 

representative of this class of rivers.  
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• "Black water" rivers, which drain weathered, sandy tropical soils and floodplains, are 

rich in dissolved organic substances, are acidic (pH < 5.0) and have low concentrations of 

dissolved constituents (electric conductivity < 10 µS cm-1). Many rivers of the Congo 

basin fit into this category. 

• "Clear water" rivers present acidic to neutral pH, low organic and inorganic dissolved 

constituents and are relatively rich in iron oxides from weathered laterite soils where they 

originate. 

 

Attempts have been made to study the influence of the different tropical river types upon 

the distribution of mercury, since such river types (white, black and clear water rivers) 

present different hydrochemistries which strongly influence various other constituents of 

river systems in the tropics, including sediment geochemistry, trace metal distribution and 

aquatic biota (Furch et al., 1982; Lacerda et al., 1990). 

Preliminary results obtained from the study done on the distribution of mercury in the 

sediments of ten rivers of the Madeira River basin, belonging to the three different classes 

mentioned above (Lacerda et al., 1990) showed that black water rivers are enriched with 

mercury when compared to other river classes. The enrichment of mercury in black water 

rivers may be related to the high organic matter content typical of this river class and to 

their acidity. Mercury would form relatively refractory compounds with organic matter, 

facilitating its accumulation in river sediments. Also, acidity would accelerate the 

oxidation of Hg° to Hg2+, enhancing the possibility of mercury binding to organic matter 

(Lindqvist et al., 1984; see also figure 2.6). Similar results have been found for other 

trace metals in the same rivers and were also associated with the higher organic matter 

content of black water river sediments. 

Moreover, it was suggested that mercury could also be transported associated with 

particulate organic carbon (POC) derived from the decomposition of plant litter brought 

into tropical rivers during the flooding period (Lacerda et al., 1990). Researchers also 

demonstrated experimentally the increasing solubility and decreasing adsorption onto 

sediments of Hg0 in the presence of humic acids in waters draining tailings in central 

Brazil (Lacerda et al., 1998 and the reference therein). 
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Another study done in five remote lakes located within Brazilian gold mining areas 

(Lacerda et al., 1991) also demonstrated a significant positive relationship between 

mercury and organic matter in surface sediments (r = 0.82; P < 0.01) which shows that 

organic matter content of sediments may also control mercury accumulation in freshwater 

sediments. These findings seem to corroborate those found in black water rivers in the 

Madeira River basin described above. 

However, the relationship between mercury and organic matter has not been detected in 

partitioning studies of white water river sediments receiving Hg0 directly from dredges 

(Pfeiffer et al., 1993) or in rivers receiving elemental Hg0 from riverbank mining. 

Therefore, organic matter seems to be an important substrate for mercury only in 

sediments receiving indirect input of mercury as Hg2+, either from leaching of tailings or 

from the atmosphere. 

Another important factor that needs to be highlighted concerning the mercury transport 

and fate is that the mercury dispersal mechanisms should vary according to the season, 

either through intensive erosion during the rainy season or through the effect of dilution 

on the existing mercury content in rivers (Lacerda et al., 1998). 

Finally, the difference in mining procedure seems to be a key factor controlling mercury 

dispersal. In areas where gold is mined from soil or rocks, during the rainy season the 

leaching and erosion of contaminated particles result in higher total mercury 

concentrations in rivers, while in areas where mercury is mined from river bottom 

sediments, mercury concentrations in water are lower during the rainy season owing to 

dilution and the decrease in the mining activity itself (Lacerda et al., 1998).   
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Chapter 3     
A review of analytical procedures for mercury determination 

 
 

3.1 Introduction 

 

Technology capable of highly precise analysis of low-level mercury and its species are of 

importance in order to conduct proper risk assessment. Obtaining reliable analytical data 

for mercury requires the following: appropriate sample collection; pre-treatment for 

analysis; the selection of a measurement method and preparation method for sample test 

solutions suited to the samples; experience in their use; and confirmation of the reliability 

of one's own analytical data (Suzuki et al., 2004).  

On another hand, there is an increase attention that has been paid to mercury and other 

trace elements  in coal  due to their toxicity and also to the fact that these hazardous trace 

elements are released to the environment during coal beneficiation and combustion 

resulting in serious environmental and healthy concerns (Zheng et al., 2008a and 

references therein). Therefore, methods have been developed in order to study the 

occurrence of these elements and understand their behavior during industrial processes. 

This chapter will first provide an overview of sampling and analytical methods for total 

mercury and mercury species (especially inorganic and methylmercury) determination for 

specific target samples and will briefly discuss some important analytical methods used 

for the determination of inorganic constituents in coal. 

 

3.2 Sampling and samples storage 

 

Sampling, the first step in trace element analysis, must ensure the representativity of the 

sample in the context studied. For this reason also, it represents the most potential source 

of errors. If the sampling is not based on the use of appropriate tools with particular 

cautions, both systematic and random errors may occur, attaining in some cases several 

orders of magnitude (Hoenig, 2001). In addition, when performing a mercury analysis, 

one must regularly pay attention to preventing contamination of the samples by keeping 

the laboratory clean; providing appropriate ventilation; and adequately washing 
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glassware, tools, and containers. Therefore, number of works were dedicated on the topic 

(e.g. Suzuki et al., 2004; Parker and Bloom, 2005 and Stoichev et al., 2006) and a 

discussion on sampling and samples storage conditions for mercury analysis was 

presented in our previous work (Lusilao, 2009).That is why the following section only 

presents a summary of the current knowledge on sampling techniques and appropriate 

storage conditions for mercury analysis.  

 

3.2.1 Storage and preservation of samples 

 

Most experienced researchers recognize the following: (1) low-level mercury samples 

should not be stored in polyethylene bottles (Bothner and Robertson, 1975; Bloom, 

1994); (2) methylated species are degraded by light (Sellers et al., 1996); (3) volatile 

mercury speciation is too unstable to preserve, thus volatile species must be separated in 

the field (Fitzgerald, 1986; Mason and Fitzgerald, 1991); (4) Teflon® bottles are best for 

low-level mercury samples, and lids must be wrenched on tightly (Gill and Fitzgerald, 

1985; Stoichev et al., 2006); (5) freezing/thawing preserves monomethylmercury (MHg), 

but may alter the inorganic mercury (IHg) speciation (Parker and Bloom, 2005); and (6) 

hydrochloric acid is a superior preservative to nitric acid because the chloride helps to 

complex the Hg2+ (Parker and Bloom, 2005). 

Table 3.1 provides a summary of recommended storage conditions for mercury species. 

Mercury may be lost to the walls regardless of acidification; therefore, it is necessary to 

add an oxidizer to the original sample bottle prior to analysis for total mercury 

determination (Parker and Bloom, 2005).  

Rigorous cleaning procedures must be used for all laboratory ware and other equipment 

that comes into contact with samples. There are different cleaning procedures, but usually 

cleaning for several days in acid baths is included (Jackson, 1988). 

After such treatments, the material is usually rinsed with mercury free deionized water or 

double distilled water and stored in mercury free area, preferably sealed in clean plastic 

bags. Some authors recommend storage of laboratory ware in dilute nitric or hydrochloric 

acids until use (Stojchev et al., 2006). 
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Table 3.1 Summary of recommended bottle types, preservation, and storage for mercury 
species (Parker and Bloom, 2005) 

 
Species 

 
Bottle type 

 
Preservation 

 
Storage 

 
Estimated stability 

 
Total mercury 

Glass (with 
Teflon-lined lid) 

or Teflon 

 
BrCl in original 

bottle 

 
not critical 

 
>1 year 

 
Methylmercury 

Glass (with 
Teflon-lined lid) 

or Teflon 

0.4% HCl 
freshwater, 0.2% 
H2SO4 seawater 

 
refrigerate, dark 

 
6–12 months 

 
Hg0 

Glass (with 
Teflon-lined lid) 

 
no headspace 

 
refrigerate, dark 

 
1 day 

 
Dimethylmercury 

Glass (with 
Teflon-lined lid) 

 
no headspace 

 
refrigerate, dark 

 
1 day 

 
Hg(II) 

Glass (with 
Teflon-lined lid) 

 
none 

 
refrigerate, dark 

 
2–5 days 

 
Dissolved/suspended 
ratio 

Glass (with 
Teflon-lined lid) 

or Teflon 

 
none 

 
refrigerate, dark 

 
2–5 days 

 

 

3.2.2 Water samples  

 

To adopt a sampling strategy it is necessary to consider the nature of the studied sites and 

the heterogeneity due to mixing of different water masses (Quevauviller, 2001). 

The sampling and storage bottles have to be rinsed with the site water immediately before 

sampling. Surface waters can be sampled with pumps using polytetrafluoroethylene 

(PTFE or Teflon®) tubes but in many cases surface waters are taken “by hand” directly in 

the sampling bottle using long polyethylene gloves. The bottle has to be opened and 

closed under water to avoid mixing with the surface microlayer or oxidation of the 

sample (Stojchev et al., 2006). 

The porewaters are collected by direct filtration of the wet sediments or centrifugation of 

the samples followed by filtration (Gilmour et al., 1998; Bloom et al., 1999). After 

sampling, the porewaters are treated in the same manner as the surface waters (Baeyens, 

1992). 

For the analysis of volatile mercury forms (Hg0 and (CH3)2Hg), large volume of samples 

are recommended (10 to 20 L) and the samples should not be acidified to avoid the 

oxidation of the volatile species. If samples cannot be purged and trapped in the field, 
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they should be collected in completely full glass bottles with Teflon-lined caps, as those 

species are lost rapidly from Teflon and polyethylene bottles (Parker and Bloom, 2005). 

When only total mercury is of interest, a simple procedure may be employed that allows 

long-term storage with full recovery and little risk of contamination. The sample should 

be collected into a Teflon or glass bottle with Teflon-lined lid and then preserved with a 

strong oxidizer such as acidic bromine monochloride (BrCl) or chromic acid. Nitric acid 

is not oxidizing under dilute conditions and so allows a considerable equilibrium of Hg0 

concentration in solution. BrCl is preferred, owing to its lower mercury blanks and lower 

degree of toxicity for waste disposal. This approach destroys all speciation information, 

but also disaggregates organic matter sufficiently to eliminate wall losses. 

If speciation information is desired, then the samples must be preserved less aggressively, 

at least until all other species have been determined. Once the other species have been 

determined, BrCl can then be added to the original sample bottle to ensure that any Hg on 

the walls is resolubilized prior to analysis (Parker and Bloom, 2005). 

 

In brief, the choice of material is critical to preserve the speciation of mercury in water 

samples. Several studies investigated the stability of mercury species in standard 

solutions depending on the storage material and it was found that the solutions of MHg 

are stable in glass bottles at 40C but the best storage material is PTFE. It is giving the 

lowest contamination. This fact is very important at extremely low concentrations found 

in real samples. For the determination of mercury forms the best choice is “on-site” 

analysis to preserve the speciation. If it is not possible to analyze the sample immediately 

it has to be stored at special conditions. The water samples are stored normally at 40C in 

the dark after the addition of a small volume of ultra pure concentrated acid (0.1 to 1% 

v/v). The losses depend on the sample matrix and need further investigation (Parker and 

Bloom, 2005). 

 

3.2.3 Solid samples 

 

The contamination risk for sediments is less important than for waters but the technical 

problems can be very complicated. The sampling strategy depends on the objective of the 
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study. For the investigation of the temporal variations it is necessary to collect the 

samples from the same site using Global Positioning System (GPS). For stratigraphic 

studies it is obligatory not to mix sedimentary layers (Stojchev et al., 2006). 

The sediments can be sieved with Nylon® sieves to eliminate stones and other gross 

particles. They are transferred in acid-cleaned vials and immediately frozen (-20 0C) to 

increase the stability of MHg (Parker and Bloom, 2005). Later in the laboratory the 

sediments can be dried either with clean air flux (Rodriguez Martin-Doimeadios et al., 

2000) or freeze-dried (Varekamp et al., 2000).   

   

3.2.4 Biological samples 

 

To adopt a sampling strategy for biological samples it is necessary to consider the trophic 

level of the studied organisms (Zooplankton, plants, benthic organisms, macroorganisms, 

etc.) (Horvat et al., 1999; Heller and Weber, 1998). 

In general, the samples are frozen immediately after the preliminary treatment. Later in 

the laboratory they are analyzed directly or after freeze-drying (Stojchev et al., 2006). 

The biotissues should be stored in the dark to avoid photodegradation (Yu and Yan, 

2003).  

 

3.2.5 Air samples 

 

Sampling for mercury from air can be difficult because of the normally low ambient 

concentrations and the potential for contamination artifacts. Advances in sampling and 

measurement techniques have led to more reliable mercury data in recent years. There are 

currently two basic approaches for sampling of mercury vapor from air: (1) use of a pump 

to pass a known volume of air through a trap designed for collection of mercury, and (2) 

passive diffusive sampling onto a gold film or Hopcalite adsorbent (Brumbaugh et al., 

2000 and references therein). Passive methods are generally limited to the sampling of 

gaseous Hg0 whereas pump methods can utilize various trapping approaches in order to 

differentiate among particulate-sorbed and gaseous mercury species. For pump and trap 

methods, the analysis can be performed in a semi-continuous manner (on site) or by a 
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static sampling approach whereby the trapped mercury is taken to a laboratory for 

analysis. With either approach, the trapped mercury is typically thermally desorbed and 

then quantified by spectrometric methods. Commercial on-site mercury vapor analyzers 

which contain the pump, trap, and analyzer in one integrated unit are also available 

(Amyot et al., 1997). 

Although the pump and trap approach is generally more precise and allows for sampling 

integration of relatively short time intervals, passive sampling is useful for screening 

applications and longer-term integrative sampling (weeks to months). It may also be more 

practical in certain instances, such as for the determination of mercury at remote locations 

or for the monitoring of time-averaged occupational exposure. 

 
3.3 Analytical procedures for mercury determination 
 
A number of methods can be employed to determine mercury concentrations in 

environmental media. The concentrations of total mercury, elemental mercury, organic 

mercury compounds (especially methylmercury) and chemical properties of various 

mercuric compounds can be measured, although speciation among mercuric compounds 

is not usually attempted. In addition, while it is possible to speciate the mercuric fraction 

further into reactive, non-reactive and particle-bound components (Munthe et al., 2001), 

it is generally not possible to determine which mercuric species (e.g. HgS or HgCl2) is 

present in environmental media.  

The purpose of this section is to describe the analytical methods that are available for 

detecting, and/or measuring mercury. Rather than provide an exhaustive list of analytical 

methods, the intention here is to identify well-established methods that are used as the 

standard methods of analysis. A more detailed discussion on the subject was also 

presented in our work on the development and optimization of analytical methods for 

mercury speciation (Lusilao, 2009).   

Many of the analytical methods used for environmental samples are those approved by 

organizations such as the USEPA. Other methods are those that are developed by 

research groups or are modified versions of previously used methods in order to obtain 

lower detection limits, and/or to improve accuracy and precision. 

 



 69 

3.3.1 Total mercury determination  

 

One of the significant advances in mercury analytical methods has been in the accurate 

detection of mercury at low levels (less than 1 mg kg-1). Over the past four decades 

mercury determinations have progressed from detection of microgram levels of total 

mercury (HgTOT) to picogram (Horvat et al., 1993) or even femtogram levels (Stoichev et 

al., 2006) of particular mercury species. In the last decade, investigations of mercury in 

natural waters have established that concentrations of mercury species are in the level of 

ng L-1 (Stoichev et al., 2006). Clearly, sensitive techniques avoiding any memory effect 

or carry over problems are required to analyze mercury at these low concentrations. 

Mercury contamination of samples has been shown to be a significant problem in the 

precedent section. The use of ultra-clean sampling techniques is critical for the more 

precise measurements required for detection of low levels of mercury. 

Analytical techniques mostly employed for HgTOT determination in natural waters at 

picogram levels are based on Cold Vapor Atomic Absorption Spectrometry (CVAAS), 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS), Plasma Atomic Emission 

Spectrometry (ICP-AES) and Cold Vapor Atomic Fluorescence Spectrometry (CVAFS) 

detection, after decomposition of all mercury species into Hg2+. After a digestion step, 

reduction of the sample with SnCl2 or NaBH4 is usually employed (Logar et al., 2002). 

Other methods such as Anodic Stripping Voltammetry (ASV) and Neutron Activation 

Analysis (NAA) have been used to determine mercury levels in aqueous media (ATSDR, 

1999). 

Mercury levels have been determined in numerous environmental matrices, including air, 

water (surface water, drinking water, groundwater, sea water, and industrial effluents), 

soils and sediments, fish and shellfish, hair, blood, foods, pharmaceuticals, and pesticides 

(ATSDR, 1999). 

The advantage of ICP-AES and ICP-MS over other analytical techniques is undoubtedly 

their multi-element capability and the potential of coupling to various separation and 

sample preparation techniques. There is a common perception that, while ICP-AES is 

reliable, robust and suitable for routine analysis, ICP-MS is superior in terms of detection 

limit and therefore a more appropriate research tool. ICP-MS is routinely used in many 
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diverse research fields such as earth, environmental, life and forensic sciences and in 

food, material, chemical, semiconductor and nuclear industries (Linge, 2006). The high 

ion density and the high temperatures in the plasma make it an ideal atomizer and 

element ionizer (figure 3.1) for all types of samples and matrices introduced by a variety 

of specialized devices. Outstanding properties such as high sensitivity (with LOD as low 

as 10-6 to 10-9 mg L-1), relative salt tolerance, compound-independent element response 

and highest quantization accuracy lead to the unchallenged performance of ICP-MS in 

efficiently detecting, identifying and reliably quantifying trace elements (Montaser, 1998; 

Lusilao, 2009). ICP-MS is also capable of correcting the artifacts during analysis. The 

main inconveniences are the high instrumental and operational costs. 

 

 

Figure 3.1 Schematic of a quadrupole ICP-MS. A nebulized sample is atomized in a high 
temperature plasma (~10,000K) and the ion beam is focused, through the cones and ionic 
lenses, to the quadrupole where the target isotopes are selected, or “filtered”, according to 

their mass to charge ratio and quantified by an appropriate detector  
 

On the other hand, it is very desirable to take advantage of the unique capabilities of the 

ICP-MS detector. Only this technique allows the measurement of individual isotopes of 

mercury with sufficient sensitivity, which is essential if one wants to apply enriched 

mercury isotopes in any kind of stable isotope tracing experiment or carry out isotope 

dilution analyses. Several methods using ICP-MS as a detector are developed to 

accomplish this goal. Different approaches also exist to achieve the ultra low levels of 

detection necessary for determining mercury species in pristine environments. 
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The AFS detector is also very sensitive for mercury, simple and much lower priced. 

Coupled systems with AFS could be used in situ to overcome the sample storage 

problems. The limitations are scatter and background levels of impurities. Atomic 

absorption, on the other hand, although it has been extensively used, suffers from the fact 

that it is non-linear and measurements at lower levels are extremely difficult (Stockwell, 

and Corns, 1993). CVAAS is an alternative of choice for mercury determination in water. 

This method is very sensitive and has been proven to be reliable. Water samples generally 

do not require digestion, but mercury in the samples is usually reduced to the elemental 

state and preconcentrated prior to analysis (Logar et al., 2002).  

Electrochemical techniques, in particular differential pulse anodic stripping voltammetry 

(DPASV), are also extensively used for metal ion analysis (Zejli et al., 2005). Many 

papers on trace determination of mercury by ASV, using different types of working 

electrode, have been published. This method has found a wide application in trace 

analysis because it requires inexpensive instrumentation and it is possible to determine 

trace elements in various matrices such as water, sediment or even biological samples 

with very low detection limits (Diederich et al., 1994). The main inconvenient of this 

method is that it is time consuming. 

Spectrophotometry has often been used to determine mercury in aqueous matrices. 

Sample preparation methods vary and have included separation by thin-layer 

chromatography (TLC) or column chromatography, selective extraction, and ligand 

formation. While recoveries were good, spectrophotometry is not as sensitive as 

techniques mentioned above (ATSDR, 1999). 

 

3.3.2 Mercury species analysis  
 
As it was mentioned previously, mercury exists in a large number of different chemical 

and physical forms with a wide range of properties, and its ecological and toxicological 

effects are strongly dependent on the chemical form present. Inorganic mercury species 

may be transformed by biotic and/or abiotic processes to much more toxic organic, 

methylated forms, such as methylmercury. Therefore, the total concentration of mercury 

alone is of little value for toxicological and biogeochemical studies without knowledge of 

its chemical forms. 



 72 

The recognition of the fact that, in environmental chemistry, occupational health, 

nutrition and medicine, the chemical, biological and toxicological properties of an 

element are critically dependent on the form in which the element occurs in the sample 

has spurred a rapid development of an area of analytical chemistry referred to as 

speciation analysis (Templeton et al., 2000). The International Union of Pure and Applied 

Chemistry (IUPAC) defines a chemical species as a specific and unique molecular, 

electronic, or nuclear structure of an element (Templeton et al., 2000). Speciation of an 

individual element refers to its occurrence in or distribution among different species. 

Speciation analysis is the analytical activity of identifying and quantifying one or more 

chemical species of an element present in a sample (Templeton et al., 2000).  

A succession of analytical stages is required for speciation analysis (figure 3.2). The main 

steps to “speciated” mercury, particularly inorganic and methylmercury are extraction, 

preconcentration, separation and specific detection (Stoichev et al., 2006).  

 

 

Figure 3.2 Analytical steps for speciation (After Stoichev et al., 2006) 
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The combination of a chromatographic separation technique, that ensures that the analyte 

compound leaves the column unaccompanied by other species of the analyte element, 

with atomic spectrometry, permitting a sensitive and specific detection of the target 

element, has become a fundamental tool for speciation analysis, as discussed in many 

review (e.g. Caruso et al., 2000; Cornelis et al., 2003). 

Recent advances in the application of these hyphenated (coupled) techniques allow the 

species-selective determination of volatile organometallic (Sn, Hg, Pb) contaminants, 

non-volatile organometalloid (As, Se) compounds and heavy metal complexes in 

environmental matrices. 

 

3.3.3 Hyphenated techniques in speciation analysis 

 

A suitable analytical technique for speciation analysis should mainly address the 

following issues: 

(i) Selectivity of the separation technique allowing the target analyte species to reach the 

detector well separated from potential matrix interferents and from each other, 

(ii) Sensitivity of the element or molecular selective detection technique since the already 

low concentrations of trace elements in environmental samples are usually distributed 

among several species,  

(iii) Species identification. Retention time matching usually employed requires the 

availability of standards. When standards are non available, the use of a molecule-

specific detection technique is mandatory. 

The above challenges can be addressed by hyphenated techniques such as those 

schematically shown in figure 3.3. In the most frequent case a separation technique using 

chromatography (gas or liquid) (Stojchev et al., 2006), electrochromatography or 

capillary electrophoresis (EC or CE) (Kuban et al., 2007; Ali et al., 2005).is combined 

with ICP MS. The coupling is realized directly (for GC), via a nebulizer (for column 

liquid separation techniques) or by laser ablation (for planar techniques). A review of 

application papers highlights trends in elemental speciation analysis using ICP-MS since 

2000 and describes developments in speciation using GC, LC, CE and field flow 

fractionation (FFF) (Linge, 2006 and references therein). 
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Figure 3.3 General Scheme of analytical techniques used for speciation  
(Amouroux, 2007) 

 

The separation component of the coupled system becomes of particular concern when the 

targeted species have similar physicochemical properties. Gas chromatography should be 

chosen wherever possible because of the high separation efficiency and the very low 

achievable detection limits because of the absence of the condensed mobile phase (Liu 

and Lee, 1999). For non-volatile species column liquid phase separation techniques, such 

as HPLC and CE, are the usual choice because of the ease of on-line coupling and the 

variety of separation mechanisms and mobile phases available allowing the preservation 

of the species identity.  

For element-specific detection in gas chromatography, a number of dedicated 

spectrometric detection techniques can be used (see figure3.3), for example, quartz 

furnace atomic absorption or atomic fluorescence for mercury, microwave induced 

plasma atomic emission for lead or tin, but it is ICP-MS that has been establishing its 

position as the versatile detector of choice. ICP-MS is virtually the only technique 
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capable of coping, in on-line mode, with the trace element concentrations even in LC and 

CE effluents. The femtogram level absolute detection limits may turn out to be 

insufficient if an element present at the ng ml-1 level is split into a number of species, or 

when the actual sample amount analyzed is limited to several nanolitres as in the case for 

CE. 

The isotope specificity of ICP-MS offers a still underexploited potential for tracer studies 

and for improved accuracy in quantification via the use of isotope dilution techniques 

which are discussed further. 

 

3.3.4 Element selective detection in gas chromatography 

 

The practical applications to volatile organometallic species are dominated by the three 

techniques GC – MIP-AED, GC – ICP-MS and GC – EI-MS, the only exception being 

the determination of methylmercury in the environment where the position of GC-AAS 

and GC-AFS (Liang et al., 2004 and references therein) is still remarkably strong. An 

AFS detector coupled with a gas chromatograph is a commercially available hyphenated 

system allowing speciation of mercury (Armstrong et al., 1999). GC-AFS is a convenient 

method for mercury speciation in environmental matrices but the risk of artefacts due to 

the presence of hydrocarbons prevents this technique to be successfully used for more 

complex matrices. 

Flame AAS initially used was quickly abandoned because of insufficient sensitivity 

preventing applications to real-world samples and an electrothermally heated silica tube 

is usually used as the atomization cell (Forsyth, and Marshall, 1985; Diederich et al., 

1994). 

Mass spectrometry of molecular ions, which is a common detection technique in GC of 

organic compounds, is relatively seldom used in speciation analysis. For quantitative 

analysis the widest popularity was enjoyed by electron impact mass spectrometers (EI-

MS) operated in the single ion monitoring mode for which detection limits are 

two orders of magnitude lower than in the full scan mode for structure elucidation. For 

most organometallic compounds detection limits at the low picograrn level can be 

achieved in the single ion monitoring mode (Fish, 1983). 
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Plasma detectors compare favorably with spectrometers listed above. The use of different 

plasmas for element-specific detection in GC effluents was critically reviewed (Lobinski 

and Adams, l997). The practical significance of these studies in terms of applications is 

almost non existent with the exception of the microwave induced plasma. 

The coupling of GC – MIP-AED has been extremely popular in speciation analysis of 

anthropogenic environmental contaminants and products of their degradation with 

detection limits that could be matched only by ICP MS (Lobinski and Adams, l997). 

Another factor contributing considerably to the popularity of GC – MIP-AED has been 

the commercial availability of an instrument. 

GC - MIP AED offers sufficiently attractive figures of merit to be applied on a routine 

basis to speciation of organotin and organolead compounds in the environment and 

methylmercury in biological tissues. It is being gradually replaced by GC – ICP-MS 

whose lower detection limits allow a simpler sample preparation procedure, work with 

more dilute extracts, and especially a sensitive speciation analysis of complex matrices. 

The position of ICP-MS has recently become stronger owing to the availability of the 

commercial interface and this detection technique is discussed in section 3.2.7. 

The combination of capillary GC (CGC) with ICP-MS has become an ideal methodology 

for speciation analysis for organometallic compounds in complex environmental and 

industrial samples because of the high resolving power of GC and the sensitivity and 

specificity of ICP-MS. Indeed, the features of ICP-MS such as low detection limits 

reaching the one femtograrn (1 fg) level, high matrix tolerance allowing the direct 

analysis of complex samples, such as gas condensates, or the capability of the 

measurement of isotope ratios enabling accurate quantification by isotope dilution, 

position ICP-MS at the lead of the GC element specific detectors. 

The ICP quadrupole MS ((Q) ICP-MS), which is schematically shown in figure 3.1, is 

undergoing a constant improvement leading to a wider availability of more sensitive, less 

interference prone, smaller in size and cheaper instruments which favors their use as 

chromatographic detectors. The introduction of ICP time-of-flight (TOF) MS increased 

the speed of data acquisition allowing multiisotope measurement of millisecond-wide 

chromatographic peaks and improving precision of isotope ratios determination 

(Heisterkamp and Adams, 2001; Haas et al., 2001). An even better precision was reported 
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for magnetic sector multicollector (MC ICP-MS) instruments used as on-line GC 

detectors (Krupp et al., 2001a). These instrumental developments go in parallel with the 

miniaturization of GC hardware, allowing the time-resolved introduction of gaseous 

analytes into an ICP, based on microcolumn multicapillary GC, and sample preparation 

methods including microwave-assisted, solid phase micro extraction or purge and 

capillary trap automated sample introduction systems (Lobinski et al., 1998). 

The basic requirement for an interface is that the analytes should be maintained in the 

gaseous form during transport from the GC column to the ICP, in a way that any 

condensation is prevented. This can be achieved either by an efficient heating of the 

transferline avoiding the cold spots, or by using an aerosol carrier. This results in two 

basic types of designs of the GC – ICP-MS interface (figure 3.4): 

(I) The “dry plasma” which is based on the direct connection of the transferline to the 

torch (Rodriguez et al., 1999) and where the spray chamber is removed and the 

transferline inserted part of the way up the central channel of the torch; 

(II) The “wet plasma” which is based on mixing the GC effluent with the aqueous aerosol 

in the spray chamber prior to introduction into the plasma detectors and allows, therefore, 

the mass bias correction via internal standards (Krupp et al., 2001a). 

Regardless of the type of the interface an addition of oxygen to the plasma gas is essential 

to prevent carbon deposition (and sometimes metal entrapment) and to reduce the solvent 

peak.  

Nowadays, GC – ICP-MS interfaces are commercially available, having proven the 

recognition of the maturity of this coupling by the analytical instrumentation industry. 
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Figure 3.4 Example of an hyphenated GC-ICP-MS with the possibility of working in dry 
or wet plasma 
 

3.3.5 Advances in gas chromatography prior to element selective detection 

 

Packed column GC used in the early studies on GC – ICP-MS coupling (Vanloon et al., 

1986) has practically given way to capillary GC and the coupling of the latter to ICP-MS 

was first described by Kim et al. (1992). 

Although packed columns can, by design, handle high flow rates and large sample sizes, 

their efficiency and resolution properties are compromised because of the high dispersion 

of the analytes on the column. The large column volume negatively affects the sensitivity 

in the peak height mode and the detection limits. The packing itself may be chemically 

active toward many organometallic species, which makes silanization necessary and 

worsens the reliability of results. It should be noted, however, that still a considerable 

number of works, especially those using hydride generation purge and trap are carried out 
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with packed column chromatography because of easier handling of highly volatile species 

at temperatures below 100°C (Amouroux et al., 1998). 

Capillary GC offers improved resolving power over packed column GC – ICP-MS which 

is of importance for the separation of complex mixtures of organometallic compounds 

found in many environmental samples. Capillary GC can cope with the co-elution of the 

solvent and the volatile compounds, such as (CH3)2Hg, and thus to avoid or to minimize 

the plasma quenching. A drawback in the use of capillary GC is the loss of sensitivity due 

to the reduced sample size and the high dilution factor with the detector's makeup gas 

necessary to match the spectrometer's optimum flow rate. 

Number of papers has also appeared on multicapillary (MC) GC which employs columns 

that consist of a bundle of 900 - 2000 capillaries of a small (20-40 µm) internal diameter 

(for a review see Lobinski et al., 1999).  Multicapillary GC features high flow rates 

which minimize the dilution factor and facilitate the transport of the analytes to the 

plasma. The hyphenation of MC GC with ICP-MS using a non-heated interface offered 

0.08 pg detection limits for mercury speciation (Slaets et al., 1999).  

 

3.3.6 Purge and trap using capillary cryofocussing 

 

A semi-automated compact interface for time-resolved introduction of gaseous analytes 

from aqueous solutions into an ICP MS without the need for a full-size GC-oven was 

described (Wasik et al., 1998). The working principle was based on purging the gaseous 

analytes with an inert gas, drying the gas stream using a 30 cm tubular Nation membrane 

and trapping the compounds in a thick film-coated capillary tube followed by their 

isothermal separation on a multicapillary column. Routine detection limits of 0.5 ± 10 pg 

(as metal) for water samples were achieved for the selected alkyl-metal(loid) species of 

arsenic, germanium, mercury and tin (Tseng et al., 2000). Recoveries were reported to be 

quantitative up to a volume of 50 ml (Wasik et al., 1998). 
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3.3.7 ICP MS detection in gas chromatography 

 

Quadrupole mass analyzers have predominantly been used since their sensitivity has 

improved by a factor of 10 during the past two decades. Of other types of analyzers, 

TOF-MS has been extensively studied as a GC detector during the last decade 

(Hasterkamp and Adams, 2001). Applications of sector-field analyzers, also with 

multicollectors, have appeared (Krupp et al., 2001a and b). 

The use of enriched isotopes with ICP-MS detectors has been of benefit for the 

development of speciation methodology. The isotopic specificity of ICP-MS opens the 

way to the use of stable isotopes or stable isotope enriched species for studies of 

transformations and of artifact formation during extraction and derivatization processes 

and for the wider implementation of the isotope dilution quantification. The latter had 

until recently been limited by the non-availability of organometallic species with the 

isotopically enriched element. However, standards for the isotopically enriched CH3Hg201 

(Demuth and Heumann, 2001), mono, di and tributyltin (Encinar et al., 2001) have been 

synthesized and applications are being developed. The prerequisite of the use of stable 

dilution techniques is the precise and accurate measurement of the isotopic ratios.  

In GC- ICP-MS the isotope ratio determinations are more precise if the intensities of the 

isotopes are integrated over the whole chromatographic peak instead of only measuring 

the isotope ratio at a single point of the peak (Heumann et al., 1998). A precision of 1% 

was reported for the mercury isotope ratios determined for methylethylmercury 

(MeEtHg) eluted from a packed column by GC – ICP-MS (Hintelrnann et al., 1995). 

  

3.3.8 Speciated isotope dilution analysis (SIDMS) 

 

Isotope dilution (ID) MS is a method of proven high accuracy. The sources of systematic 

errors are well understood and can be controlled which makes IDMS accepted as a 

definitive method of analysis.  

Isotope dilution is based on the addition of a known amount of enriched isotope to a 

sample. Equilibration of the spike isotope with the natural element, molecule or species in 

the sample alters the isotope ratio that is measured. With the known isotopic abundance 



 81 

of both spike and sample, the amount of the spike added to the known amount of sample, 

concentration of the spike added, and the altered isotope ratio, the concentration of the 

element/molecule/species in the sample can be calculated (USEPA, 2007a). 

 

IDMS has proven to be a technique of high accuracy for the determination of total metals 

in various matrices (Fasset and Paulsen, 1989; Bowers Jr et al., 1993; Moore et al., 1984). 

IDMS has several advantages over conventional calibration methodologies, namely 

external calibration and standards addition, because partial loss of the analyte, after 

equilibration of the spike and the sample, will not influence the accuracy of the 

determination. Fewer physical and chemical interferences influence the determination as 

they have similar effects on each isotope of the same element. The isotope ratio to be 

measured for quantification in IDMS can be measured with very high precision, typically 

RSD ≤0.25% (USEPA, 2007a). Quantification is a direct mathematical calculation from 

determined isotopic ratios and known constants and does not depend on a calibration 

curve or sample recovery. An example of calculation for the determination of 202Hg using 

an enriched spike of 200Hg is given below: 

 

                   Csample = Cx Mx                                                 (3.1)  

                                Cs = Cspike/Ms                                                       (3.2) 

                                        (3.3) 

 

where, CS and CX are the concentrations of the isotope-enriched spike and the sample in 

µmole g-1, respectively. MS and MX are the average atomic weights of the isotope 

enriched spike and the sample in g mole-1, respectively. 200AS and 200AX are the atomic 

fractions of 200Hg for the isotope-enriched spike and sample, respectively. 202AS and 
202AX are the atomic fractions of 202Hg for the isotope-enriched spike and sample, 

respectively. Cspike is the concentration of the isotope-enriched spike in µg g-1. R200/202 is 

the isotope ratio (200Hg / 202Hg). 
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SIDMS takes a unique approach to speciated analysis that differs from traditional 

methods. Traditional speciation methods attempt to hold each species static while making 

the measurement. Unfortunately, speciation extraction and analysis methods inherently 

measure the species after species conversions have occurred. SIDMS has been developed 

to address the correction for the species conversions (USEPA, 2007a). In SIDMS (figure 

3.5), each species is “labeled” with a different isotope-enriched spike in the 

corresponding species form. Thus, the interconversions that occur after spiking are 

traceable and can be corrected. While SIDMS maintains the advantages of IDMS, it is 

capable of correcting for the degradation of the species or the interconversion between 

the species (Kingston, 1995; Huo and Kingston, 2000; Kingston et al., 1998; Meija et al., 

2006). SIDMS is also a diagnostic tool that permits the evaluation of species-altering 

procedures and permits evaluation and validation of other more traditional speciation 

analysis methods. SIDMS is applicable to be used in conjunction with other methods 

when knowledge of species concentration, conversion and stability is necessary. 

 

 

Figure 3.5 The isotope dilution principle: a known amount of the analyte containing an 
“abnormal” isotopic composition (Isotope 2) is added to the sample 
 

Fundamentals of ID GC – ICP-MS for species-specific analysis were extensively 

discussed by Gallus and Heuman (1996). They were illustrated by the determination of 

Se(IV) in water after conversion of the analyte species into piazselenol. In ID GC – ICP-

MS (or more generally SIDMS) the sample is spiked with the species to be determined in 

which one of the isotopes of the metal or metalloid was enriched (e.g. CH3
201Hg+ or 

199Hg2+; see also figure 3.5). After equilibration of the spike, the sample preparation 

procedure, GC – ICP-MS is run and the isotopic ratio of the metal(loid) in the species of 
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interest is measured. The analysis principle is identical as in classical ID ICP-MS; 

however, some fundamental differences occur. 

Both IDMS and SIDMS require the equilibration of the spike isotope(s) and the natural 

isotope(s). For IDMS, the spike and sample can be in different chemical forms; only total 

elemental concentrations will result. In general, IDMS equilibration of the spike and 

sample isotopes occurs as a result of decomposition, which also destroys all species-

specific information when the isotopes of an element are all oxidized or reduced to the 

same oxidation state. For SIDMS, spikes and samples must be in the same speciated 

form. This requires the chemical conversion of the elements in spikes to be in the same 

molecular form as those in the sample. 

For solution or liquid samples, spiking and equilibration procedures can be as simple as 

mixing the known amount of the sample and the spikes prior to analysis. Efforts are taken 

to keep the species in their original species forms after spiking. Aqueous samples such as 

drinking water, ground water, and others may be directly spiked and analyzed. 

Solid samples such as soils, sludges, sediments, biota and other samples containing solid 

matrices require spiking before or after extraction/digestion in order to solubilize and 

equilibrate the species prior to introduction to the mass spectrometer.  

This method has also been used to certify reference materials and for environmental 

forensic analysis (USEPA, 2007a). The inconvenience is that usually a long time is 

needed for equilibration between the sample and the spikes. 

The speciated isotope dilution analysis is only possible for element species well defined 

in their structure and composition. The species must not undergo intercoversion and 

isotope exchange prior to separation. The equilibration of the spike and analyte, 

attainable in classical ID thermal ionization MS (ID TIMS) cannot be guaranteed to be 

achieved for speciated ID analysis in solid samples. Consequently, the prerequisite of the 

ID method, that the spike is added in the identical form as the analyte, is extremely 

difficult, not to say impossible, to attain. Nevertheless, some advantages, such as the 

inherent corrections for the loss of analyte during sample preparation, for the incomplete 

derivatization yield, and for the intensity suppression/enhancement in the plasma are 

evident. In particular, ID quantification seems to be attractive in speciation analysis of 
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complex matrices when the different organic constituents of the sample modify 

continuously the conditions in the plasma and thus the sensitivity (Snell et al., 2000). 

Isotopically enriched species should represent the ultimate means for specific accurate 

and precise instrumental calibration. Not only they are useful for routine determination by 

speeding analysis, but they also assist in the testing and diagnostics of new analytical 

methods and techniques. 

The determination of dibutyltin in sediment was carried out by ID analysis using an 
118Sn-enriched spike. No recovery corrections for aqueous ethylation or extraction into 

hexane were necessary and no rearrangement reactions were evident from the isotope 

ratios (Encinar et al., 2000). A mixed spike containing 119Sn enriched mono-, di- and 

tributyltin was prepared by direct butylation of 119Sn metal and characterized by reversed 

isotope dilution analysis by means of natural mono-, di- and tnbutyltm standards. The 

spike characterized in this way was used for the simultaneous determination of the three 

butyltin compounds in sediment certified reference materials (Encinar et al., 2001). 

Isotopically labelled (CH3)2Hg, CH3HgCl and HgCl2 species were prepared and used for 

the determination of the relevant species in gas condensates with detection limits in the 

low pg range (Snell et al., 2000). The use of SIDMS has proven to be a powerful tool to 

check whether any interconversion is taking place between Hg(II) and MeHg 

(methylation/demethylation) and to discover the error of the specific steps of sample 

preparation and their contribution to the overall transformations of a known species 

(Hintelmann, 1999; Monperrus et al., 2003). 

 

3.3.9 Liquid chromatography with ICP-MS detection 

 

Many element species of interest in environmental speciation analysis are non volatile 

and cannot be converted into such by means of derivatization. They include virtually all 

the coordination complexes of trace metals but also many truly organometallic 

(containing a covalently bound metal or metalloid) compounds. For all these species 

HPLC is the principal separation technique prior to element selective detection. 

The various possibilities of on-line coupling a separation technique with an element 

(species) specific detector for species-selective analysis of metallo compounds of 
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biological origin include different modes of HPLC or electrophoresis in terms of 

separation, and atomic spectrometry (or molecular MS) in terms of detection. The 

presence of a metal bound to the biomacromolecule in a sample is considered to be the 

prerequisite of using an element-specific detector. 

The choice of the detector component becomes crucial when the amount of analyte 

species is very small and a high sensitivity is necessary. That is the reason why ICP-MS 

is the most popular. An important problem is often the interface between chromatography 

and spectrometry (figure 3.6) as the separation conditions may be not compatible in terms 

of flow rate and mobile phase composition with those required by the detector. 

 

Figure 3.6 Scheme of the coupling between HPLC and ICP-MS 
 

For the analysis of mercury forms in natural waters using HPLC for separation, it is 

necessary to preconcentrate them before the injection in the chromatographic column 

(Shade and Hudson, 2005). Direct coupling of HPLC with the detector is not sensitive 

enough to analyze real water samples. For this reason, post-column vapor generation is 

used to improve the sensitivity and decrease the matrix effects (Shade and Hudson, 

2005). However, generation of cold vapor from organomercury species requires an extra 

step for conversion to Hg2+; otherwise, the efficiency of cold vapor generation depends 

on the species present. The conversion is usually performed online by different 

approaches such as chemical oxidation with K2Cr2O7 at ambient temperature which 
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requires a long reaction time for efficient conversion (Wu, 1991). Thus, UV radiation, 

microwave heating, or an external heating source is used to facilitate the decomposition 

of organomercury species (Falter and Scholer, 1994).   

 

In brief, gas chromatography with ICP-MS detection has reached maturity as the 

analytical technique for speciation of organometallic species in a variety of matrices. It 

shows comparable figures of merit with that of GC – MIP-AED for standard applications 

including speciation of organomercury, organolead and organotin in the environment but 

offers a number of advantages in cases where extremely low sensitivity, multielemental 

screening, precise isotope ratios measurements or the analysis of complex matrices are 

required. 

 

3.4 Sample preparation for mercury determination 

 

The sample preparation varies with the complexity of the matrix, but most complex 

samples require decomposition of the matrix and reduction of the mercury to its 

elemental form. It should be noted that, for mercury analysis in different sample matrices 

a careful quality control/quality assurance of the obtained data should be practice in order 

to validate the result which should include simultaneous determination of suitable 

certified reference materials (CRMs). 

Currently, the CRMs prepared for the quality control/quality assurance of analytical 

values for mercury as well as methylmercury in various biological and environmental 

matrices are commercially available from several organizations, including the IAEA 

(International Atomic Energy Agency, Analytical Quality Control Services) (IAEA, 

2003), NIST (National Institute of Standards and Technology, Office of Standard 

Reference Materials, USA) (Klobes et al., 2006), NRCC (National Research Council of 

Canada) (Barcelo, 1993) NIES (National Institute for Environmental Studies, Japan) 

(Suzuki et al., 2004), IRMM (Institute for Reference Materials and Measurements, 

European Commission) (IRMM, 2010) and SABS (South African Bureau of Standards) 

(www.sabs.ro). These CRMs may be used as needed.  
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3.4.1 Total mercury 

 

The reactive mercury in water samples is determined by selective reduction with tin 

chloride (SnCl2), which forms Hg0. The stable complexes of Hg(II) and the 

organomercurials are not reduced (Stoichev et al., 2006). For measuring HgTOT by this 

method it is necessary to oxidize all chemical forms of mercury in the water before the 

reduction step. The oxidation can be done in acid media with permanganate or bromate 

(Logar et al., 2001). If preconcentration of Hg0 is used, lower LODs are obtained (Puk 

and Weber, 1994). 

Environmental solid samples are generally made into a solution with wet digestion 

methods and analyzed by compatible instrumental techniques.  

Most of the conventional digestion procedures are not only laborious and time-

consuming, but also lack sufficient efficiency and reliability. Other extraction methods, 

such as sonication, distillation or soxhlet extraction, also have the above drawbacks, even 

though reliable results are usually achieved (Tseng et al., 1998). 

Innovative techniques such as supercritical fluid extraction (SFE) and microwave-assisted 

extraction (MAE) have been developed and are a substantial advance. However, SFE 

potentially has technological limitations and shows insufficient extraction efficiency, 

usually depending on sample matrix and analyte polarity (Tseng et al., 1998). Besides, 

the expensive equipment required increases the cost of the analysis. 

Two different approaches in microwave extraction procedures are the use of a closed 

system (pressurized with a closed vessel) or an open system (non-pressurized with an 

open vessel) (Stoichev et al., 2006, also see figure 3.7). They have different 

characteristics and application. The main advantages of the MAE technique are absence 

of inertia, rapidity of heating, reduction of extraction time, better reproducibility and 

reliability, ease of automation, and good ability for selective leaching and total digestion 

in a wide array of sample matrices. Thus, the application of this technique to sample 

preparation has been widely investigated in various fields of the environmental and 

analytical chemistry (Tseng et al., 1998).  

 

 



 88 

 

Figure 3.7 Closed and open microwave assisted extraction systems (Amouroux, 2007) 
 

The extraction of HgTOT from sediments is performed with concentrated HNO3 or acid 

mixtures under efficient reflux or bomb decomposition. Sometimes additional oxidants 

are added, such as H2O2, KMnO4, etc. (Varekamp et al., 2000). 

 

3.4.2 Advances in sample preparation for GC-based hyphenated techniques 

 

In order to extract the mercury species intact, several types of milder are used, such as 

citrate buffer and extraction with dithizone/chloroform, KBr/CuSO4/H2SO4 (Lambertsson 

et al., 2001), HCl/HNO3 mixtures (Stoichev et al., 2006), etc.  

Solid sample preparation by acid or alkaline extraction with different heating sources 

(sonication, stream distillation, etc.) requires from 2 to 24 hours for complete recovery of 

mercury species whereas the microwave extraction of the mercury species is an 

extremely fast method (2-10 min) (Rodriguez Martin-Doimeadios et al., 2003).  Both 

open and closed systems are used for alkaline or acid extractions of mercury species from 

the sediments. This method should, however, be used with caution since it may also 

suffer, as for other techniques such as distillation-based methods, from artifact formation 

of CH3Hg+ (Stoichev et al., 2006; Bloom et al., 1997); Liang et al., 2004). 
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The increased use of microwave-assisted extraction techniques in speciation analysis has 

been also reflected with regard to GC –ICP-MS (Lobinski et al., 1998; Slaets et al., 

1999).  

Volatile forms such as Hg0 and Me2Hg can be directly analyzed after fast desorption from 

the sampling traps (gold trap, carbotrap or Tenax) and preconcentration without 

derivatization. But, in most of the cases, it is necessary to derivatize the ionic mercury 

species in order to convert them to volatile forms, which are then separated by GC and 

detected by specific atomic detectors.  

During the hydride generation (HG) with sodium borohydride (NaBH4), the Hg2+ is 

transformed to Hg0, while MeHg forms MeHgH. The derivatization should be applied in 

inert atmosphere and should start at pH 1-2 because otherwise MeHg is reduced to Hg0. 

The HG can therefore be directly applied for sea and estuarine waters (Tseng et al., 

1998). 

The most important recent advances in sample preparation included the introduction of 

NaBPr4 for the derivatization of organometallic species (De Smaele et al., 1998), and the 

use of headspace solid-phase micro extraction (SPME) (De Smaele et al., 1999; Aguerre 

et al., 2000; Mester et al., 2001), stir bar sorptive extraction (Vercauteren et al., 2001) 

and purge and capillary trapping for analyte recovery and preconcentration (Wasik et al., 

1998). 

 

3.4.3 Derivatization techniques 

 

The position of tetraalkylborates allowing the derivatization in the aqueous phase, such as 

sodium tetraethylborate (NaBEt4), for organomercury and organotin speciation analysis 

and the latest introduced sodium tetrapropylborate (NaBPr4) for organolead has been well 

established. Synthesis of NaBPr4 was described in detail and the possibility of the 

simultaneous determination of Sn, Hg and Pb following the propylation was 

demonstrated (De Smaele et al., 1998).  

Two careful comparison studies are worth-noting. In one of them three derivatization 

approaches, namely anhydrous butylation using a Grignard reagent, aqueous butylation 

by means of NaBEt4 and aqueous propylation with NaBPr4 were compared for mercury 
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speciation (Kotrebai et al., 1999). The absence of transmethylation during the sample 

preparation was checked using a 97% enriched 202Hg inorganic standard (Fernandez et 

al., 2000). 

During the ethylation with NaBEt4 the Hg2+ is transformed to HgEt2 , while MeHg forms 

MeHgEt as follow:.  

 

Hg2+ + 2NaB(C2H5)4 → Hg(C2H5)2 + 2Na+ + 2”B(C2H5)3”                           (3.4) 

CH3Hg+ + NaB(C2H5)4 → CH3HgC2H5 + Na+ + “B(C2H5)3”                        (3.5) 

 

The ethylation is motivated by the higher stability of MeHgEt compared to MeHgH. In 

salty water one part of MeHg is reduced to Hg0 during the ethylation. Thus, this 

procedure can be directly applied only to fresh waters (Ceulemans and Adams, 1996). As 

mentioned above, isotope dilution ICP-MS is a new powerful approach to solve the 

problems with the matrix and non-quantitative derivatization. A drawback of the 

ethylation procedure is the impossibility to distinguish between Hg2+ and EtHg+, both 

species that often coexist in the environment (Cai et al., 1997). An alternative is the use 

of the propylation as a derivatization technique with NaBPr4 as derivatizing agent which 

is more tolerant to interferences from chlorides (Demuth and Heumann, 2001).  However, 

it was found that the propylation of extracts from soil samples suffers also from artifact 

formation of MeHg and especially of ethylmercury during the derivatization (Huang, 

2005). Derivatization techniques for GC were reviewed (Liu and Lee, 1999). 

 

3.4.4 Solid-phase micro-extraction  

 

Solid-phase micro-extraction (SPME) is a preconcentration technique based on the 

sorption of analytes present in a liquid phase or, more often, in a headspace gaseous 

phase, on a microfiber coated with a chromatographic sorbent and incorporated in a 

microsyringe. The analytes sorbed in the coating is transferred to a GC injector for 

thermal desorption. SPME is an emerging analytical tool for elemental speciation in 

environmental and biological samples (Mester et al., 2001). This solvent-free technique 
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offers numerous advantages such as simplicity, the use of a small amount of liquid phase, 

low cost and the compatibility with an on-line analytical procedure. 

SPME is based on the equilibrium between the analyte concentrations in the headspace 

and in the solid phase fiber coating. Low extraction efficiencies are hence sufficient for 

quantification but the amount of the analyte available may be very small. Therefore, it is 

of interest to combine SPME with the high sensitivity of GC – ICP-MS. 

The first work SPME - GC – ICP-MS concerned speciation of organomercury, -lead and -

tin compounds ethylated in-situ with NaBEt4 and sorbed from the headspace on a 

poly(dimethylsiloxane)-coated fused silica fiber (Moens et al., 1997). 

A detection limit of 2 pg l-1 was reported for an aqueous standard but a value of 125 pg l-1 

was given for the sample extract corresponding to a DL in the low ng g-1 range (dry 

weight) (Vercauteren et al., 2000). 

 

3.5. Analytical methods for inorganic constituents in coal 

 

Most technical and environmental problems associated with coal utilization arise because 

of the mostly non-combustible, inorganic components in coal. But, since the organic and 

inorganic fractions are intimately associated in coal, a complete separation of these 

components cannot be achieved and even a well-cleaned coal will contain a significant 

fraction of inorganics. Consequently, in order to minimize environmental problems 

related to coal-utilization it is important to understand the behavior of its inorganic 

components (Huggins, 2002).  

Moreover, the determination of elemental concentrations alone is not enough to 

understand how a particular inorganic component will behave. Thus, it has been 

recognized that the mode of occurrence and the association of an element are often as 

important as its concentration in determining its behavior during coal cleaning, coal 

combustion, and other coal utilization processes (Raask, 1985; Swaine, 1990; Finkelman, 

1994). 

Methods for analysis of inorganic components in coal can be divided into the following 

categories (figure 3.8): (i) methods that measure elemental concentrations in the coal (or 

ash); (ii) methods that determine mineralogical components; and (iii) methods that 
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determine elemental modes of occurrence. These categories are briefly described in the 

following sections. Each of these three types of analysis provides different information 

about inorganic components in coal and to understand fully the behavior of a specific 

entity in coal utilization may require data from each type of analysis.  

 

 

Figure 3.8 Subdivision of analytical techniques for inorganics in coal  
(After Huggins, 2002) 

 

It should be noted, although this is not within the scope of this section, that many other 

methods exist for determining specific entities in coal that could be considered to be in 

the inorganic realm (See, for example, ASTM, 2000). These methods include wt.% ash in 

coal, forms-of-sulfur analysis, total sulfur in coal, total chlorine in coal and SO3 in ash 

from coal (Huggins, 2002 and references therein).  

 

3.5.1 Analytical methods for elemental concentrations 

 

There are many methods available for determining the concentrations of major and trace 

inorganic elements in coal. Such methods vary from those that are applicable to just one 

element in a particular matrix to instrumental techniques that are, in principle, capable of 

determining all elements in the periodic table in any matrix. Elemental analytical 

techniques can be divided into four broad groups (Huggins, 2002): 

•  Instrumental x-ray/γ-ray techniques: Instrumental Neutron Activation Analysis 

(INAA), Radiochemical Neutron Activation Analysis (RNAA), X-ray 
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Fluorescence (XRF), Synchrotron XRF (SXRF) and Particle Induced X-ray/γ-ray 

Emission (PIXE/PIGE). 

• Optical absorption/emission techniques: AAS, OES and ICP-OES. 

• Mass spectrometric (MS) methods: Glow-Discharge MS (GDMS), Spark-Source 

MS (SSMS), ICP-MS, etc. 

• Miscellaneous techniques: such techniques generally determine one or a few 

elements that, for one reason or another, cannot be adequately determined by 

other more general methods; such techniques include wet chemical and various 

electroanalytical methods such as Ion Selective Electrode (ISE) and Ion 

Chromatography (IC). 

In this section, emphasis will be given to determinations of the more critical trace 

elements, such as the 15 trace elements (As, Cd, Cr, Hg, Ni, Pb, Se, Be, Co, Mn, Sb, F, 

Cl, Th and U) defined as hazardous air pollutants (HAPs) by the US CAAA, (U.S. 

Congress, 1990). This list of elements includes all eight of the elements of ‘‘prime 

environmental interest’’ defined by Swaine (1990), such as mercury, and also most of the 

14 others listed by him ‘‘that could be of environmental interest’’. 

The elemental analysis methods described in this section can be performed on the whole 

coal directly or may be done on high-temperature ash (HTA), prepared by controlled 

combustion at a temperature between 400 and 800ºC, or on low-temperature ash (LTA), 

prepared by oxidizing away the carbonaceous matter under an oxygen plasma at 

temperatures that normally do not exceed 200ºC (Gluskoter, 1965; Shirazi and Lindqvist, 

1993). 

Generally, working directly on the coal allows a quicker and simpler sample preparation 

and one that is least likely to result in loss of volatile elements, such as As, Se, Hg, B, 

halogens, etc. However, whether working with ash or coal, most techniques yield their 

best results on samples that are finely pulverized and well homogenized. 

The advantage of ashing is that it can significantly improve the sensitivity and precision 

of the determination of a trace element, although the matrix corrections required by some 

techniques (e.g., XRF) are also significantly larger for ash than for coal, which can 

somewhat offset the advantage. Furthermore, high-temperature ashing will cause easily 

volatilized trace elements to be released from the sample and completely lost for the 
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analysis. Sample preparation by low-temperature ashing (Gluskoter, 1965; Shirazi and 

Lindqvist, 1993) offers a good compromise between working on coal or HTA for trace 

element determinations, but unfortunately is less routinely practiced. One further 

advantage of the ashing is the easier dissolution of the inorganics.  

Spectrometric techniques discussed in the previous sections (AAS, ICP-AES and ICP-

MS) offer better performance and quantitative precision when the elements are 

introduced into these instruments in solution or liquid form, rather than in solid form. 

Hence, ashing is often considered a necessary step in preparing suitable analytes for these 

techniques. However, in the last decade or more, direct coal digestion has been explored 

as a means of preparing suitable liquids for these techniques, while at the same time 

avoiding both LTA and HTA. Such digestion methods enable a solution of coal and its 

components to be obtained that is suitable for analysis by techniques such as AAS, ICP-

AES or ICP-MS. Methods for direct digestion of coal include microwave-oven acid 

digestion (Fadda et al., 1995; Laban and Atkin, 1999), and a two-step acid digestion in a 

PFA bomb (Querol et al., 2001). These coal digestion methods have been shown to yield 

analytical results that agree well with data for standard reference coals obtained by more 

conventional methods (Querol et al., 2001). 

 

3.5.1.1 Instrumental X-ray/g-ray techniques 

 

INAA and XRF became accepted for elemental analysis of coal in the late 1960s (Kiss, 

1966) and early 1970s (Kuhn et al., 1975).  

Major advantages of INAA are (Huggins, 2002): (i) sample preparation and, therefore, 

potential for contamination are minimized; (ii) up to 40 elements can be determined 

simultaneously; (iii) capability of determining some elements at sub-mg kg-1 

concentrations; and (iv) the adjustment for matrix effects is generally much less critical 

than for the other techniques in this group. 

Major disadvantages of the technique are (Huggins, 2002): (i) for best precision, a 

neutron reactor should be used as the source of the thermal neutron flux, which of course 

is a serious limitation on the availability of the technique; (ii) some elements, notably B, 

Be, Cd, Cu, F, Hg, Mo, Ni, Pb and Tl, are not easily analyzed by INAA because their 
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cross-sections for thermal neutron capture are low and hence, these elements have 

relatively large detection limits; and (iii) the technique tends to have a long turnaround 

time because it is typical practice to perform γ-ray counting immediately after irradiation 

and then again some weeks or months later so that interferences from short-lived 

radioactive species are eliminated and better precision can be obtained on longer-lived 

species. Despite these limitations, it is likely that INAA has been the most widely used 

method for obtaining concentration data on trace elements in coal and other fossil fuel 

materials (Bettinelli et al., 1992). 

 

XRF methods have been used for chemical analysis of major elements in geological 

materials, including coals and other fossil fuels, for many years (e.g., Kiss, 1966). 

Subsequently, XRF techniques have been extended to determinations of trace elements in 

coal as well (e.g. Kuhn et al., 1975; Evans et al., 1990). 

The major advantages of XRF are: (i) it is widely available; (ii) modern instruments are 

often fully automated for unattended operation with up to 50 samples; (iii) sample 

preparation is relatively easy and usually involves no more than pulverization and 

pelletization; (iv) it covers the concentration range from <1 mg kg-1 to 100 wt.% 

(Huggins, 2002).  

The main disadvantages appear to be: (i) its sensitivity to trace elements is comparatively 

low and hence detection limits and the precision and accuracy of the technique are not as 

good as for other methods; (ii) matrix corrections, although generally predictable, are 

needed for the best precision; and (iii) the escape depth for the fluorescent radiation is 

variable from less than 5 Am to as much as 200 Am, depending on the energy of the 

radiation (Huggins, 2002).. 

 

3.5.1.2 Optical absorption/emission techniques 

 

These techniques were the first multi-element techniques applied to trace element 

determinations in fossil fuels (see, for example, Brown and Swaine, 1964).  

ICP-AES is the technique that is largely superseding other OES techniques because of the 

superior properties of an ICP as an excitation source (Swaine, 1990). 
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The latest developments with ICP and trace element analysis of coal appear to be moving 

in the direction of combining ICP with mass spectrometry (See section 3.2). 

The main disadvantage of optical absorption/emission techniques for elemental 

determination in coal is that the analysis is best done on solutions of coal ash or on acid-

digested coal rather than on coal directly. However, efforts have been made to introduce 

coal directly into a graphite furnace (GFAAS), and aqueous suspensions of finely ground 

coal, in particular, have been tried with limited success (O’Reilly and Hicks, 1979). 

Ikavalko et al. (1999) have successfully developed microwave-assisted acid digestion of 

coal as a means of introducing solubilized coal directly into the AA spectrometer. 

Standard solutions for each element to be determined are a necessity for development of 

in-house calibration curves for the most precise determinations; however, the use of 

reference standard materials, such as NIST SRMs, is generally not necessary as matrix 

effects are negligible (Huggins, 2002).. 

Mercury was determined by the cold-vapor AAS procedures (Doughten and Gillison, 

1990) and amalgamation of mercury on gold followed by flameless AAS has also been 

developed for the determination of mercury (Swaine, 1990). 

A related method that is in use in some laboratories, as an alternative to AAS techniques, 

for the determination of arsenic, mercury and selenium is atomic fluorescence 

spectroscopy (Swaine, 1990; Querol et al., 2001).  

 

Mass spectrometric (MS) detection is being investigated and appended to many different 

volatilization methods for elemental analysis. For fossil fuel analysis, ICP-MS appears to 

be the most promising “new” technique; however, there are other promising MS 

techniques, such as Secondary Ion Mass Spectrometry (SIMS), and Accelerator Mass 

Spectrometry (AMS), both of which have not been applied extensively to fossil fuels 

(Huggins, 2002 and references therein).. 

As for other MS techniques used for trace-element analysis, an important question to be 

addressed is whether or not such techniques can be developed for direct measurements on 

the coal rather than ash, so that the problem of loss of volatile elements during ashing 

may be avoided. One attempt to address this problem involves combining laser ablation 

(LA) processes on coal with an ICP-MS system (Lichte, 1992). The LA process forms 



 97 

very fine particles that are then swept by an argon stream into the ICP, where they are 

vaporized and ionized for the MS determination. 

Other methods have been reported which vary from that described by Lichte (1992) in the 

means used to prepare the coal prior to its introduction into the ICP by using a microwave 

oven acid digestion (Fadda et al., 1995), a solution nebulization and laser ablation 

(Rodushkin et al., 2000), or a two-step acid digestion in a PFA-bomb (Querol et al., 

2001). Up to 67 elements, ranging from lithium to uranium, and including such major 

elements as carbon, can be analyzed by ICP-MS (Conrad and Krofcheck, 1992) with 

detection limits for in the range of 5–100 ng g-1. Accuracy and precision appear to be 

limited principally by sample homogenization as typically less than 5 mg of coal is 

consumed in the analysis (Lachas et al., 1999). However, the precision, typically of the 

order of ±20% for a single scan, can be improved by combining multiple determinations 

as a single determination generally takes less than a minute. 

The ICP-MS variations described above appear to constitute a powerful new technique 

for quantitative trace element determinations in fossil fuels.  

 

3.5.1.3 Miscellaneous methods 

 

For certain of the HAP trace elements, notably the halogens, none of the techniques 

discussed above is sufficiently sensitive for an accurate determination and/or the element 

is highly volatile so that it cannot be trapped efficiently by ashing and, hence, can only be 

determined on a whole coal basis. For these elements, various individualized analytical 

methods have been developed. These methods include electroanalytical methods, such as 

ion-selective electrode (ISE) and ion chromatography (IC), and chemical analysis 

methods. 

ISE methods are generally applied to those elements that form stable anions in aqueous 

solutions, e.g. F-, Cl-, where an anion selective electrode can be used to determine the 

concentration of the desired anionic species. Generally, pretreatment techniques are used 

to separate and/or concentrate the anionic species of interest prior to the determination. 

Such methods include alkali fusion, oxygen bomb digestion, and pyrohydrolysis 

(Huggins, 2002 and references therein). 
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On another hand, the field of IC was established by efforts to couple a conductivity 

detector to separations performed on an ion-exchange chromatographic column and this 

technique has become the method of choice for the determination of anions in a wide 

range of samples (Cox et al., 1992). As alternatives to conductivity detectors, 

amperometric and indirect photometric detectors have also been used with IC. For 

determinations of anionic species in coal, the major problem is to ensure complete 

extraction of all the anionic species from the coal, and total coal digestion methods are 

generally preferred. Fluorine, chlorine, and sulfur can be readily determined by IC 

methods after oxygen bomb digestion (Cox et al., 1992) and other additional species, 

namely bromine, phosphorus, and nitrogen, may also be determined by this method 

(Huggins, 2002). 

 

3.5.2 Determination of coal mineralogy 

 

The determination of the mineralogy of a coal provides valuable information about the 

inorganics in coal that cannot be obtained from a chemical analysis alone. For example, 

geologists interested in following the origin and depositional history of coal forming 

peats and transformations of such peats into coal (coalification), can gain much 

information from the mineralogical and geochemical assemblages present in coal (e.g., 

Rimmer and Davis, 1986). In addition, researchers interested in how critical elements 

behave during coal combustion and cleaning processes need to know what minerals are 

present in the coal, what their size distributions might be, and how such minerals control 

or interact with critical elements during utilization. In order to do this, there is a need of 

obtaining as complete a mineralogical description of the coal as possible. 

Unfortunately, it is not as easy to determine the mineralogy of coal as of other geological 

materials. Traditional petrographic methods are made more difficult because of the 

intimate admixture of inorganic matter and macerals in coal (Huggins, 2002). It is, 

therefore, of interest to develop new methods that will allow the accurate and reliable 

determination of mineral matter. Such methods should preferably be used without 

separation of the mineral matter from the coal so that association of minerals with 

macerals and of minerals with other minerals might also be determined. 
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The following four methods can be used for determining the mineral matter in coal 

(Jenkins and Walker, 1978): (i) X-ray diffraction (XRD); (ii) infrared (IR) spectroscopy; 

(iii) chemical analysis (normative calculation); and (iv) optical and scanning electron 

microscopy (SEM) methods.  

 

3.6 Specific methods for the determination of modes of occurrence of trace elements 

 

Concentration is not the only factor of importance that needs to be considered when 

assessing the behavior of trace elements in coal utilization and related environmental 

concerns. Another factor of equal and, sometimes, of more importance that should also be 

included in such assessments is information on the occurrence of trace elements in coal or 

ash. Numerous indirect methods have been tried for the determination of trace-element 

modes of occurrence in coal. The concept of organic affinities, defined by how a trace 

element partitions among float and sink gravity fractions, has been used to classify trace 

element occurrences in coal (Gluskoter et al., 1977) with some success. More recent 

variations on these procedures have also been presented (e.g. Querol et al., 2001). 

However, questions regarding the association of the element, meaning whether an 

element is present in solid solution in a major mineral or forms its own mineral, are 

usually not answered by this indirect method. More recently, attention has shifted away 

from float-sink methods to leaching methods as the prime indirect method of determining 

elemental modes of occurrence. However, leaching schemes are based on an assumed 

limited set of elemental occurrences. There is no provision in such tests for unanticipated 

occurrences. Consequently, there remains considerable uncertainty regarding the validity 

of the data obtained in such tests, unless they are verified by direct observational methods 

(Finkelman, 1994). 

 

Various electron and ion probe techniques have been used to examine trace element 

modes of occurrence directly on coal. Scanning electron microscopic and micro-X-ray 

diffraction techniques have been used to directly investigate the occurrence and 

association of many trace elements in coals (Finkelman and Stanton, 1978 and 

Finkelman, 1981; 1982; 1988). However, such observational microscopic techniques are 
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very time-consuming, even for semi-quantitative information, and tend to favor the 

occurrences of trace elements in discrete mineral forms rather than the dispersed 

occurrences of the element in macerals in the coal (Huggins, 2002).   

Another direct approach is to establish spectral ‘‘fingerprints’’ for some standard 

occurrences of an element and then employ the same spectroscopic technique to measure 

the spectra from the element in a coal or coal fraction. Hence, by comparing the spectrum 

from the coal with spectra in the database of standards and employing spectra 

deconvolution or simulation methods where needed, it is possible to determine the major 

modes of occurrence of an element in a particular coal (Huggins, 2002). One 

spectroscopic technique that has been extensively employed for investigating the forms of 

occurrence of trace elements in coal and ash is X-ray absorption fine structure (XAFS) 

spectroscopy. 

Microscopic and/or spectroscopic methods can be combined with indirect methods of 

determining modes of occurrence, such as float-sink methods (Huggins et al., 1997) or 

sequential leaching methods (Kolker et al., 2000) and the net result is better 

understanding of both the modes of occurrence of the elements and of the assumptions 

inherent in the indirect methods. 

 

3.6.1 Indirect methods 

 

The organic affinity of the element can be determined by performing float/sink tests at 

different specific gravities and then determining the trace element contents in the 

different fractions. The higher the organic affinity the more the element reports to light 

specific gravity fractions, and hence, the more it is associated with the organic fraction of 

the coal. This method was exhaustively used in the major trace element study performed 

by Gluskoter et al. (1977).  

The efficiency of float/sink processes with respect to a given trace element in a specific 

form may vary greatly from coal to coal, merely as a consequence of how the host 

mineral or maceral distributes between the float/sink fractions. These different pieces of 

information cannot be separated. Hence, different values of organic affinity for a given 

element among different coals have little or no significance. In addition, the knowledge 
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that the effective organic affinity for a trace element in a coal is low still does not provide 

any insight into whether the trace element is dispersed in a major mineral or forms its 

own mineral (Huggins, 2002).  

Despite these limitations, however, the concept of organic affinity may still be a useful 

parameter in the absence of other information.  

 

Leaching methods have a major advantage over float-sink methods in that specific 

elemental forms are anticipated to be either present or absent in different fractions 

depending on their solubility behavior in the various reagents used for the different 

leaching stages. A number of sequential leaching methods have also been proposed for 

understanding elemental modes of occurrence and basically each laboratory has their own 

leaching scheme. Davidson (2000) compares methods and data from sequential leaching 

schemes developed in three research laboratories located in the United States, in the 

United Kingdom and in Australia. These three schemes are compared and contrasted in 

figure3.9.  

In all three schemes, the idea is to leach specific groups of inorganics or minerals 

progressively from the coal. After each stage of the leaching scheme, a multi-element 

chemical analysis is performed on the residue and/or the leachate to determine the 

amounts of trace elements removed by that particular leaching reagent. The different 

fractions of an element removed by the various leaching reagents are then assumed to 

have occurred in the coal in different forms, as indicated in figure 3.9. 

The main problem with sequential leaching protocols is that the classification is 

principally based on the expectation of how certain minerals will behave in a suite of 

increasingly stronger reagents and there is little accommodation of any variation in 

leaching behavior due to variations in composition, grain-size, association, etc. 
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Figure 3.9 Comparison of sequential leaching schemes used in the IEA speciation study 
(Huggins, 2002 and the reference therein) 

 

For example, ‘‘carbonate minerals’’ are expected to dissolve in HCl, but depending on 

the strength of the solution, the solution temperature, the grain-sizes of the carbonate 

minerals, and the time of exposure of the coal to the leachant, such procedures may be 

effective for calcite, but less effective or even ineffective for other, less-common 

carbonates, such as siderite, magnesite, rhodochroisite, or dolomite (Huggins, 2002).  

Querol et al. (2001) list a number of other specific deficiencies of leaching methods. It 

must also be re-emphasized that leaching protocols will never identify an unusual or 

unexpected elemental occurrence. 

Both sequential leaching and float/sink separations have difficulty dealing with fine 

mineral matter that is highly dispersed and encapsulated in macerals by organic matter. 
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For float/sink methods, the highly dispersed nature of such fine mineral matter generally 

causes them to be associated with the lightest specific gravity fractions; consequently, 

such inorganic components are typically referred to as ‘‘organically associated’’. For 

leaching methods, the encapsulation of inorganics by organic matter can make them 

impregnable to attack by the leaching agents and hence such inorganics are always 

incorrectly assigned. 

There are ways to avoid this complication An alternative approach might be to conduct 

sequential leaching schemes on low-temperature ash, in which all the encapsulating 

organic matter has been oxidized away. Such an approach does not appear to have been 

explored significantly (Huggins, 2002). 

In order to establish better trace element occurrences, various approaches have been 

attempted that combine two indirect methods. For example, Finkelman et al. (1990) 

employed sequential leaching complemented by data on element volatility from 

sequential combustion (ashing) tests at different temperatures. Querol et al. (2001) used 

results from both sequential leaching and float-sink separation. However, the results 

obtained by these indirect techniques, even when combined, still often remain 

inconclusive and they need to be complemented and confirmed by data from more direct 

methods. 

 

3.6.2 Direct microscopic methods 

 

A scanning electron microscope (SEM), equipped with an energy-dispersive X-ray 

(EDX) detector and a back-scattered electron (BSE) detector, can be used to determine 

trace element occurrences in polished or fracture surfaces of coal specimens. The reason 

why the SEM is capable of finding many trace element occurrences is because the 

brightness of the backscattered electron image (BSEI) is determined in large part by the 

average atomic number of the material under the electron beam (Huggins, 2002). As a 

result, phases rich in heavy trace elements appear much brighter than normal silicate and 

sulfide minerals in the coal and can be readily located for standard EDX analysis in the 

SEM. The main advantage of the SEM-EDX technique is that information is obtained on 

the chemical association of the trace element, from which the mineral occurrence can 
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often be deduced. On occasion, the individual mineral grain containing the trace element 

can sometimes be removed and subjected to micro-Xray diffraction to confirm its 

mineralogical identity. 

Unfortunately, as mentioned previously, the method is very time-consuming and 

demanding of the microscopist. SEM-EDX is also not as powerful for determining trace 

element occurrences that are dispersed at low abundance levels, either in major minerals 

or in macerals in the coal. 

Further, the lower the atomic number of the trace element, the more difficult it becomes 

to locate, regardless of whether it is present in discrete or dispersed form. Therefore, this 

technique is likely to be biased towards the discrete and exotic forms of occurrence of 

heavy trace elements, unless the investigator is extremely systematic in his sampling 

(Huggins, 2002). 

 

XAFS spectroscopy, on the other hand, appears to be the only spectroscopic method, 

currently available, that is capable of obtaining significant information on trace element 

forms of occurrence in fossil fuels and related materials. Unlike the microscopic methods 

described above, the XAFS spectrum derived from a given element is a weighted average 

of all forms of occurrence of the element in the coal or coal fraction, regardless of 

whether the element forms a discrete mineral or is dispersed in major minerals or 

macerals. Indeed, if there is a bias with this technique, it is likely to be towards dispersed 

forms-of-occurrence rather than discrete mineral occurrences of a trace element, as has 

been demonstrated for the major element, sulfur (Huggins et al., 1992). Moreover, in 

addition to being a direct probe of an element’s mode of occurrence in coal or ash, the 

technique is also nondestructive. 

The major inconveniences of the XAFS are that it can only be performed at a synchrotron 

source and, consequently, the availability of the method is limited; and only a single 

spectrum is obtained that is a weighted average of the spectra of the different forms of 

occurrence of the element in the coal or ash (Huggins, 2002). 

In theory, XAFS spectroscopy is applicable to virtually all elements in the periodic table. 

In practice, however, the technique is currently limited experimentally to trace elements 
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with atomic numbers above 20 that occur in coal in excess of about 5 mg kg-1 (Huggins, 

2002). 

 

In conclusion, environmental issues associated with coal utilization, especially the release 

of particulate matter and HAPs to the atmosphere from coal combustion, are placing 

increased emphasis on accurate and reliable analytical methods for inorganics in coal. At 

the current time, it would appear that elemental concentrations can be reliably determined 

using techniques such as X-ray fluorescence for the major inorganics in coal and a 

combination of various methods (e.g., INAA, PIXE/PIGE or polarized XRF combined 

with ICP-MS or ICP-AES and AAS methods) for the 15 or so trace elements listed as 

HAPs in the 1990 Amendments to the Clean Air Act.  

Various methods for determining the mode of occurrence of trace elements in coal were 

presented. There appears to be a significant need here for the combined application of 

both direct and indirect methods for elemental speciation. Data based solely on inferences 

from indirect methods are fraught with uncertainty because such methods are based on 

unverified assumptions. Use of electron or ion probe methods to obtain information on 

the elemental associations of the trace element will help resolve such uncertainties. 

Similarly, although XAFS spectroscopy can be used to determine elemental modes of 

occurrence directly, this method suffers a high detection limit and would appear to be 

more powerful when combined with leaching or other indirect speciation methods, 

because it can also test the assumptions and help, where possible, resolve the 

uncertainties inherent in the indirect methods. 

Finally, as summarized by Davidson (2000), agreement among the methods for element 

speciation may vary from reasonable (e.g. for Mn, Cu, Cd, Se, and Hg) to poor (e.g. Co, 

Ni, Be, Sb), with the remainder intermediate (e.g. Se, Pb). 
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Chapter 4 

Objectives of the study 

   

 

Based on the different aspects highlighted in the problem statement, namely the need of 

the development of analytical techniques for gaseous mercury measurements, the limited 

data on the mercury content in South African coals, including the lack of information on 

its chemical and physical associations, and also on the need of a better assessment of 

mercury pollution and fate in the country ecosystems (biological, geological and 

atmospheric systems) impacted by gold mining operations, the main objectives of this 

project were divided into three different sections as follows:  

- The development and optimization of procedures for the sampling and 

determination of gaseous mercury; 

- The determination of total mercury and the characterization of its speciation in 

South African coals and; 

- The quantitative assessment of mercury pollution and the determination of the 

mercury distribution, transformation, transport and fate in some selected goldfield 

areas within the Witwatersrand Basin. 

 

The following questions were addressed in order to achieve this aim: 

• How can locally made materials contribute in developing a simple and cost 

effective trapping technique for the sampling and determination of ultratrace 

mercury and how can their performance be compared to conventional traps? 

• What is the average mercury concentration of South African coals that can be 

used for reliable inventories of the atmospheric mercury emission from local coal 

fired power stations?  

• What are the modes of occurrence of mercury in South African coals and what is 

the efficiency of solvents extraction procedures in reducing the mercury content in 

the study coals?  Does the toxic methylmercury naturally occur in South African 

coals and at which extent? 
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• What is the impact of current as well as historic gold mining activities in terms of 

mercury pollution in the local environmental systems?  

• What are the biogeochemical interactions (i.e. bioavailability, distribution, 

mobility and fate) of mercury in the South African semi arid environment? 

• What are the principal factors that control the mercury speciation in the study 

systems?  

• How do climatic and seasonal changes affect the terrestrial mercury cycling? 

 

To answer these questions, the following specific objectives were addressed: 

• To use nano-structured gold supported on metal oxides materials for the 

preconcentration of mercury in its gaseous form and to optimize analytical 

parameters of the nanogold traps using atomic fluorescence spectrometry. 

• To apply the developed and optimized methodologies to environmental samples. 

• To characterize coal and ash samples collected from some South African coal-

fired power stations and/or coalfields, to determine the total mercury content in 

these samples and compare the average concentration with the literature data for 

local and world coals. 

• To identify and quantify inorganic and organic mercury species in local coals 

using speciation techniques and also to provide information on modes of 

occurrence of mercury in the study coals using sequential extraction procedures. 

• To identify potential sources of mercury pollution in goldfields and to make 

quantitative assessments of geochemical parameters, important anions, total 

mercury and other heavy metals through field sampling and laboratory analysis by 

using a wide range of analytical techniques including spectroscopic, and 

electroanalytical measurements and to use this data for geochemical modeling. 

• To study the speciation and distribution of mercury by the coupling of gas 

chromatography and inductively coupled plasma mass spectrometry (GC-ICP-

MS) in water systems distal and proximate to mining Tailings storage facilities 

(TSFs) and to map the trends using GIS techniques. 

• To assess the impact of long term pollution and seasonal changes on the spread of 

mercury in watersheds. 
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• To determine factors controlling the methylation of mercury in the study waters 

and sediment profiles by correlating analytical data from spectrometric and 

electroanalytical measurements with geochemical (field) data such as pH and 

redox measurements. 

• To determine the bioavailability of mercury and the extent of its accumulation in 

plants (that is, biological systems). 
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Chapter 5 
Sampling procedures and optimization of analytical methods 

 
 
5.1 Introduction 
 
This chapter focuses on the sampling techniques, the sample preparation procedures and 

the analytical techniques used. Details about the analytical methodologies and 

instrumental parameters used before their application to real environmental samples are 

provided. Further details for the various sampling sites are given in each case study.  

 

5.2 Cleaning protocol 

 

Working under clean conditions is one of the most important considerations for 

successful analysis at very low concentration levels. Special attention was paid to the 

procedure for cleaning all vessels used for sampling and sample preparation. The aim of 

the rigorous cleaning procedure used was to ensure that analysis will be performed with a 

minimum risk of contamination. The following cleaning protocol, adapted after 

Monperrus et al. (2005), was used for all experiments in this study: 

� All vessels were first cleaned with a  biocide detergent (1 or 2% in hot tap water) 

and stored for half an hour, rinsed thoroughly with tap water and then with 

deionized water with an electrical resistivity of 18.2 MΩ cm (Millipore, USA). 

� All vessels were then soaked in a 10% (v/v) HNO3 analytical grade (Merck) 

solution for 3 days (or for an hour in ultrasonic bath). Bottles were then rinsed 

with deionized water. 

� All vessels were finally soaked in 10% (v/v) HCl analytical grade (Merck) 

solution as described above for HNO3. Bottles were then dried in a laminar flow 

hood or in an oven after being rinsed with copious amount of de-ionised water 

and stored in double sealed polyethylene bags until use. 
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5.3 Sampling 

 

The different sampling techniques used for waters, sediments, tailings and plants 

collection are presented below including their pre-treatment and storage conditions prior 

sample preparation steps. In situ measurements conditions are also discussed. 

 

5.3.1 Water sampling 

 

The water samples were collected according to commonly accepted sampling procedures 

(Tutu, 2004 and references therein; USEPA, 2007b; Quevauviller, 2001). Water samples 

were collected as duplicate samples at each site into acid-washed and conditioned 

polypropylene (PP) one litre bottles. The recommended “clean hands–dirty hands” 

procedure was used during sampling in order to discriminate the contamination risk 

(Montgomery et al., 1995). 

 

Surface waters were collected in dams and wetlands “by hand” directly in the sampling 

bottle using nitrile gloves. The bottle had to be opened and closed under water to avoid 

mixing with the surface microlayer or oxidation of sample (Stoichev et al., 2006). In 

streams, samples were taken in the main stream flow away from the banks and a point 

sampler consisting of an aluminium rod and a PP cup was used to collect the sample. 

The sampling bottles were rinsed with the site water immediately before sampling and the 

rinsed water was discarded away from the sampling point. The goal of this procedure was 

to condition or equilibrate the sampling equipment to the sample environment and to help 

ensure that all cleaning-solution residues had been removed before sampling (Tutu, 2006; 

Stoichev et al., 2006). 

The PP bottles were filled with water leaving no air space and the field parameters such 

as temperature (T), pH, electrical conductivity (Ec) and redox potential (Eh) were 

measured in situ before tightly closing the containers to prevent any leakage (figure 5.1). 

Each bottle was then marked with the date of sampling and sample description, placed 

into cooler boxes and transported to the laboratory. Global Positioning System (GPS) 

coordinates were also taken at each sampling point and were used for mapping with the 



 111 

Geographic Information System (GIS) software (ArcGIS 9.x, USA). Quality control, or 

blank, samples were used to assess the level of contamination and to quantify any 

background concentrations. 

Field parameters measurements were carried out with a portable kit (WTW multi-

parameter instrument pH/Cond 340i and ORP, Germany) equipped with a pH electrode, 

an integrated temperature probe, a standard conductivity cell and an oxidation-reduction 

potential probe. The meters were calibrated and tested prior to sampling using standard 

buffer solutions according to the manufacturer’s instructions. 

Redox potentials were obtained from Pt electrodes versus Ag/AgCl and all reported 

potentials were corrected relative to the standard hydrogen electrode (SHE). 

 

 

Figure 5.1 In Situ measurements of physico-chemical parameters of a water sample 
 

Once in the laboratory, each sample was divided into two parts: the one was filtered 

under vacuum with 0.45 µm filter papers (Millipore) and used for the anions (Cl-, F-, 

NO3
-, NO2

-, PO4
3- and SO4

2-) determination by ion chromatography; the other was 

unfiltered and acidified with 1% (v/v) HCl suprapure (37%, Sigma Aldrich) and then 

analysed for mercury and other metals using ICP techniques. The samples were 

transferred in PTFE (or Teflon®) bottles or in borosilicate bottles with PTFE-lined caps 

and stored at 4oC until analysis. 
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5.3.2 Sediment sampling 

 

Sediment (surficial and bulk) samples were collected from adjacent to gold tailings 

facilities, and from dams, streams and wetlands. Background samples were also collected 

in order to determine the contrast between background mercury concentrations and 

contamination.  

For stratigraphic (profile) studies, piston corer (auger) or Polyvinylchloride (PVC) cores 

of 50 cm height were used for sample collection. In a few cases, pits were excavated to a 

maximum depth of 3 m and samples were collected at 20 cm depth intervals after 

scrapping off the outer layers of the sediment profile. Geochemical (field) parameters of 

the sediments were also determined, mainly by inserting the appropriate probe into the 

slurry in situ. Where the slurry was not immediately available, it was made by mixing a 

portion of the sediment (about 50 g) to about 50 ml of deionised water and the 

measurements taken of the resulting slurry (Tutu, 2006). The GPS coordinates of the 

sampling points were also measured. Collected samples were then stored in double plastic 

bags in the dark within cold boxes. 

In the laboratory, samples were first frozen at -18°C to increase the stability of MeHg+ 

(Parker and Bloom, 2005) and PVC cores were sliced into portions of 2 to 5 cm thickness 

using a saw equipped with a clean stainless steel blade. The sediments were sieved, when 

necessary, with Nylon sieves to eliminate stones and other gross particles. After 

homogenization, a representative portion of each sample was freeze-dried (Varekamp et 

al., 2000) in a lyophilizer (Labconco, USA) at -40°C for 24 to 48 hours and the dried 

samples were pulverised with acid-washed pestles and mortars and then stored at 4°C in 

acid-cleaned polystyrene bottles for further preparation (figure 5.2). 
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Figure 5.2 Sediment core sampling (1) and pre-conditioning steps which included: 
dissection of the PVC core (2), sample drying in a lyophilizer (3) and storage in acid-

washed polystyrene bottles (4) 
. 

5.3.3 Tailings sampling 

 

Tailings samples were collected both vertically and laterally. Near surface samples were 

collected by means of shovels (after scrapping off the oxidised layers) while the 

subsurface samples were collected by means of PVC cores (figure 5.3). The methods 

used depended largely on the accessibility of the sampling points. The samples were then 

treated in the same way as for sediments. 

 

 

Figure 5.3 Sampling in bottom TSF with a PVC core 
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5.3.4 Plants collection 

 

Samples of plant tissues (algaes, twigs and leaves) were collected randomly from 

wetlands, creeks, ponds or from plants growing on the tailings dumps and tailings 

footprints for phytoremediation purposes. To minimize the risk of contamination, plastic 

gloves were used to collect the samples (figure 5.4) and hand separation of the plant 

tissues from other material. Samples were rinsed with deionized water to remove eventual 

metals attached at the surface and were kept in polyethylene plastic bag, then frozen and 

dry-frozen at -40°C (Cabanero et al., 2002) within hours of collection. After being 

ground to a homogeneous powder with the help of liquid nitrogen (Heller and Weber, 

1998), the samples were stored in the dark, to avoid photodegradation, cleaned 

polystyrene bottles (Yu and Yan, 2003). 

 

 

Figure 5.4 Collection of algae in a creek 
 

5.3 Sample preparation 

 

Sample preparation procedures for mercury analysis was not only matrix dependent but 

also depended whether total mercury or mercury species analysis had to be performed.  

An analytical balance (Precisa 180A, Switzerland), with a precision of 10-4 g, was used 

for all the weightings. 
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5.3.1 Total mercury determination  

 

The procedure used for the sediment samples treatment was adapted from an existing 

method developed by the US Environmental Protection Agency (USEPA, 1996; 

Mangum, 2009). 

Briefly, 0.1 ± 0.005 g of sediment was digested in a closed microwave assisted extraction 

(MAE) system (Multiwave 3000, Anton Paar) equipped with PTFE-TFM liners (figure 

5.5) at 800 W and for 45 minutes using 6 ml HNO3 (Merck), 2 ml HCl (Merck), 1 ml HF 

(Merck) and 1 ml H2O2 (Merck). The average temperature within the extracting vessels 

was about 1700C.  

 

 

Figure 5.5 The Multiwave 3000 MAE system and the vessel design 
 

The microwave programme is presented in the table 5.1 below. Six millilitres of 

concentrated H3BO3 (Merck) were added to each sample to neutralize the damaging 

effect of HF for glass made materials such as the ICP torch. The digested samples were 

then diluted with deionized water and kept at 4°C in Teflon bottles until analysis.  
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Table 5.1 Microwave programme for sample extraction 

                              Phase   Power (W)   Ramp (min)   Hold (min)     Fan 

                               1           800               10:00            20:00              1      

                               2            0                   5:00             10:00              3                        

Sample weight: 0.1g; Reagent: HNO3 (6ml); HCl (2ml); HF (1ml); H2O2 (1 ml) 

 

5.3.2 Analysis of mercury species  

 

For the extraction of Hg2+ (IHg) and CH3Hg+ (MHg) species in solid samples (Dietz et 

al., 2001; Tseng et al., 1997a) an aliquot of 0.25 g of dry sample was placed in the 

extraction tube of an open-microwave (figure 5.6) oven (CEM, USA) and 5 ml of 6M 

HNO3 (Sigma Aldrich) for sediments or 25% tetramethylammonium hydroxide (TMAH, 

Sigma Aldrich) for plants were added and then exposed to microwave radiation at 70 W 

for 4 min.  

 

 

Figure 5.6 The CEM apparatus (1) with an automated vessel introduction system into the 
microwave oven (2) 

 

The extraction of mercury compounds in plants by microwave systems has been 

performed using TMAH since this reagent was found by Tseng et al. (1997b) to allow 

complete alkaline hydrolysis of biomaterials (i.e., proteins, lipids, and sugars). Extraction 

using TMAH appeared to be efficient for mercury species in biological tissues. 
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After centrifugation, the extract was transferred into a 22-ml Pyrex vial with Teflon-lined 

cap and, in the case of isotope dilution (ID) analysis, all the extracts were spiked prior to 

derivatization with a specific amount of isotopically enriched standard solutions of Hg2+ 

(Hg199) and CH3Hg+ (CH3Hg201) obtained from CNRS-LCABIE-IPREM (France). The 

spiking step was not necessary when the analysis was performed by external calibration. 

During the derivatization of mercury compounds for GC-ICP-MS analysis, mixed 

standards solutions of different mercury compounds, plant and sediment extracts were 

buffered to pH 3.9 - 4.1 with 5 ml of a 0.1 M CH3COOH-CH3COONa buffer. The pH 

was adjusted, when needed, by addition of suprapure HCl or NH3 (Sigma Aldrich). Then, 

0.2 ml of 1% (w/w) high purity NaBEt4 (Sigma Aldrich) was added together with 1 to 2 

ml of isooctane (2,2,4-Trimethylpentane, CHROMASOLV® Plus, 99.5%, Sigma Aldrich) 

to derivatize and extract the alkylated compounds formed. After 5 min of manual shaking 

and 5 min of further centrifugation (2500 rpm), the organic layer was transferred to a 

glass vial and stored at -18°C until measurements. All samples were measured on the day 

of their derivatization. 

In the case of water analysis, 100 ml of sample accurately weighed in a flask were 

directly submitted to the spiking (for ID analysis) followed by derivatization with NaBPr4 

(instead of NaBEt4) in order to see the eventual occurrence of ethylmercury species but 

also to minimize the effect of chloride content that affects the ethylation procedure, as 

demonstrated by Monperrus et al. (2005).  

 

5.4 Optimization of analytical instruments for mercury determination 

 

An ICP-MS (SPECTROMASS 2000, Germany) instrument, shown in figure 5.7, was 

used for HgTOT determination. Acid-washed torch and spray chamber were used in order 

to minimize contamination. The nebulizer was also rinsed with deionized water and 

silicosteell tubings (Restek) were used to reduce mercury adsorption in the sample 

introduction system. 
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Figure 5.7 Image of the ICP-MS used for HgTOT determination 
 

ICP-MS parameters such as ion optics voltages, mass scan, time scan, pump speed, argon 

flow were optimized for a better resolution and analyte-background intensity ratio. An 

example of optimized instrument conditions is presented in table 5.2. The software used 

for data analysis was Smart analyzer provided by SPECTRO. 

A range of mercury standards in 5% HNO3 were prepared on a day of analysis from a 

stock solution of 10 mg L-1 (De Bruyn Spectroscopic Solutions, SA) for the instrument 

calibration and analyses were performed on triplicates. Results were reported as means of 

7 measurements. 

 

GC-ICP-MS coupling was achieved using the X-Series 2 ICP-MS (Thermo Scientific, 

USA) and all electrical and analytical connections were established using the Thermo 

Scientific GC-ICP-MS Coupling Pack (figure 5.8). 
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Table 5.2 ICP-MS parameters 

Instrument Parameters SPECTROMASS 2000 

RF power 
Nebulizer gas flow 
Coolant gas flow 
Auxiliairy gas flow 
Pump speed 
Nebulizer step 
Default dwell time 
Isotope monitored 
Sampler 
Skimmer 
p Interface 
p Quadrupole 
Detection mode 

1350 W 
1000 ml min-1 

3 scale units 
1 scale units 
2 
1 
1s 
199Hg, 201Hg, 202Hg 
Nickel 
Nickel 
2.013 mbar 
5.46 x 10-6 mbar 
SEM 

 

 

The X-Series 2 ICP-MS is configured with a dual mode sample introduction system to 

enable simultaneous introduction and analysis of liquid and gaseous samples.  

 

 

 

 

The GC, equipped with an automatic injector, is then connected to the X-Series 2 using 

the temperature controlled GC Transfer Line and Power Supply Unit. The key 

components of this sample introduction system include the facility for simultaneous 

Figure 5.8 Hyphenated GC-ICP-MS X-Series 2 
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connection of both the temperature controlled GC transfer line and the nebulizer/impact 

bead spray chamber configuration. 

 

The dual mode sample introduction system allows analysis of aqueous multielement 

solutions for X-Series 2 tuning and optimization whilst operating in the GC-ICP-MS 

configuration. 

This configuration enabled continuous aspiration of internal standard (10 µg L-1 of 205Tl) 

and allowed optimization of the instrument performance and simultaneous measurement 

of 205Tl (Sigma Aldrich) for mass bias correction during the chromatographic run. 

Operating conditions and instrumentation are listed in table 5.3. 

 

Table 5.3 Operating conditions of the hyphenated GC-ICP-MS 

GC conditions  
Column MXT Silicosteel 30 m; i.d. 0.53 mm; d.f. 1 

µm 
Injection port Splitless 
Injection port temperature 250°C 
Injection volume 1 µl 
Carrier gas flow He 25 ml min-1 
Make-up gas flow Ar 300 ml min-1 
 
Oven program 

 

Initial temperature 60°C 
Final temperature 250°C 
Ramp time 60°C min-1 
 
Transfer line 

 

Temperature 280°C 
Length 0.5 m 
Inner Silicosteel i.d. 0.28 mm; o.d. 0.53 mm 
Outer Silicosteel i.d. 1.0 mm; O.d. 1/16 inch 
 
ICP-MS conditions 

 

Rf power 1250 W 
Plasma gas flow 15 L min-1 
Auxillary gas flow 0.9 L min-1 
Nebulizer flow 0.6 L min-1 
Isotopes/Dwell times Hg (202, 201, 200, 199, 198)/30 ms; Tl 

(205)/5 ms 
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GC separation parameters (temperature program and gas flow) were optimized in order to 

obtain symmetrical peaks and to minimize peak integration errors. The raw data of the 

transient isotope signals for the different species were further processed using 

“Traitement des Signaux Transitoires” (TST) software developed by the CNRS-LCABIE 

research unit (France) in order to obtain the peak areas and the corresponding isotope 

ratios. 

Working standard solutions of inorganic and methylmercury (IHg and MHg) were 

prepared on the day of analyses by appropriate dilution of the stock standard solutions of 

HgCl2 (Sigma Aldrich) in 1% HNO3 and CH3HgCl (Sigma Aldrich) in 1% CH3OH 

(Merck) respectively and then stored in the refrigerator. Enriched standards abundances 

(IHg199 and MHg201) were determined experimentally and concentrations of spiked 

enriched standards were determined by reverse dilution. 

 

5.5 Figures of merit 

 

An excellent linearity was obtained with the ICP-MS instrument for HgTOT standards and 

the calibration range was about 0.1 to 50 ng ml-1 for all the isotopes analyzed as it is 

shown in table 5.4 and figure 5.9. The limit of detection (LOD) for 202Hg isotope was 

then 0.06 µg L-1.  

 

Table 5.4 ICP-MS calibration parameters 

Parameter 199Hg 201Hg 202Hg 

Range (µg L-1) 0.093 - 50.000 0.107 - 50.000 0.067 - 50.000 

LOD (µg L-1) 0.093 0.107 0.067 

Correlation coefficient 0.998 0.998 0.999 
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Figure 5.9 ICP-MS calibration for different mercury isotopes 
 

The capillary column chromatograms were obtained by use of the settings given in table 

5.3 above.  An example of chromatogram obtained under optimal GC-ICP-MS conditions 

for IHg/MeHg standard solution is presented in figure 5.10.  
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Figure 5.10 GC-ICP-MS chromatogram of IHg (1 µg L-1) and MHg (0.1 µg L-1) 
standards 
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It can be seen from this chromatogram that a clear separation of the different species has 

been achieved and good peaks were obtained. Measurements of mass separation (isotope 

specific detection) were also successfully achieved (figure 5.11) which allowed the use of 

ID technique. 

 

 

 

 

 

Figure 5.12 presents the result of the external standard calibration obtained for both IHg 

and MHg species. It shows the excellent linearity of the GC-ICP-MS coupling system 

over a range of more than 3 orders of magnitude. An excellent repeatability was also 

obtained for the retention time as shown in figure 5.13 with MHg peaks always appearing 

after 107.5 ± 0.5 s (RSD = 0.5%) and IHg coming after 152.4 ± 0.2 s (RSD = 0.1%).  

The peaks obtained during the calibration correspond to concentrations in the ng and sub-

ng ranges. The instrumental detection limits were estimated as 3 times the standard 

deviation of 6 blanks (deionized water) measurement. These limits depend only to a small 

extent on the individual species. 

 

 

 

Figure 5.11 Hg isotope peaks for a 0.1 µg L-1 MHg standard 
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The detection limit was 0.039 (0.017 in SIDMS) ng L-1 for IHg and 0.0094 (0.0069 in 

SIDMS) ng L-1 for MHg which makes the method suitable for the quantification of 

mercury species in natural water systems. 

 

 

Figure 5.13 Overlapped chromatograms of successive injections of MHg standards  
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Figure 5.12 GC-ICP-MS calibration of IHg and MHg species 
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5.6 Validation of analytical methods used for mercury determination  

 

Reference materials (CRMs) of sediment (RTC015-050 and IAEA 405) and fish (BCR 

463 and 464 Tuna fish) certified for HgTOT, IHg and MHg were analyzed in order to 

validate the methodologies used in this study. Each CRM was prepared in triplicate 

following exactly the above mentioned sample preparation procedures. Blanks were also 

prepared in the same way as for CRMs to verify if contamination occurred during sample 

preparation and/or analysis. 

Results obtained for total mercury analysis of CRMs are presented in table 5.5.  

 

Table 5.5 Total mercury concentration in CRMs by ICP-MS 

            CRM Certified Measured     

Type Name HgTOT (µg kg-1) HgTOT  ± SD (n=3; µg kg-1) RSD 
(%) 

Recovery 
(%) 

Sediment RTC015-050 100 ± 20 99 ± 7 7.1 99 

Tuna 
Fish 

BCR 463 2850 ± 160 2874 ± 152 5.3 101 

 

Concentrations of mercury species obtained with the isotope dilution technique were 

calculated using the equation below: 

 

                  (5.1) 

 

Where: 

Cs is the concentration of mercury in the sample in µg l-1, 

Csp is the concentration of mercury in the spike determined by reverse isotope dilution in 

µg l-1, 

ms is the mass of the sample in µg, 

msp is the mass of the spike in µg, 

M s is the atomic weight of the sample, 

M sp is the atomic weight of the spike, 
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Aa
s and Ab

s are the isotopic abundance (in %) of isotopes a and b in the sample, 

respectively, 

Aa
sp and Ab

sp are the isotopic abundance (in %) of isotopes a and b in the spike, 

respectively, and 

Rm is the isotopic ratio of isotopes “a” and “b”. 

 

The isotopic abundance was calculated as follow: 

 

A i (%) = (X i/∑X) x 100                                                                   (5.2) 

 

Where: 

 Ai is the isotopic abundance of the isotope “i” in the standard, Xi is the peak area of the 

isotope i and ∑X the sum of peak areas of all the analyzed isotopes. 

 

Concentration of  stock solutions of “natural” standards used for the reverse isotope 

dilution analysis were determined every time analyses had to be performed in order to 

minimize errors related to analyte loss or degradation during storage.   

The measured concentrations for IHg and MHg species in CRMs are reported in table 

5.6. 

Table 5.6 IHg and MeHg in CRMs by ID GC-ICP-MS 

           CRM Certified (µg kg-1) Measured  ± SD (n=3; µg kg-1)  

Type Name IHg MHg IHg RSD 
(%) 

MHg RSD 
(%) 

Recovery 
(%)(*) 

Sediment IAEA 
405 

810 ± 140 5.5 ± 0.5 820 ± 25 3.0 5.5 ± 0.4 7.3 101 

Tuna 
Fish 

BCR 
464 

120 ± 60 5120 ± 160 177 ± 4 2.3 4953 ± 20 0.4 98 

(*) The recovery is calculated for IHg + MHg 
 

 

It can be seen from the above tables that excellent precision and accuracy were obtained 

for both total mercury and mercury species determination since all the measurements fell 

within certified ranges with relative standard deviations (RSD) always below 10% and a 

percentage recovery close to 100%. These results not only confirmed the performance of 
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the used analytical techniques but also demonstrated the efficiency of sample preparation 

procedures since no important loss or contamination of mercury was observed. Speciation 

analysis also has shown no significant interconversion between IHg and MHg species. 

The ID technique for speciation analysis appears to be an analytical approach of choice 

especially for the precise quantification of the low level of mercury species in natural 

environmental systems.  

 

5.7 Determination of total metals concentration 

 

Total metal concentrations in water and digested sediment samples were obtained by 

ICP-OES (Spectro Genesis, Germany). The instrumental conditions were optimized to 

obtain sufficient sensitivity and precision. A photographic image of the instrument is 

shown in figure 5.14.  

 

 

Figure 5.14 Image of the ICP-OES instrument 
 

The parameters such as those presented in table 5.7 were used and each element was 

determined at various wavelengths. Wavelengths that represent a good compromise 

between maximum sensitivity and the ability to encompass a large range of 

concentrations are selected. 
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Table 5.7 Optimized parameters of ICP-OES 

Parameter Value 

Plasma power 1400 W 

Coolant flow 14 ml min-1 

Auxiliary flow 1 ml min-1 

Nebulizer flow 1 ml min-1 

Total preflush time 45 s 

Measure time 45 s 

 

Figure 5.15 shows selected scans for iron and magnesium at 259.941 nm and 279.553 

nm, respectively which exhibited good sensitivity (high peak intensity for a given 

concentration) and signal-background ratio i.e. better detection limit. 

Sometimes a different wavelength from that which is normally used may be used 

particularly in instances where self-absorption occurs, for example, when analyzing very 

concentrated samples.  

Results were reported for the wavelength that showed the best reproducibility compared 

to CRM certified concentrations. Multielemental standards of 10 mg L-1 in 1% HNO3 (De 

Bruyn Spectroscopic Solutions, SA) were diluted to make daily working standards of 0.1 

to 1 mg L-1 for the instrument calibration.  

 

 

 Figure 5.15 ICP-OES scans of Fe (left) and Mg (right) 
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The instrumental limit of detection (LOD) was calculated for each analyte using results 

from standard calibrations. An example of calibration curves for some metals at specific 

wavelengths is given in figure 5.16   
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Figure 5.16 ICP-OES calibration of some elements at selected wavelengths 
 

Calibration parameters obtained for some selected metals are shown in table 5.8.  

 

Table 5.8 Example of calibration parameters obtained with the ICP-OES 

Element Al Cu Fe Mg Mn 
Wavelength (nm) 396.152 324.754 259.941 279.553 257.611 
 
Range (mg l-1) 

 
0.0030 - 
1.2000 

 
0.0030 - 
1.2000 

 
0.0020 - 
1.2000 

 
8.86 E-06 - 

1.2000 

 
0.0004 - 
1.2000 

 
LOD (mg l-1) 

 
0.0030 

 
0.0030 

 
0.0020 

 
8.86 E-06 

 
0.0004 

 
 
Regression 
coefficient 

 
 

0.999 

 
 

1.000 

 
 

1.000 

 
 

1.000 

 
 

0.999 
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5.8 Ion chromatography 

 

Anions in water and leachate samples were analysed by ion chromatography (IC), as 

shown in figure 5.17, using a compact IC system (Metrohm, Switzerland) equipped with 

a separation center (733 IC), a detector (732 IC), an interface (762 IC), a suppressor 

module (753 IC) and a pump (709 IC). Data were treated using IC Net 2.3 software 

(Metrohm). Analyses were performed using the parameters presented in table 5.9. 

The eluent was a solution of 1.0 mM NaHCO3 and 3.2 mM Na2CO3. The solution was 

sonicated and filtrated under vacuum through a 0.45 µm filter paper. A 50 mM solution 

of H2SO4 was used as a conductivity suppressor regenerant solution (USEPA, 2007c). A 

5 ml syringe equipped with a male pressure fitting was used for sample injection. 

A 1000 mg l-1 standard stock solution of F-, Cl-, NO2
-, NO3

-, PO4
3-, and SO4

2- was 

prepared by diluting an accurately weighed amount of their corresponding salts, namely 

NaF (Merck), NaCl (Merck), NaNO2 (Merck), NaNO3  (Merck), KH2PO4 (Merck), and 

Na2SO4 (Merck), respectively in 1 L of deionized water (Millipore, USA). The stock 

solution was then filtered with a 0.45 µm filter paper and kept at 4°C. 

 

 

Figure 5.17 The compact IC system and its components within the separation center 
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Table 5.9 IC parameters for anions determination 

Guard column Metrosep A suppA/5 (6 1006 500) (Metrohm) 

Analytical column Metrosep A supp 5 (6 1006 520) 150/4.0 mm (Metrohm) 

Flow rate 0.7 ml min-1 

Temperature ±25°C 

Injection volume ±50µl 

System back pressure 12 MPa 

Run time 17 min 

 

Working standards of 1, 5 and 10 and 20 mg l-1 were prepared from the stock solution on 

the day of analysis and used for calibrating the instrument. Environmental samples (water 

or leachate) were first filtered as for the stock solution to avoid the clogging of the 

working column and diluted before analysis in order to fit them in the calibration curve 

and to avoid detector saturation. Figure 5.18 shows chromatogram peaks obtained with a 

standard solution whereas an example of calibration curves obtained for the different 

anions is shown in figure 5.19. 

 

 

Figure 5.18 IC chromatogram showing peaks of a 5 mg L-1 standard solution of F-, Cl-, 
NO2

-, NO3
-, PO4

3- and SO4
2- 



 132 

0

1400

2800

4200

0 5 10 15 20

Concentration (mg l -1)

A
re

a

Fluoride

Chloride

Nitrite

Nitrate

Phosphate

Sulfate

 

Figure 5.19 Example of IC calibration curves of F- (R2 = 1.000), Cl- (R2 = 0.996), NO2
- 

(R2 = 0.999), NO3
- (R2 = 0.999), PO4

3-(R2 = 0.998), and SO4
2- (R2 = 0.999) 

 

 

5.9 CHNS analyser 

 

The CHNS analyser (Leco-932, USA) used in this study was calibrated with standards of 

Sulfamethazine and Corn Gluten (Leco) and the results are given in table 5.10. A 

Sartorius CP2P micro balance (Gottingen, Germany) with a precision of 10-6 g was used 

to weigh samples. The samples were weighed into silver capsules and introduced into the 

oxidation furnace by means of a carousel. 

The above standards were chosen because their certified values are reported for all 4 

elements (carbon, hydrogen, nitrogen and sulfur) although our components of interest for 

the study were only carbon and sulfur. 
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Table 5.10 Standards calibration of the CHNS analyser 

Standard Carbon % Hydrogen % Nitrogen% Sulphur % 
Sulfamethazine 51.78 5.07 20.13 11.52 

Measured (n = 3) 51.69 ± 0.32 4.94 ± 0.15 20,03 ± 0.10 11,52 ± 0.05 

Corn Gluten 52.29 ± 0.39 7.13 ± 0.07 11.35 ± 0.07 0.933 ± 0.041 

Measured (n = 3) 52.17 ± 0.28 7.21 ± 0.03 11.74 ± 0.47 0.969 ± 0.110 

 

 

5. 10 Computer modeling 

 

Computer modeling techniques are widely used in environmental sciences to represent, 

explain, predict or estimate natural phenomena. 

Quantitative models, for instance, are used to determine contaminant migration from 

mine tailings and toxic waste sites (Tutu, 2006). Such models are based on the premise 

that they follow the laws of chemistry, physics and biology.  

The transport, mobility, bioavailability and toxicity of metals in fresh water can depend to 

a large extent upon their chemical speciation; it is therefore desirable to have a model that 

can predict metal speciation in natural systems.   

A geochemical assessment model for environmental systems, namely the USEPA Visual 

Minteq version 2.32, was used in this work to calculate the equilibrium concentrations of 

dissolved and solid mercury species for the study systems. Chemical equilibrium 

diagrams were also established using the Medusa 32 model or based on existing Eh-pH 

diagrams for mercury species. The models were useful to understand the distribution and 

availability of mercury, and to explain its migration and fate in the study environmental 

compartments.   

 

5.11 Summary 

 

Sampling protocols, samples conditioning and storage conditions were followed with care 

in order to minimize loss or contamination and also to preserve the integrity of target 

species within the collected samples. Analytical methodologies were optimized for total 
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mercury and mercury species determination for different sample matrices using an ICP-

MS and the coupling of GC with ICP-MS. The optimized methodologies were sensitive 

and specific enough even for the identification and quantification of mercury species at 

ng L-1. A sample preparation procedure was also developed demonstrating the efficiency 

of the microwave assisted extraction technique (close and open) with recovery close to 

100% for reference materials.  

In brief, the analytical procedures used in this study were suitable for a fast, sensitive, 

accurate, and precise HgTOT determination and simultaneous determination of mercury 

species in water, sediment and biota. These procedures can be used for background 

mercury species determination. The procedures also offered the possibility of reducing 

sample preparation time, especially for speciation analysis since only 4 minutes were 

required for sample extraction with a low-power focused microwave field.  

A significant improvement in the precision of mercury species determination was 

obtained using the isotope dilution technique which also contributed in minimizing 

analytical errors related to analyte loss or artifact methylation/demethylation of mercury 

that might occur during sample preparation.  

 

Finally, Field measurements together with total metals concentration, anions 

determination and CHNS results were obtained from calibrated meters and optimized 

instruments, and were later used as comparative data for a better understanding of the 

mercury chemistry in the different environmental studies. 
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Chapter 6 
The use of nano-structured gold supported on metal oxides 

sorbents for the trapping and preconcentration of gaseous mercury  
 

 

6.1 Introduction 

 

One of the most important environmental concerns of mercury is not only its toxicity but 

also its persistence and long-life in the atmosphere. Mercury from point source emissions 

may remain localized in the environment, or may be transported regionally and even 

globally (USEPA, 1997) Thus, simple, rapid, sensitive, and selective detection of 

atmospheric mercury is of great significance for environmental science and medicine for 

reliable mercury emission estimations and in order to achieve the goal of assessing the 

potential human health risks from exposure to mercury (Jiang et al., 2009). 

It was previously mentioned (see chapter 3) that sampling and analysis of atmospheric 

mercury is mostly made as total gaseous mercury (TGM) which mainly consists of Hg0 

(Schroeder and Munthe, 1998) and which is collected on gold, or other collection 

material (Munthe et al., 2001). Gold and other precious metals are well known for their 

high efficiency in trapping mercury traces from gases by forming amalgams. Therefore, 

gold based collectors play an important role in the preconcentration and separation of 

mercury species from, for example, air, stack gas and gas condensate4 prior to detection 

(Zierhut et al., 2009 and references therein). 

Many commercially available mercury detection systems use gold in different forms such 

as sand, wool, gauze, foil, wire or deposits on different supports and packed into quartz 

tubes (e.g. Schroeder et al., 1995a and b; Labatzke and Schlemmer, 2004). In recent 

years, the catalytic properties of finely dispersed gold particles on oxide support materials 

have attracted much attention. Gold was recently recognized to be an extremely unique 

and highly active metal when prepared as supported nano-particles (Bond and Thompson, 

1999; Gong and Mullins, 2009). This is mainly due to the reduced dimensions of the gold 

particles and a strong interaction with the support (Zhou et al., 2004; Risse et al., 2008). 

Gold catalysts are, therefore, believed to exhibit potential applications of both industrial 

and environmental importance.  
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In this chapter, three nano-structured gold supported metal oxides materials, namely Au-

TiO2, Au-ZnO and Au-Al2O3 were used for the preconcentration and determination of 

gaseous mercury and their respective analytical performance were compared to the one of 

commercially available pure gold wool trap. The most performing “nano-trap” was later 

on used as a sampling trap and its performance was compared with the one obtained with 

the traditionally used gold-coated sand sorbent. 

 

6.2 Sorbents origin 

 

Nano-gold sorbents were provided by Project AuTEK (figure 6.1) which is a joint 

venture formed between Mintek, a science council based in South Africa, and the three 

major South African gold mining houses, namely Anglogold Ashanti, Gold Fields and 

Harmony Gold Mining Company Ltd. The main focus of Project AuTEK is to research 

and develop novel industrial applications for gold which involves research in the fields of 

catalysis, nanotechnology and biomedical science (www.mintek.co.za).  

Details concerning the synthesis conditions of the materials were not provided except that 

each sorbent was reported to contain only 1% (w/w) of gold.  

 

 

Figure 6.1 Au-Al2O3, Au-ZnO and Au-TiO2 materials used in the study 
 

6.3 Analytical Method 

 

Gaseous mercury analysis was performed by double amalgamation cold vapor atomic 

fluorescence spectrometry (DA-CVAFS) which is shown in figure 6.2.  
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Figure 6.2 The DA-CVAFS setup 
 

Mercury is an ideal element for determination by fluorescence because it is atomic at 

room temperature and also absorbs and fluoresces at the same wavelength (Stockwell and 

Corns, 1993). The double amalgamation technique, as developed by Bloom (Bloom. and 

Crecelius, 1983), consists on trapping gaseous mercury species in a first trap called 

sampling column and desorbing them by heating the trap at 550-600°C to a second trap 

known as the analytical column (figure 6.3).   

This latest usually contains pure gold that allows a more efficient thermal desorption 

(900°C) of the analyte to the detector. A transient signal is obtained with an increased 

signal/noise ratio which lowers the detection limit and, therefore, improves the sensitivity 

of the method. Another advantage of the double amalgamation is also in the 

preconcentration that occurs in the second trap and in the reduction of interferences such 

as water vapor and organic compounds during the first thermal desorption.  
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Figure 6.3 Schematic of the DA-CVAFS system 
 

The CVAFS detector used in this study was a Tekran 2500 (USA) which is very sensitive 

and specific for mercury. Ultra pure argon (99.999% purity) was used as a carrier gas 

which allowed detection limits in the pg range. The sample was carried through a flow of 

argon into a quartz cell irradiated with a low vapor pressure mercury lamp at a 

wavelength of 253.7 nm. Elemental mercury atoms were, therefore, excited and 

fluoresced in all directions and the emitted photons were then detected by a 

photomultiplier tube (PMT) which is positioned at right-angle to the fluorescence lamp. 

A signal measuring the emitted radiation (in mV) versus time was obtained which 

intensity was directly proportional to the amount of absorbing mercury atoms i.e. to the 

concentration of injected mercury vapor. 

It has to be noticed that AFS detectors can be sensitive to negative or positive 

interferences which cause the diminution or enhancement of the analytical signal, 

respectively. Negative interferences are mainly due to the phenomenon known as 

quenching i.e. the collision between excited atoms and other molecules in the atomization 

sources (Cai, 2000). To avoid this problem, the use of argon as carrier gas is 
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recommended instead of nitrogen, oxygen or air, which are reported to decrease the 

instrument sensitivity (Cai, 200). 

Positive interferences are due to the presence of moisture and organic solvents. Very 

broad peaks with high baseline are mostly observed in this case. 

 

6.4 Instrument setup  

 

Columns used in this study were quartz tubes of 12 cm length each with an internal 

diameter of 6 mm. The analytical columns were filled either with approximately 0.1 g of 

pure gold or with the same amount of the above mentioned nano-gold (1% wt Au) 

supported on metals oxide (figure 6.4) and the trapping material was held securely with 

quartz wool, as shown in figure 6.5.  

 

 

Figure 6.4 SEM image of gold particles (small black dots) dispersed on TiO2 
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The sampling column, on another hand, was filled with 0.1 g of the commercial gold 

coated sand (Brooks Rand, USA) or with 0.1 g of Au/TiO2.  The choice of Au/TiO2 as 

sampling trap will be discussed further. 

 

 

 

All traps were conditioned, prior to utilization by heating them at 500°C in an argon flow 

and were hermetically sealed until use. Both columns (analytical and sampling) were 

mounted in series and connected by Teflon tubes. Tubes were chosen with the smallest 

diameter possible to minimize the dead volume of the system, especially between the 

detector and the analytical trap. All connections and Teflon tubes were decontaminated in 

acid baths, rinsed with deionized water and dried under a laminar flow hood. An 

optimized argon flow of 60 ml min-1 was used to carry the analyte to the detector.  The 

argon flow was frequently controlled by connecting a flowmeter at the exit of the 

analytical column. The optimized flow allowed an ideal residential time of the gas flow in 

the measuring cell and a maximum sensitivity of the instrument. 

The thermal desorption of the sampling column was performed at 600°C within a 

temperature controlled ceramic oven. The analytical trap was heated with a 

Nickel/Chromium coil of resistance (Gilphy RW 80), supplied with a current of 5.5 A 

and a potential of 7 V. This setup allowed the temperature to increase to 900°C within 30 

seconds. The measured signal was transmitted to a computer (figure 6.6) and the transient 

signals were treated as chromatographic peaks using the AZUR software (Jasco, France). 

 

Figure 6.5 Schematic of the mercury trap 
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Figure 6.6 Example of signal obtained with the injection of 10 µl of Hg0 
 

 

6.5 Analytical methodology 

 

The calibration was done by injecting gaseous mercury (Hg0) standards directly to the 

analytical trap (gold wool or nano-gold traps). The source of Hg0 was a drop of liquid 

mercury contained in a headspace bottle (figure 6.7).  

 

 

 

 

Figure 6.7 Source of Hg0 standards 
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The mercury drop was then in equilibrium with the gaseous phase. A known volume of 

gas was collected with a syringe through a septum. The concentration of Hg0 at the 

equilibrium was, therefore, temperature dependent only and was measured with a 

thermocouple. The relationship between the vapor pressure of Hg0 and the temperature is 

available in the literature (e.g. CRC Handbook of Chemistry and Physics, 2005). Thus, 

the amount of injected mercury could be accurately determined. 

Repeated injections of known amounts of Hg0 allowed the obtention of a calibration line. 

Due to the high volatility of Hg0, care was taken during the successive injections to 

obtain measurements with good repeatability. Syringes with removable needles (RN) and 

of different capacity (i.e; 10, 50 and 100 µl, respectively) were used during the 

optimization. It was found that the 100 µl, RN syringe exhibited the best calibration line 

in terms of regression coefficient and slope (figure 6.8). For this reason, this syringe was 

used for all standards injections. 

 

 

Figure 6.8 Calibration lines obtained with different syringes 
 

Analytical performances of nano-gold materials were first evaluated by injecting Hg0 

standards and by comparing the obtained instrumental calibration lines to the one 

obtained with pure gold. The most performing nano-gold material (Au/TiO2) was, later 
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on, used for the collection of TGM at different locations in our research laboratory 

(LCABIE-IPREM Pau, France). The TGM determination was also performed by DA-

CVAFS and the performance of nano-traps was compared to the one of commercial gold-

coated sand traps. A summary of the analytical steps followed for both experiments is 

illustrated in figure 6.9. 

 

 

 

 

 

 

 

Figure 6.9 Analytical protocols for mercury standards calibration and 

TGM analysis 
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6.6 Air sampling for TGM determination 

 

Simultaneous collection of air for TGM measurements was done, as described in figure 

6.10, with Au/TiO2 and gold-coated sand traps in different laboratory compartments 

using a peristaltic pump (ASF THOMAS, Germany).  

 

 

 

 

The flow was controlled with a flowmeter (Bronkorst HiTech B.V. E-7000, Netherland) 

in order to get an accurate measurement of the sample volume. Two parallel sampling 

lines were used with an air sampling flow of 600 ml min-1. A 0.1 µm quartz filter 

(Whatman) was used to prevent the introduction of dust and aerosols in the traps.  

 

6.7 Optimization of sampling conditions 

 

Air samples were collected at the ground floor (L1), first floor (L2), second floor (L3), 

and from the roof (R) of the laboratory building (see example in figure 6.11). 

A volume gradient was established in order to optimize the sampling time (i.e. the sample 

volume) and, therefore, to ensure samples representativity. 

 

Figure 6.10 Schematic of sampling setup 
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Figure 6.11 Collection of air samples in the roof of the laboratory. The simultaneous 
sampling setup with both commercial and nano-traps is shown in the right picture 

 

Short collection times of 10, 20 and 40 minutes were used at a flow of 600 ml min-1 

which corresponded to sample volumes of 6, 12 and 24 L, respectively (figure 6.12).  

 

 

 

 

The obtained mercury concentrations (mean value: 6.5 ± 0.5 ng m-3) were all beyond the 

method detection limits (see section 6.8 below). Due to sample variability caused by the 

air circulation in the building, the difference in mercury concentration (± 8%) for the 

different sampling volumes was not significant. The optimized sampling time were, thus, 

Figure 6.12 Concentrations of Hg0 as a function of sample volume 

 



 146 

chosen to be 20 minutes i.e. 12 L in volume. Everyday, early in the morning, the sampler 

was conditioned, prior sampling, by sucking the air for about twenty minutes in order to 

stabilize it and to minimize mercury adsorption on the walls. After sampling, all traps 

were hermetically sealed, stored in a double plastic bag and immediately analyzed in the 

laboratory. 

 

6.8 Performances of nano-gold materials as analytical traps 

 

An example of analytical signals obtained with the commercial gold trap and the different 

nano-structured gold sorbents is shown in the figure 6.13 below. 

 

 

Figure 6.13 AFS chromatograms of 20 µL Hg0 desorbed from different traps 
 

Good linearity and repeatability were obtained with the three nano-gold materials in the 

volume range of 10 – 60 µL Hg0, which corresponds to a concentration range of 132-778 

pg Hg0 at an argon flow of 60 mL min-1 (figure 6.14).  
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Figure 6.14 AFS Calibrations of Hg0 standards at argon flow of 60 ml min-1 
 

Parameters such as the retention time, the number of theoretical plates, and the full 

duration at half maximum (FDHM) height also have been studied and are presented in 

table 6.1. 

 

Table 6.1 Analytical parameters of studied materials 

Parameters Au Au/TiO2 Au/Al2O3 Au/ZnO 
Retention time (min) 0.71 ± 0.05 0.83 ± 0.03 0.80 ± 0.01 0.73 ± 0.01 
Slope  (ua pg-1) 1.07 1.39 0.21 0.38 
Regression 
coefficient  

0.997 0.995 0.988 0.986 

FDHM (min) 0.15 ± 0.01 0.43 ± 0.06 0.33 ± 0.03 0.20 ± 0.01 
Theoretical plates 136 ± 7 36 ± 2 33 ± 5 69 ± 3 

 

The following observations were made from the obtained results: 

- The commercial Au trap presented better characteristics compared to the other materials 

with the highest number of theoretical plates (i.e. greater efficiency) allowing the 

obtention of sharper peaks. This trap also showed the best regression coefficient (0.997) 

for the above mentioned volume range and argon flow.  
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- TiO2/Au showed broader peaks than the other materials with one of the smallest number 

of theoretical plates denoting retention of mercury during desorption. 

- The obtained correlation coefficients (R²) between the injected amount of Hg° and the 

obtained peak area were satisfying for all the nano-gold columns. These columns can, 

therefore, be used for a quantitative analysis of gaseous mercury. 

- The higher the calibration slope, the better the analytical response from the detector (i.e. 

better sensitivity). The slope obtained with Au/TiO2 was 1.39 ua pg-1. This column 

exhibited the best sensitivity under the above mentioned conditions compared to the 

commercial gold (1.07 ua pg-1) and the other nano-traps ((0.21 ua pg-1 for Au/Al2O3 and 

0.38 ua pg-1 for Au/ZnO). The linearity range of Au/TiO2 was even improved by 

increasing the carrier gas flow to 100 mL min-1. Calibrations with Au/TiO2 trap also 

exhibited a much better slope (0.908) under the new conditions compared to the one 

obtained with gold wool (0.423) as shown in figures 6.15a and b.  Therefore, it is 

believed that Au/TiO2 could replace the commercial gold wool as a reliable analytical 

trap for the quantification of gaseous mercury, although the commercial gold still 

presents the advantage of a complete and fast desorption of the trapped mercury. This 

allowed a faster clean-up of the sorbent (i.e. faster obtention of blanks) and a reduction of 

the overall analytical time. For this reason, the commercial gold was retained as the 

analytical trap for TGM determination.  
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Figure 6.15a Calibrations obtained with Au-TiO2 at different Ar flows 
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Figure 6.15b Calibrations obtained with Au and Au-TiO2 at Ar flow of 100 ml min-1  
 

- It is important to notice that, although chromatograms obtained with Au/ZnO and 

Au/Al 2O3 had retention times similar to the one for Au wool, these materials 

showed lower linearity range compared to Au/TiO2 with lower slopes (figure 6.14 
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and table 6.1). They also have demonstrated poor baseline recovery after mercury 

desorption figure 6.16). This implies a greater retention of mercury vapor in the 

sorbents compared to Au/TiO2.  

 

Figure 6.16 Examples of baseline obtained after the desorption of mercury from the 
different traps 

 

- Au/ZnO sorbents have shown different analytical responses (poor reproducibility) 

when the materials were roughly or finely grinded whereas Au/Al2O3 exhibited 

some hygroscopic properties (i.e. retention of water vapor during column 

preparation) which probably explain the broad mercury peak and the high baseline 

level (positive interferences) observed in chromatograms obtained with this trap. 

A deeper characterization of these materials is of importance in order to improve 

their performance. 

The difference in analytical performances observed between the nano-sorbents could be 

explained by the inner structure of the materials used. Although details concerning the 

preparation of the different nano-gold sorbents were not provided, numerous 

experimental and theoretical studies aimed at a better understanding of the properties of 
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gold in the nanometer size regime have suggested that adsorption properties of gold 

catalysts are deeply influenced by the pore size and specific surface area of the material. 

The pore size and specific surface area vary with gold loading (Peter et al., unpublished). 

Gold can be present as individual particles in the catalyst or can form agglomerations or 

clusters. The size and the shape of the gold aggregates depend on the temperature and can 

be metastable once formed at low temperatures (Risse et al., 2009). These factors directly 

affect electronic, optical, and chemical characteristics of nano-gold catalysts. Additives 

are often used to improve catalytic performances of commercial catalysts. These 

additives may act as either promoters, for example, to improve parameters such as the 

selectivity, the activity and the lifetime of the catalyst or they can act as inhibitors of 

unwanted reactions (Ntho, 2007).  

In the case of the ultrathin oxide films, it was shown that the metal substrate lying 

underneath the film may affect the properties of gold particles, thus leading to an 

adsorption behavior that depends on the oxide thickness (Risse et al., 2009).  This could 

explain the fact that different adsorption capacities were observed with some sorbents 

(e.g. Au/ZnO), depending on the physical pretreatment.  On another hand, Zhang and 

Huang (2010) in their study on the functional surface modification of natural cellulose 

substances for colorimetric detection and adsorption of Hg2+ in aqueous media, have 

demonstrated, using solid UV–vis spectra of TiO2 alone and TiO2 coated with cellulose 

nanofibre, that TiO2 does not retain mercury. This suggests that the retention of mercury 

in the metal oxide support can be excluded as a potential factor responsible of the 

increase of mercury adsorption capacity in the nano-structured materials. It was 

suggested that the plausible role of the oxide support is to stabilize particular atomic 

configurations, charge states, or electronic properties of the ultrasmall gold aggregates, 

which are in turn responsible for a distinct chemical behavior (Risse et al., 2008). 

Finally, studies have also shown that water strongly interacts with oxygen atoms in gold 

supported metal oxides to make a water-oxygen complex or hydroxyls (Lazaga et al., 

1993; Kim et al., 2006; Gong et al., 2007), although Quiller and colleagues (2008) have 

suggested that isolated stable hydroxyls may not be formed and could be more transient 

in character. The susceptibility of nano-gold supported metal oxides materials to act as a 
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Brønsted base or a nucleophilic base (Outka and Madix, 1987), due to the presence of 

oxygen atoms, could explain the “wetting” observed with the Au/Al2O3 sorbent. 

It can therefore be seen from the above observations that Au/TiO2 has demonstrated 

better analytical performances compared to Au/Al2O3 and Au/ZnO. This is the reason 

why Au/TiO2 was selected to be tested as a sampling trap under real environmental 

conditions.  

 

6.9 Quality control 

 

TGM determination is known to be a delicate analysis because mercury is ubiquitous, 

persistent and can adsorb in different types of materials. Minimizing contamination 

problems is one of the biggest challenges in trace mercury analysis which requires the 

decontamination of all the materials and the skillful handling of “ultratrace” techniques 

during sampling and analysis. It is, therefore, of importance to proceed to number of 

blanks determinations in order to trace eventual sources of contamination during 

sampling, storage and/or analysis and to ensure the good quality of measurements. Blanks 

determinations were performed before and after each measurement in order to ensure a 

complete desorption of mercury in the trap and to clean the analytical line. 

It was also necessary to proceed to a quality control before TGM analysis to minimize 

any effect that could affect the mercury determination at such a low level (memory effect, 

contamination, etc.). The absolute detection limit (ADL) of the DA-CVAFS technique 

was determined using the instrument background signal (noise) of twenty measurements 

and was found to be 0.04 pg of Hg0. The method detection limit (MDL) and the method 

limit of quantification (MLQ) were also determined using a mean volume of 12 L for 

both Au-coated sand and Au/TiO2. Finally, a global method detection limit (sampling and 

analysis) was determined by replacing Whatman filters with gold-coated sand traps: the 

air passing through the columns was assumed to be “mercury free”. The sampling 

columns (Au-coated sand and Au/TiO2) were then submitted to the same analytical 

protocol used for TGM determination.  The different analytical performances obtained 

are presented in table 6.2. 
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Table 6.2 Method Analytical performances  
  n MDL (ng m-3) (*) MLQ (ng m-3) 

   Au TiO2/Au Au TiO2/Au 
DA/CVAFS 10 0.07 0.10 0.22 0.33 
Sampling 5 0.15 0.19 0.52 0.62 

(*)The MDL is calculated for a sample volume of 12 L 

 

Detection limit values were excellent and suitable for the detection of Hg0 at background 

level. It has to be recalled that TGM levels for background continental areas were 

reported to be in the range of 1.0 to 4.0 ng m−3 (Fitzgerald et al., 1984; Lindqvist and 

Rodhe, 1985). 

 

6.10 TGM analysis 

 

Results of the TGM measurements performed on the collected air samples from the 

laboratory environment are presented in figure 6.17. 

The TGM in collected samples ranged between 6 - 10 ng m-3 for the Au/TiO2 trap, and 6 - 

9 ng m-3 for the commercial gold sand. Due to the level of TGM measured and the 

variability in samples (air recirculation in the building, weather changes and activities in 

the laboratory), the obtained values were not considered to be significantly different. 

Indoor (L1, L2, L3) and outdoor (R) concentrations were almost similar, although the 

variability in R was higher than in L samples. This is probably due to changes in 

environmental conditions during sampling (wind direction and speed, air temperature, 

point sources, etc).  
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Figure 6.17 TGM in the laboratory ambient air where “Au” stands for gold coated sand 
 

TGM is known to exhibit an important diurnal variability with, generally, a maximum 

peak at midday (Amouroux et al., 1999). Au/TiO2 and gold-coated sand have shown 

similar average of TGM level confirming the successful application of the nano-gold trap 

in real environmental conditions. The average TGM level in the study environment was 

about 7.6 ± 1.5 ng m-3 which represents the average range obtained in urban areas 

(Ebinghaus et al., 1995; Pécheyran et al., 2000). 

Au/TiO2 has demonstrated a consistent response after being used for more than 3 months 

on a daily basis depending on storage conditions. A degradation of the adsorption 

efficiency was observed when the sorbents were stored at room temperature and/or 

exposed to the light for several hours.  

 

6.11 Conclusion 

 

This study has demonstrated the successful application of nano-structured gold supported 

in metal oxide materials for the trapping and preconcentration of mercury directly from 

the gaseous phase. Au/TiO2 has shown better analytical performances compared to 

Au/ZnO and Au/Al2O3, although it has also exhibited some retention problems. The 

superior performance of Au/TiO2 may relate to the grain morphology of TiO2, dispersion 

of gold particles, and the architecture of metal/oxide junctions. A deeper characterization 
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of the inner structure of the studied materials is crucial to understand the different 

behaviors observed and to improve, where necessary, the performance of the materials.  

The development of an analytical procedure for TGM determination using Au/TiO2 

sorbents was achieved in a performant and cost effective way compared to current 

methods since only 1% (w/w) of gold was required for the preparation of the materials. 

The excellent MDL obtained with Au/TiO2 makes it suitable for background TGM 

determination and environmental measurements of TGM with Au/TiO2 were similar to 

those obtained with traditional gold traps.  

Finally, the nano-sorbents will be tested in a near future for the trapping of mercury in 

water samples and in flue gas released from power stations as they can provide an 

interesting alternative to existing sorbents.   
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Chapter 7 
 

Speciation of mercury in South African coal 
 

The mercury concentration in South African coal is currently a subject of ongoing 

discussions involving local and international scientists (e.g. Wagner and Hlatshwayo, 

2005; Leaner et al., 2009; Kolker et al., 2011). Recently, the International Energy 

Agency Clean Coal Center (IEA CCC) has organized, in collaboration with the South 

African department of environmental affairs, the 8th workshop on Mercury Emission from 

Coal (MEC 8) (Kruger Park, SA) where a number of local and international 

organizations, university research groups, private and public companies, have presented 

their latest knowledge on coal emission related research with an emphasis on South 

African coal. The special consideration given to SA coal is due to the big amount burned 

annually in power plants which places coal combustion as the biggest mercury pollution 

source in the country. 

Reducing mercury emissions from SA coal-fired power plants may help minimize or 

avoid health problems caused by exposure to excess mercury. 

The US Geological Survey (USGS, 2001) has presented several ways in which this 

reduction can be accomplished which include the use of high-rank coals, the selective 

mining of coal (avoiding parts of a coal bed that are higher in mercury content), the use 

of coal washing techniques (to reduce the amount of mercury in the coal delivered to the 

power plants), switching from coal to natural gas, and the use of post-combustion 

removal of mercury from the power plant stack emissions.  

Therefore, information on the abundance, distribution, and forms of mercury in coal may 

be helpful not only in selecting the most efficient and cost-effective options for mercury 

reduction but also in predicting mercury distribution in a coal deposit, and its behavior 

during coal mining, preparation and combustion. 

The focus of the study discussed in this chapter is to (1) determine mercury 

concentrations in collected South African coals and compare the average value with the 

published averages of local and world coals, (2) perform speciation analysis in order to 

identify some of the mercury species (Hg0, Hg2+ and CH3Hg+, etc) that might be present 
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in coals, (3) provide information on modes of occurrence of mercury in SA coals using 

sequential extraction procedures. 

 

7.1 Samples origin 

 

Not all samples, used in this study, were collected by our research team. Most coal and 

ash samples were supplied by local power stations (Highveld coals and Waterberg coals).  

Twelve coal (six raw and six pulverized) and two ash samples were obtained from six 

power stations located mainly in the Mpumalanga Province (Highveld Region) and five 

other coal samples were collected from the Waterberg Coalfield located in the Limpopo 

Province.  Little was revealed by samples suppliers about samples sources and sampling 

conditions. A map describing the different location of South African’s coal-fired power 

stations is presented in figure 7.1. Waterberg samples were collected at different 

(unspecified) seams and were only used for the determination of total mercury 

concentration. Table 7.1 presents a brief description of the study samples. 

 

Table 7.1 Coal fired power stations and the types of coal and ash samples collected 

Sample ID   Description 
AIT Older ash from Tutuka power station 
FAT Fresher ash from Tutuka power station 
TRC Raw coal from Tutuka power station 
TPC Pulverized coal from Tutuka power station 
DRC Raw coal from Duvha power station 
DPC Pulverized coal from Duvha power station 
KCC Pulverized coal from Kriel power station 
KUC Raw coal from Kriel power station 
LRC Raw coal from Lethabo power station 
LPC Pulverized coal from Lethabo power station 
MRC Raw coal from Majuba power station 
MPC Pulverized coal from Majuba power station 
RCC Raw coal from Camden power station 
CCC Pulverized coal from Camden power station 
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Figure 7.1 Location of current and future coal-fired power plants in South Africa. 
The Mpumalanga Province is shaded to highlight the presence of major power plants 

within this province (Dabrowski et al., 2008). 
 

 

7.2 Analytical procedures 

 

7.2.1 Chemicals 

 

All chemicals were analytical grade reagents and solutions were prepared in deionized 

water 18.3 MΩ cm (MILLIPORE). Concentrated nitric (55%), hydrochloric (32%), 

hydrofluoric (40%) (Merck), boric acid (99.5%) (M&B), ammonia (25%) and acetic acid 

(99%) (Merck) were used to prepare an ammonium acetate solution. All these reagents 

were used for the sample extraction and digestion. A stock solution of 10 ± 0.3 mg L-1 

mercury in 10% HNO3 (De Bruyn Spectroscopic Solutions, SA) was also used for the 

preparation of standards. 

Reagents used for SIDMS analysis were the same as described in chapter 5. 
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7.2.2 MAE for the determination of total mercury and mercury species  

 

Microwave digestion was used for the determination of HgTOT. Coal samples were first 

grinded to finer particles using acid cleaned mortars and pestles. The procedure used for 

the sample treatment was adapted from an existing method developed by CEM 

(www.cem.com). 

Coal and ash samples, including coal reference materials (SARM20 and NIST 2685b), 

were digested prior to analysis using a closed microwave system (Multiwave 3000, Anton 

Paar). The following program was used for the digestion: 

 
     Sample mass: ±0.20 g                  Reagents: HNO3 (10ml); HF (2ml); HCl (1ml) 
 

Step           Power (W)         Ramp (min)                Hold (min)       Fan 
 1                 400                     15                               25                     1 
 2                   0                        5                                 5                      3 

 

The concentrated HF was later neutralized with H3BO3 to minimize the damaging effect 

of HF to glass made materials, and all the samples were then diluted with de-ionized 

water (Millipore). Blanks were also prepared using the same methodology as for the 

samples. The digested samples were finally kept in a fridge until HgTOT determination by 

ICP-MS (SPECTRO, 2000). 

Total mercury in coals was also determined, for comparative analysis, by a direct sample 

introduction technique using an automated mercury analyzer (AMA254, Leco). The 

AMA254 (figure 7.2) technique of direct combustion features a combustion/catalyst tube 

that decomposes the sample in an oxygen-rich environment and removes interfering 

elements.  

A gold amalgamator trap collects all mercury from the evolved gases and a dual-path 

length cuvette/spectrophotomer specifically determines mercury over a wide dynamic 

range. The method was approved by the EPA and ASTM and offers a fast, cost effective 

alternative to conventional CVAAS or ICP. This system combusts various matrices 

without sample pre-treatment or concentration step. The instrument requires no 

chemicals, providing a mercury determination in approximately five minutes. 
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Figure 7.2 The automated mercury analyzer for direct solid introduction 
 

The instrument is able to determine trace amounts of mercury in various materials 

including coal, combustion residues, soils, biological samples, and other solid/liquid 

samples. The instrument detection system is based on a standard AAS at a specific 

wavelength (253.7 nm). 

 

The extraction of mercury species in coal and ash samples, for SIDMS analysis, was 

performed by an open microwave-assisted extraction instrument (CEM, USA). The 

technique was previously described in the literature by Rodrıguez Martın-Doimeadios et 

al. (2003) and was also discussed in chapter 5. Briefly, 0.2 g of finely pulverized coal 

was suspended in 5 mL HNO3 (6 N) and exposed to microwave irradiation at a power of 

75 W for 5 min. The supernatant solution was separated after centrifugation at 3000 rpm 

for 5 min, poured into 22-ml Pyrex vials with Teflon caps, and stored in a refrigerator 

until analysis. 
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7.2.3 Isotopically enriched  inorganic and monomethylmercury spikes 

 

Two spiking procedures were tested in order to optimize the equilibrium between the 

analyte and spikes (figure 7.3): 

- Direct spike to the solid in aqueous slurry before extraction (Method 1): Approximately 

1.0 g of sample was spiked with a known amount of enriched 199Hg2+ and 201CH3Hg+ 

solutions, the concentration of which had been determined beforehand by reversed 

speciated isotope dilution. 30 ml of water was added, and the resultant slurry was placed 

in a vortex for 5 minutes. The remaining solvent was evaporated overnight at ambient 

temperature in the dark in a laminar flux hood. The dry sample was subsequently 

subjected to the microwave-extraction procedure. 

- Spike to the acid extract after microwave heating (Method 2): Spikes were added to the 

leachate after acid leaching and the removal of remaining coal particles. 

 

 

 

 

 

0.1-1.0 g coal 

Microwave @ 400W for 30 min 
(10 ml HNO3, 2 ml HCl, 1 ml HF) 

Add 6 ml H3BO3 + MW digestion 

Dilute with H2O 

HgTOT analysis with ICP-MS 

Microwave @ 75W for 5 min 
(5 ml HNO3 6M) 

Spike with Hg199 and CH3Hg201 + H20 
Vortex (5 min) 

(Method1) 

Spike with Hg199 and CH3Hg201 

(Method 2)  

Derivatization with NaBEt4/NaBPr4 

Add 2 ml isoctane, shake for 5 min  
and collect organic phase 

Hg2+, CH3Hg+ analysis  
With GC-ICP-MS 

Figure 7.3 Procedures for total mercury and speciation analyses 
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7.2.4 Derivatization procedures 

 

Two different derivatization procedures were used to identify the mercury species (figure 

7.3): 

- Ethylation: Mixed standard solutions of different mercury compounds together with 

coal and ash extracts were all buffered to pH 3.9 with 5 ml of a 0.1 M acetic acid-sodium 

acetate buffer. The pH was adjusted, where necessary, to 3.9 by addition of concentrated 

NH3 or HCl (suprapure). A specific volume (1 – 2 ml) of a 1 to 2% sodium NaBEt4 

solution was added as derivatization reagent and 2 ml of isooctane was also added to 

extract the alkyl compounds formed. After 5 min of manual shaking and 5 min of further 

centrifugation (3000 rpm), the organic layer was transferred to a glass vial and stored in 

freezer until measurement. 

- Propylation: This procedure was used in order to identify the possible occurrence of 

ethylmercury in coal as this latest cannot be identified with the ethylation due to the 

presence of Hg2+ which forms, as for ethylmercury, diethylmercury compounds during 

the derivatization with NaBEt4.  

The same derivatization procedure was followed as for the ethylation. The only 

difference was in the use of NaBPr4 as the derivatizing agent instead of NaBEt4.  

During the analysis, 1 µl of the sample was injected to the GC for mercury species 

separation and the detection was performed with an ICP-MS (X-serie7, Thermo Fischer). 

The instrument parameters were similar to those previously described in chapter 5. 

 

7.2.5 Sequential extraction procedure 

 

The leaching procedure carried out is based on the USGS procedure however modified 

and consists of a five consecutive leaching steps involving five different solvents (figure 

7.4).  
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Initially, a measured sample of around 6 g of each of the grinded coals as well as two ash 

samples was placed into separate 60 ml Teflon bottles with a leak-proof screw closure. 

The sequential extraction then involved adding 35-ml of milli-Q water which is used to 

remove water soluble mercury and the bottles were then placed in a shaker for 18H 

(±2H). Subsequent to this procedure, the water was then removed from the coal by using 

a 0.45-micron cellulose nitrate membrane filter (Millipore) in a vacuum filtration system. 

The leachate was stored in a fridge until analysis while a mass of approximately 1 g was 

removed from the recovered filter cake for acid digestion and the rest transferred back to 

the Teflon bottle for further leaching.  To this a 35-mL aliquot of 1.0 N ammonium 

acetate (NH4–Ac) was added. The NH4–Ac solvent was used to remove mercury 

associated with exchangeable sites. The coal slurry was then placed in a shaker and 

allowed to process for 18H (±2H). The leachate was stored for mercury analysis. From 

the filter cake recovered, a 1-g sample was isolated for acid digestion and mercury 

6 g coal + 35 ml H20 
Shake 18 ± 2H 

Vacuum filtration 
Extract H20 soluble 

Filter cake + 35 ml NH4Ac 1N 
Shake + filtration  Extract Exchangeable   

Filter cake + 35 ml HCl conc 
Shake + filtration 

Extract 
Carbonate  
Fe oxides 
Chelated 
organic 

Filter cake + 35 ml HF conc 
Shake + filtration 

 
Extract 

Filter cake + 35 ml HNO3 conc 
Shake + filtration Extract 

Silicate and  
borosilicate 

Sulfide 

Figure 7.4 Schematic of the sequential extraction procedure used in this study 
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analysis while the remainder of the filter cake was returned to a Teflon bottle for the next 

step of leaching. The same procedure was applied for concentrated HCl (to remove any 

mercury bound to carbonates, iron oxides, and certain chelated organic compounds), 

concentrated HF (to remove silicates and borosilicates) and 2.0N HNO3 to ensure that 

disulfide bound mercury, mainly from the pyrite fraction is leached. Any unleached 

mercury is assumed to be organically bound.  

 

7.3 Methods validation 

 

Analytical procedures used in this study were validated with to CRMs of coals, SARM 20 

(SABS, SA) and NIST 2685b (NIST, USA), both only certified in total mercury. 

Unfortunately, a reference material of coal certified in MHg was unavailable when this 

study was carried out. The validation for speciation analysis was therefore done by 

comparing results from the different analytical procedures used.   

 

7.3.1 Total mercury in coal CRMs 

 

Measured total mercury concentrations in CRMs were all within the certified range (table 

7.2) with recoveries beyond 90%. Statistical “t” tests have shown that the measured 

HgTOT were not significantly different to certified values at 95% confidence level. This 

was a better result compared to the one reported by Wagner and Hlatshwayo (2005) 

which showed a loss of about 20% of HgTOT, for SARM 20, suggesting a non efficient 

sample preparation probably during the microwave assisted extraction.  Excellent RSDs 

were also obtained demonstrating a good repeatability of the measurements. The methods 

were therefore selected for total mercury determination in coals. 

 

Table 7.2 HgTOT in CRMs coal 

CRM Instrument Measured Hg RSD (%) Certified Hg Recovery (%) 
    (µg kg-1) ± SD (µg kg-1)  
SARM 20 AMA254 232.4 ± 12.4 5.4 250 93 
  ICP-MS 240.2 ± 8.4 3.5 (180-270) 96 
NIST 2685b ICP-MS 135.5 ± 4.8 3.5 146.2 ± 10.6 93 
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7.3.2 Speciated isotope dilution (SIDMS) analysis of mercury in coal CRMs   

 

Results obtained with the direct slurry spiking (method 1) and the acid extract spiking 

(method 2) for SIDMS analysis of SARM 20 were compared and are presented in table 

7.3. An example of chromatogram obtained from the speciation analysis performed on 

SARM 20 is shown in figure 7.5. A good resolution was obtained for both Hg2+ (IHg) 

and CH3Hg+ (MHg) with an excellent signal/background ratio for the low level MHg. 

The detection limits were 0.36 ng kg-1 for IHg and 0.09 ng kg-1 for MHg.  
No significant difference was observed in IHg and MHg concentrations when both 

methods were used, although the spiking after the microwave extraction (method 2) 

appeared to give slightly higher concentration than the slurry spiking (method 1).  

 

 

Figure 7.5 GC-ICP-MS chromatogram of SARM 20 
 

Besides, method 2 was time consuming due to the need of an overnight evaporation of 

the added water. For these reasons, method 1 was selected for the analysis of study coals.   

 

Table 7.3 SIDMS results from different spiking methods 

               Method 1              Method 2 

CRM 

(n=7) 

IHg 

(µg kg-1) 

MHg 

(µg kg-1) 

IHg 

(µg kg-1) 

MHg 

(µg kg-1) 

SARM 20  221.2 ± 4.3 0.42 ± 0.03 225.2 ± 6.5 0.57 ± 0.06 
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IHg and MHg values obtained after propylation with NaBPr4 matched the results 

obtained after ethylation with NaBEt4 (table 7.4). No apparent artifact methylation was 

observed. Therefore, both derivatization procedures were considered valid for IHg and 

MHg speciation of coal samples. 

 

Table 7.4 SIDMS results obtained after derivatization with NaBEt4 and NaBPr4 

               Ethylation            Propylation 

CRM 

(n=7) 

IHg 

(µg kg-1) 

MHg 

(µg kg-1 

IHg 

(µg kg-1) 

MHg 

(µg kg-1) 

SARM 20 221.2 ± 4.3 0.42 ± 0.03 226.4 ± 2.39 0.45 ± 0.05 

 

On another hand, it was found that the concentration of mercury obtained after summing 

individual species concentration (i.e. IHg + MHg ~ 225 µg kg-1) was lower than the 

HgTOT of 240 µg kg-1 (i.e. about 94% recovery). This suggests that either mercury was not 

fully extracted from coal during the microwave extraction or there were some 

unidentified and, therefore, not quantified mercury species in the CRM. This recovery 

problem and the implied existence of unknown mercury species in coal are discussed 

further. 

 

7.4 Results and discussion 

 

7.4.1 Total mercury concentration in studied coals  

 

HgTOT was measured in raw and pulverized Highveld coals using both direct solid 

introduction technique (AMA 254) and ICPMS (SPECTRO 2000) after microwave 

digestion. Results are presented in table 7.5.  

Significant discrepancies were observed between data obtained from raw and pulverized 

coals with, generally, higher mercury content in pulverized coals. This can be attributed 

to a sample uniformity problem as it needs to be recalled that information about sampling 

conditions were not given by samples suppliers. 
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Table 7.5 HgTOT (µg kg-1) in coals measured with different analytical procedures 
Sample 
(n = 3) 

Crushed 
Coal 

Crushed 
Coal 

Raw Coal Raw Coal 

  AMA 254 ICP-MS AMA 254 ICP-MS 

Kriel 243.2 ± 25.7 167.0 ± 4.8 86.94 ± 12.5 218.9 ± 10.6 

Lethabo 214.3 ± 30.0 185.9 ± 8.8 306.7 ± 76.4 250.4 ± 29.8 

Majuba 336.3 ± 55.8 303.3 ± 23.6 166.0 ± 17.3 244.2 ± 35.9 

Duvha 250.9 ± 40.6 225.7 ± 17.1 281.8 ± 51.1 309.6 ± 38.1 

Camden 160.0 ± 23.9 172.0 ± 24.0 98.4 ± 19.3 102.6 ± 8.2 

Tutuka 289.1 ± 28.0 262.5 ± 18.8 124.3 ± 19.6 178.0 ± 6.4 

Mean ± SD 249.0 ± 60.7 219.4 ± 54.9 177.4 ± 94.9 217.3 ± 70.8 

 

However, previous studies have also demonstrated that mercury (or metals) 

concentrations in coals might seriously differ from one stock pile to another. Other 

studies on the geochemistry of coal, including South African coal, have shown a notable 

vertical variation in mercury concentration compare to horizontal variation, indicative of 

different depositional environments vertically and possibly of localized metamorphism 

(Watling and Watling, 1982; Sakulpitakphon et al., 2004). These studies show the 

importance of sampling strategies for trace elements determination, especially when it 

comes to mercury.    

Nevertheless, mercury concentrations measured from both analytical methods were closer 

in the pulverized coals than in the raw coals (see also figure 7.6) with a better 

repeatability obtained with the ICP-MS analysis. That is why HgTOT of pulverized coals 

performed with the ICP-MS (mean Hg: 219.4 ± 54.9 µg kg-1) was used in further 

discussion.   

  

The results obtained in this study were compared to published data (table 7.6) and, with 

the exception of Kriel and Lethabo, our data were similar to those found in the literature. 

No clear explanation could be found for the discrepancy observed on the above 

mentioned samples. Details on analytical procedures used for the published data used in 

this comparison were also not found.  
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Figure 7.6 Hg in Highveld coals measured with different methodologies 
 

Table 7.6 Comparison of Hg concentrations in Highveld coals 

Coal ID Reported Hg (a)  
(mg kg-1) 

This study  
(mg kg-1(b)) 

Duvha 0.23 0.23 ± 0.02 
Kriel 0.34 0.17 ± 0.00 
Lethabo 0.36 0.19 ± 0.00 
Majuba 0.29 0.30 ± 0.02 
Tutuka 0.29 0.26 ± 0.02 
Mean 0.30 ± 0.05 0.23 ± 0.05 

aLeaner et al. (2009) and the reference therein: reported data were measured in coal use at 
SA’s power stations in 2001; bResults are presented in mg kg-1 to be consistent with 
published data 
 

As mentioned previously, HgTOT was also performed in five coal samples collected from 

the Waterberg Coalfield. Obtained results are presented in table 7.7. 

 

Table 7.7 HgTOT in coals from the Waterberg Coalfield 

Coal samples Hg (µg kg-1) 
SA 183.4 ± 3.5 
SB 230.4 ± 3.6 
SC 190.9 ± 6.0 
SD 143.9 ± 5.7 
SE 155.5 ± 3.7 
Mean 180.8 ± 33.8 
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The overall average concentration of mercury in coals from the Highveld region (mean: 

219.4 ± 54.9 µg kg-1) and the Waterberg Coalfield (mean: 180.8 ± 33.8 µg kg-1) was 

199.1 ± 25.9 µg kg-1 (0.20 ± 0.03 mg kg-1).  

The average mercury concentration in South African coals obtained in this study matched 

perfectly the USGS average value for Highveld coals of 0.20 mg kg-1 (table 7.8), 

although it was slightly higher than the mean reported by Wagner and Hlatshwayo (2005) 

(average 0.15 ± 0.05 mg kg-1) for Highveld coals and the average of 0.16 mg kg-1 

reported by the USGS for 40 South African’s coals (Kolker et al., 2011). 

It needs to be recalled that Wagner and co-worker could not obtained the certified value 

for some metals, such as mercury, in SARM 20 and attributed the low recovery to the 

loss (~20% of Hg) that could occur during the opening of the digestion vessels after the 

microwave digestion and/or to the dilution factor since the analysis was performed with 

an ICP-OES instrument which is known to be less performing for low level metals 

concentration. 

 

Table 7.8 Comparison of HgTOT (mg kg-1) in South African and global coals 

SA coals 
(This study) 

SA coals 
(Watling 

and Watling, 
1982) 

SA coals 
(Wagner and 
Hlatshwayo, 

2005) 

SA coals 
(Leaner et 
al., 2009) 

SA coals/ 
USGS 

(Wagner and 
Hlatshwayo, 

2005) 

SA coals/ 
USGS 

(Kolker et 
al., 2011) 

Global 
average 

(Zhang et 
al., 2004) 

0.20 ± 0.03 0.327 0.15 ± 0.05 0.29 ± 0.10 0.20 0.16 0.12 

 

The authors even suggested that ICP-MS may be a better tool to use rather than ICP-OES 

(Wagner and Hlatshwayo, 2005). For this reason, the mercury concentration in Highveld 

coals is presumed to be higher than reported by these authors.  

It appears, from the gathered data on the mercury content in South African coals, that a 

global average value of 0.2 mg kg-1 is more reliable to use in order to estimate mercury 

emissions from South African coal-fired power stations. But, more samples with proper 

sampling procedures are still required to improve the current database. 
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7.4.2 SIDMS analysis of coals  

 

Six coal samples mainly from the Highveld region were analyzed by the above described 

procedure (section 7.2). The analytical results of the samples are listed in table 7.9. MHg 

was detected in all six samples with concentrations at the sub-ng level. 

 

Table 7.9 IHg and MeHg in Highveld coals 

Coal IHg (µg kg-1) MHg (µg kg-1) 
Tutuka 261.1 ± 4.9 0.2 ± 0.1 
Duvha 210.2 ± 3.6 0.3 ± 0.0 
Kriel 142.9 ± 0.5 0.2 ± 0.1 
Lethabo 184.3 ± 5.5 0.1 ± 0.0 
Majuba 280.5 ± 0.1 0.4 ± 0.1 
Camden 135.8 ± 0.2 0.1 ± 0.0 
Average 202.5 ± 59.9 0.2 ±  0.1 

 

The average MHg concentration was 0.2 µg kg-1 (range: 0.1-0.4 µg kg-1) with the highest 

concentration for Majuba coal. This average value was lower than the one of 0.45 µg kg-1 

(range: 0- 1.26 µg kg-1) reported by Gao et al. (2008) for China coals.  

GC-ICP-MS chromatogram allowed the identification of the following mercury species 

(figure 7.7): Hg0, Hg2+ and CH3Hg+. This observation is in agreement with Dvornikov 

studies on soviet coal (Finkelman, 1994; Toole-O’Neil et al., 1999 and references 

therein) who proposed that mercury occurs as mercury sulfide, metallic mercury and 

organomercury compounds.  

Here, it is important to notice that a considerable amount of elemental mercury was 

probably oxidized by the 6M HNO3 used during the microwave extraction and, therefore, 

IHg does not express only the concentration of naturally occurring  Hg2+ forms in coals.   

Other additional peaks than Hg0, Hg2+ and CH3Hg+ were also obtained (figure 7.8) 

suggesting the existence of other forms of organomercurials in SA coals than MeHg.  

This probably explains the reason why the sum of IHg and MHg could not match HgTOT, 

in most of the samples, except for Tutuka which show a recovery of almost 100%. The 

average recovery obtained with the used procedure was about 92%. The same situation 

was observed with SARM 20 and Gao et al. (2008) also mentioned the occurrence of 

other organomercury species in China coals. 
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Figure 7.7 GC-ICP-MS chromatogram of “Duvha” sample showing the presence of 3 
different Hg species (MHg appears more clearly in the magnified chromatogram) 

 
 

 
 

Figure 7.8 GC-ICP-MS chromatogram showing the presence of unknown Hg species 
 

In their study on the speciation of mercury in selected China coals, Gao and colleagues 

(2008) have also identified ethylmercury (EtHg) in one sample at a concentration of 0.71 
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µg kg-1. Due to the lack of standard, EtHg was not possible to be directly identified 

during our study. However, a theoretical approach was used in order to verify if one of 

the unknown peaks could be EtHg. In order to identify this species, a propylation of 

mercury species was of importance, prior to analysis, to avoid the artifact ethylation of 

IHg when NaBEt4 is used. Figure 7.9 presents an example of chromatogram obtained 

after propylation with an unknown peak between MeHg and IHg. This peak was thought 

to be for the propylated ethylmercury i.e. ethylpropyl mercury (CH3CH2Hg(CH2)2CH3 or 

EtHgPr). 

The theoretical approach consisted of plotting a graph of peak retention time versus 

molecular weight (MW) and to compare the experimental MW for EtHgPr with the one 

in the literature (table 7.10).    

 

 

 
Figure 7.9 Example of GC-ICP-MS chromatograph obtained after propylation 

 

A linear curve was obtained (figure 7.10) where the unknown peak corresponded to a 

MW of about 277. This value is closed to the actual MW of EtHgPr (MW = 272) which 

is the form of EtHg obtained after derivatization with NaBPr4. This suggests that the 

unknown peak could be identified as EtHg, although a proper identification with a 

standard is still required. 



 173 

Table 7.10 Propylated mercury species and their corresponding molecular weight 
Species (after propylation) GC-ICP-MS  

Peak time (S)  
Molecular Weight 

Hg0 30 201 
CH3HgCH2CH2CH3 (MeHgPr) 108 260 

CH3CH2CH2HgCH2CH2CH3 (Pr2Hg) 155 287 
Unknown 138 277* 

*Deduced from the experimental graph 

 

 
 

Figure 7.10 Correlation between retention time and molecular weight for different Hg 
species 

 
 
 

7.4.3 Mercury modes of occurrence in Highveld coals 

 

The sequential extraction procedures were performed on the 12 coal (raw and crushed) 

and 2 ash samples provided. The obtained results are presented in table 7.11. 

Concentrations reported as zero were below the method detection limit and the mean 

values are reported only for the 12 coal samples (i.e. except samples AIT and FAT).
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Table 7.11 Concentration of mercury in coals and ashes leachates 

        
Hg  

(µg kg-1)         
Sample H2O CH3COONH4 HCl HF HNO3 Total leached HgTOT %leached 
AIT (*) 2.6 0.3 87.7 10.7 87.8 189.1 168.2 112.5 
FAT 1.9 0.3 84.1 6.7 133.7 226.7 239.1 94.8 
TRC 1.4 2.0 24.9 0.0 155.5 183.7 178.0 103.2 
TPC 3.1 0.6 39.6 23.0 126.8 193.0 262.5 73.5 
DRC 9.9 0.6 36.4 10.6 60.8 118.2 309.6 38.2 
DPC 6.6 0.7 52.7 22.0 37.7 119.6 225.7 53.0 
KCC 6.4 1.2 10.5 6.6 65.6 90.2 167.0 54.0 
KUC 2.9 1.2 26.1 37.8 60.7 128.7 218.9 58.8 
LRC 3.5 1.2 22.5 0.0 74.5 101.7 250.4 40.6 
LPC 2.9 1.2 36.5 16.5 87.5 144.6 185.9 77.8 
MRC 3.0 0.7 40.1 5.2 49.6 98.6 244.2 40.4 
MPC 2.9 0.6 56.6 13.5 91.2 164.7 303.3 54.3 
RCC 2.4 0.6 27.4 0.0 50.2 80.5 102.6 78.5 
CCC 2.3 0.8 36.6 0.0 68.3 108.0 172.0 62.8 
Mean ± SD  3.9 ± 2.4 0.9 ± 0.4 34.1 ± 12.9 11.3 ± 11.9 77.4 ± 34.0 127.6 ± 36.6 218.3 ± 60.4 61.3 ± 19.2 

(*)Highlighted data are for ash samples and are not included in reported means 
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The percentages of mercury in different fractions are listed in tables 7.12 and 7.13.  

 

Table 7.12 Mercury content (in %) from different fractions in crushed coals 

Sample H2O CH3COONH4 HCl HF HNO3 Total leached Total unleached 

Tutuka 1.2 0.2 15.1 8.8 48.3 73.5 26.5 

Duvha 2.9 0.3 23.3 9.7 16.7 53.0 47.0 

Kriel 3.8 0.7 6.3 3.9 39.3 54.0 46.0 

Lethabo 1.6 0.6 19.6 8.9 47.1 77.8 22.2 

Majuba 1.0 0.2 18.7 4.4 30.1 54.3 45.7 

Camden 1.3 0.4 21.3 0.0 39.7 62.8 37.2 

Mean ± SD  2.0 ± 1.1 0.4 ± 0.2 17.4 ± 6.0 6.0 ± 3.8 36.8 ± 11.8 62.6 ± 10.8 37.4 ± 10.8 

 

Table 7.13 Mercury content (in %) from different fractions in raw coals 

Sample H2O CH3COONH4 HCl HF HNO3 
Total 

leached Total unleached 

Tutuka 0.8 1.1 14.0 0.0 87.4 103.2 0.0 

Duvha 3.2 0.2 11.7 3.4 19.6 38.2 61.8 

Kriel 1.3 0.5 11.9 17.3 27.7 58.8 41.2 

Lethabo 1.4 0.5 9.0 0.0 29.8 40.6 59.4 

Majuba 1.2 0.3 16.4 2.1 20.3 40.4 59.6 

Camden 2.3 0.6 26.7 0.0 48.9 78.5 21.5 

Mean ± SD  1.7 ± 0.9 0.5 ± 0.3 14.9 ± 6.3 3.8 ± 6.7 39.0 ± 26.0 59.9 ± 26.3 40.1 ± 26.3 

 

Results were in excellent agreement with general trends observed in coal samples (Toole-

O’Neil et al., 1999; Feng and Hong, 1999; Hoffart et al., 2006; Zheng et al., 2008b) with 

the lowest mercury concentrations in the ion-exchangeable (mean: 0.5%; range: 0.2 - 

1.1%) and water leachable (mean: 1.8%; range: 0.8 - 3.8%) fractions which are extracted 

by NH4-Ac and H2O, respectively and  the highest mercury concentration as sulfide-

bound mercury (mean: 37.9%; range: 16.7 - 87.4%) extracted with HNO3. In between, 

depending on the coal, there are carbonate (mean: 16.2%; range: 6.3 - 26.7%) and 

silicate-bound (mean: 4.9%; range: 0.0 - 17.3%) species extracted with HCl and HF, 

respectively. The remaining mercury is assumed to be organically bound and represents 

aproximately 39% (mean: 38.7%; range: 0.0 - 59.6%) of the total mercury content in 

analyzed coals. It has to be noticed that 2 samples (AIT and TRC) have shown abnormal 

leaching percentages of more than 100% (112.5 and 103.2%, respectively). Such results 

were also reported by Feng and Hong (1999) in their study on the modes of occurrence of 

mercury in coals from Guizhou (China) with the highest percentage in leachate of  about 
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123%. The difference obtained in this study between the total mercury in leachates and 

HgTOT for the two samples can be atributed to analytical errors. But the magnitude of the 

difference was thought not to affect the quality of the result, except for the sample AIT 

which was already excluded in the reported mean (table 7.11) since it was an ash sample.. 

Figure 7.11 compares the percentage of mercury leached in raw and pulverized coals. 

Pulverized samples exhibited a slightly better leaching efficiency (mean Hg leached: 

62.6%) compared to raw coal (mean Hg leached: 59.9%). 

 

 

Figure 7.11. Leaching results for crushed (A) and raw (B) coals 
 

The leaching efficiency also showed smaller variability with the pulverized samples 

(range: 53.0 - 77.8%) compared to raw coals (range: 38.2 – 103.2%). In addition, the 

percentage of mercury leached was always beyond 50% for pulverized coals whereas 3 of 

the 6 raw coals exhibited a percentage leached near 40%. Here again, as it was already 
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observed with total mercury measurements, results obtained with pulverized coals were 

more consistent than for raw coals. 

A comparison was also made between the percentage of unleached mercury and the MHg 

concentration in pulverized coals (figure 7.12) in order to assess the impact of organic 

content on solvents leaching efficiency since MHg was the only oraganomercury that was 

formally identified in the study coals. 

 

 

Figure 7.12 Comparison between unleached Hg and the MeHg content in coals 
 

Although a weak correlation was obtained (R2: 0.43), it appeared that samples with the 

highest MeHg content (Majuba, Duvha and Kriel, respectively) also had the highest 

percentage of unleached mercury after sequential exctration and the sample with the 

lowest MeHg content (Lethabo) had lowest percentage of unleached mercury. 

Hoffart et al. (2006) have discussed the limited accessibility by solvents to the basic sites 

of coals where compounds may be present and Toole-O’Neil et al. (1999) have reported 

difficulties encountered with conventional cleaning methods in removing mercury from 

samples in which mercury is either organically bound or present in fine-grained minerals 

disseminated through the organic fraction of the coal. 

The effect of organically bound mercury in reducing solvents leaching efficiency can also 

be seen when compared the leaching performance obtained between coal and ash 

samples. For example, samples TPC and FAT are pulverized coal and ash samples, 

respectively,  obtainted from Tutuka power station. FAT exhibited a mercury removal of 

95% whereas the corresponding coal showed about 74% of mercury leached. A 
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significant amount of mercury was found in the HCl fraction for FAT (35%) compared to 

TPC (15%) suggesting an increase of the HCl leachabale fraction in the ash sample which 

is presumed to be the result of coal combustion. Nitric acid also leached more mercury in 

ash (56%) than in coal (48%). SIDMS analysis of Tutuka fly ash (figure 7.13) showed 

only two mercury peaks (IHg and Hg0) confirming the total absence of organomercurials 

in the sample whereas the corresponding coal presented a number of organomercury 

species together with IHg and Hg0. 

 

 

Figure 7.13 SIDMS chromatograms of Tutuka coal (A) and ash (B) samples  
 

Wang et al. (2003) also observed that chromium, vanadium, cobalt and nickel in the 

ashes were more largely dissolved in both HCl and HNO3 than those from the raw coal 

and they have deduced an organic association of these trace elements in their coal.  
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Palmer and colleagues (cited by Toole-O’Neil et al., 1999) have presented a 35–75% 

(mean: 60%) mercury removal from 10 US bituminous coals using nitric acid. More 

recently, Hoffart et al. (2006) demonstrated a 50 - 70% mercury leaching efficiency in 

butiminous coals.  

The overal mean values obtained in our study for the percentage of mercury leached in 

raw and pulverized coals were very closed (about 60 and 63%, respectively) giving a 

global average of 61.3 ± 19.2% (range: 38.2 – 78.5%, excluding Tutuka raw coal). 

Therefore, results obtained in this work agree with those mentioned above and authorize 

the adoption of the used sequential extraction procedure for the investigation of mercury 

removal in coals. 

On another hand, when compared the fraction of mercury leached by different solvents 

used (figure 7.14), it appears that the modes of occurrence of mercury are variable in 

studied coals and the pyrite-HgS (38%), together with the organic-bound mercury (39%) 

seem to be the dominant forms. It is important to recall that previous studies done on 

modes of occurrence of mercury in coals have also shown results greatly depending on 

the nature of the coal (e.g. Feng and Hong, 1999; Iwashita et al., 2004; Hoffart et al., 

2006; Zheng et al., 2008b)  

The trend obtained in this study generally agreed with the observation made by Palmer et 

al. (1997) who reported that mercury has two dominant modes of occurrence with 25 to 

65% of the mercury leached by HNO3 indicating a pyritic assoiation. In addition, 5 to 

35% (16% in this study) is leached by HCl . The HCl-leachable mercury may also, 

according to these authors, be associated with oxidized pyrite or HCl soluble sulfides, 

although Hoffart et al. (2006) stated that, due to the low solubility of HgS in HCl, the 

HCl-leachable fraction cannot represent the mono-sulfide associated fraction for mercury. 

Palmer and co-workers (1997) also proposed that the residual mercury (<35%) may be 

due to shielded pyrite and/or organic association. However, these authors also reported 

that there are some indications that mercury behaves slightly differently than other 

elements associated with pyrite and some mercury may be absorbed to the surfaces of 

organic rich particles. Dronen et al. (2004) also suggested that a significant fraction of the 

mercury is maintained in loose organic associations within the coal. 
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Figure 7.14. Leaching results for crushed (A) and raw (B) coals 
 

Ruch et al. (1971) examined the distribution of mercury in specific gravity fractions of 

one coal. They found that a significant proportion of the mercury in this sample was 

associated with the pyrite and the remainder of the mercury (up to 50%) was in the 

lightest specific gravity fraction. These authors suggested that a part of the mercury in the 

light specific gravity fraction may have an organic association and also cautioned against 

making generalizations about the mode of occurrence of mercury in coal.  

The complexity of the mercury modes of occurrence in coals was also highlighted by 

Swaine (1975) who cited two earlier studies of Soviet coal. In one study, mercury was 

found in pyrite and in the other study mercury was considered to be mainly organically 

bound, but, also to be present in sulfides and as a metallic mercury. Porritt and Swaine 

(1976) found that the correlation between mercury and pyrite in Australian coal did not 
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follow any clear pattern. They concluded that some of the mercury is associated with 

pyrite and some is associated with the organic matter. 

An attempt was made, for a better understanding of our results, to correlate sequential 

extractions results with the ultimate and proximate data obtained for the study coals 

(table 7.14). Only pulverized samples were taken into account for this purpose since these 

samples showed a more consistent trend compared to raw coals. 

 

Table 7.14 Proximate and ultimate values of puleverized Highveld coals 

Sample %moisturea %asha %OMa %Cb %Hb %Nb %Sb 
Tutuka 2.1 32.6 67.4 30.5 2.9 1.1 0.8 
Duvha 0.9 32.5 67.5 35.3 3.0 1.1 1.1 
Kriel 1.3 26.5 73.5 45.1 3.0 1.3 1.3 
Lethabo 6.0 45.7 54.3 36.7 2.7 1.1 0.4 
Majuba 3.3 26.0 74.0 38.5 3.2 1.2 1.0 
Camden 2.0 29.9 70.1 38.9 3.0 1.1 2.1 

     a: Organic matter content determined after ASTM D 2974  
    b: determined with a CHNS analyzer (Leco) 
 
 
An interesting correlation (R2: 0.62) was found between the percentage of unleached 

mercury and the organic matter (figure7.15). This confirms the suggestion made 

previously that the unleached mercury is probably contained in the organic-bound 

fraction. A negative correlation was found between mercury in HNO3 leached fraction 

and the pyritic sulfur (R2: 0.68), as it is shown in figure 7.16. It has been reported that the 

correlation between the mercury content and the pyrite is not so strong (Iwashita et al., 

2004). 
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Figure 7.15 Correlation between unleached Hg and organic matter 
 

Ruch et al.  (1971) who reported a pyritic association in their studied coals also noted that 

the coal sample in which they found the highest mercury concentration contained only a 

trace of pyritic sulfur. 

 

 

Figure 7.16.Correlation between Hg leached by HNO3 and the pyritic sulfur 
 

A correlation analysis was also performed between the mercury leached from the six 

highveld coals and the different sulfur forms (table 7.15), namely total sulfur (ST), pyrite 
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sulfur (SP), organic sulfur (SO), and sulfate sulfur (SS) which were determined using 

ASTM methods 2492 and 3177 (ASTM, 2007 a and b). 

Surprisingly, it was found that the leached mercury had a significant correlation (R2: 

0.70) with sulfate sulfur (figure 7.17) and the correlation between mercury and forms of 

sulfur decreased in the following order: SS>SP>ST>SO.  

 
Table 7.15 Total sulfur (ST), pyrite sulfur (SP), organic sulfur (SO), qnd sulfate sulfur (SS) 

in study coals (dry weight basis) 
ID %SS %SP %SO %ST 
Tutuka 0.08 0.38 0.40 0.87 
Duvha 0.06 0.75 0.34 1.15 
Kriel 0.03 0.35 0.64 1.02 
Lethabo 0.09 0.44 0.12 0.50 
Majuba 0.06 0.45 0.42 0.84 
Camden 0.06 0.33 0.25 0.65 

 

 

 

Figure 7.17 Correlation between leached Hg and sulfate sulfur 
 

Luo et al. (2000) also found a strong affinity between mercury and sulfate sulfur in coals 

from the Weibei area in China and proposed the following sequence: SP>SS>ST>SO. They 

indicated that mercury occurred mostly as HgS in their coals. Further investigations are 

needed in order to understand the observation made in this study. 



 184 

Finally, mercury  in the HCl fraction correlated with total sulfur content (figure7.18) in 

coals (R2: 0.59) which implies, as proposed by Palmer et al. (1997), that mercury in this 

fraction could also be associated with oxidized pyrite or HCl soluble sulfides, although a 

weak correlation (R2: 0.30) was found between mercury in HCl and pyrite sulfur. 

 

 

 

 

 

 

Moreover, when the mercury in HCl fraction was plotted against the mercury leached by 

HNO3 (figure 7.19),  a strong negative correlation (R2: 0.81) was obtained. In their study 

on a two-step acid mercury removal process for pulverized coal, Hoffart and co-workers 

(2006) proposed that increasing the concentration and/or the temperature of the HCl 

solvent greatly increases the removal of mercury in the HCl leaching step. Subsequently, 

because HNO3 is such a strong oxidant, it leached the compounds that were “missed” by 

the HCl leach. 
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. 

 

 

It is important to note that most of the studies described above presented a small 

percentage of mercury in the HCl fraction with an average of approximately 5% (see 

examples presented in table 7.16). This is probably due to the use of dilute HCl instead of 

a concentrated one. The average of 16.2% obtained with  the present study agrees, 

therefore, with the suggestion made by Hoffart and colleagues.   

 

Table 7.16 Comparison between Hg leached in the HCl fraction from different studies 

 36% HCl 
(This study) 

0.5% HCl 
(Zheng et al.,2008b) 

3.0 N HCl 
USGS procedure 

(Kolker et al., 2002) 
 

Mean Hg leached (%) 
 

16.2 
 

5.4 
 
4 

 

Moreover, results obtained in this study suggest that 61% of the mercury in Highveld 

coals is either in the elemental form or is inorganically bound. Filby et al. (1977) 

estimated that 47% of the mercury in their coal sample was inorganically bound and, 

more recently, studies carried out on some US lignite and bituminous coals have 

suggested mercury percentages between 54 and 90% in the inorganic fraction (Kolker et 
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al., 2002; Hoffart et al., 2006). Here again, a good agreement is observed between data 

obtained from South African coals and studies performed in other coals.  

 

7.5 Conclusion 

 

Analytical procedures presented in this study were successfully used in determining total 

mercury, inorganic and methylmercury in coals. Obtained results were accurate, and 

exhibited good repeatability and reproducibility, although a material certified for 

speciation is not available. 

The mercury concentration in studied coals varied between samples denoting a problem 

of sample uniformity. The average mercury concentration in the analyzed (pulverized) 

coals was 0.20 ± 0.03 mg kg-1. This value was higher than the global average (0.12 mg 

kg-1) and the average reported by the USGS for 40 SA coals (0.16 mg kg-1) but matched 

the mean value obtained by the USGS for Highveld coals. More samples are still needed, 

that must be collected systematically and with care,  to get a better average of mercury in 

SA coals. From the result obtained in this study and those currently available in the 

literature, we recommend the use of 0.2 mg kg-1 as the average of mercury content in SA 

coals to be used in estimations of mercury emissions from SA’s coal-fired power stations.   

SIDMS analysis has allowed the direct identification of Hg0, Hg2+, CH3Hg+ and the 

indirect identification of CH3CH2Hg+. The occurrence of other mercury species were also 

observed which are thought to be organomercurials, although their identification was not 

possible with the used methodology.  

Methylmercury concentrations of organomercuries in studied coals were relatively low, 

but the high toxicity of these species and the huge amount of coal consumed every year in 

SA may lead to serious environmental concerns during coal mining and beneficiation. 

This problem should be paid more attention to. 

The mercury modes of occurrence varied strongly between coals. However, when 

sequential extraction results are combined together with correlations data, there is strong 

circumstantial evidence to indicate that a substantial proportion of mercury in studied 

coals is associated with organic constituents and pyrite. Some of the mercury in coal may 

be associated with other minerals such as iron oxides, carbonates and silicates. 



 187 

The sequential extraction procedure used exhibited a 61% mercury leaching efficiency 

which is within the range of commonly used solvents leaching procedures.  

The fairly wide range of effectiveness of mercury removal obtained in this work (38 – 

79%) could be caused in part by differences in the modes of occurrence of mercury in 

coal. For samples in which mercury is either organically bound or present in fine-grained 

minerals disseminated through the organic fraction of the coal, the method was less 

efficient compared to cases where mercury was preferably bound to the inorganic 

fraction. Nevertheless, the procedure can be successfully used to assess the mercury 

removal from coals prior to combustion. 

 

This study is believed to make an important contribution to the current knowledge on the 

mercury content and speciation in South African coals, although a lot has still to be done 

since experimental data on mercury in the country coal are still scarce.  
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Chapter 8  
Mercury speciation in the Vaal River and West Wits mining 

operations 
 
 

8.1 Scope of the study 
 
The gold and uranium deposits of the Witwatersrand Basin form one of the great 

metallogenic provinces of the world. The accumulated sediments within the basin are 

collectively known as the Witwatersrand Supergroup and are made up of the West Rand 

Group (WRG) and the Central Rand Group (CRG) (McCarthy and Rubidge, 2005). The 

Far West Rand goldfields fall within a prominent semi-circular band of Transvaal 

Supergroup rocks, which commence south of Johannesburg and pass beyond 

Carletonville to Orkney (near Klerksdorp) in the West (figure 8.1). 

One of the most important aquifers in South Africa is the dolomitic aquifer of the West 

Rand and Far West Rand area.  Due to the anthropogenic influences from both mining 

and industrial sources, this aquifer is increasingly under threat of becoming a vast 

unexploitable reserve of no use as a groundwater resource (www.deepbio.princeton.edu). 

Gold mining is the principle economic activity in the West Rand and Far West Rand 

regions.  This industry is the basis of the economy and socio-economic development of 

the region.  Gold mining on the West Wits Line contains of the biggest and richest mines 

in the entire Witwatersrand Basin (Robb et al., 1998).  Unfortunately, associated with all 

the economic and social benefits arising from gold mining there are several negative 

impacts on the environment.   
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Figure 8.1 Geological settings of the major goldfields in the Witwatersrand Basin 
 

The metal campaign initiated in 2009 and overseen by the Environmental Analytical 

Chemistry Research Group together with the School of Animal, Plant and Environmental 

Sciences, both at the University of the Witwatersrand (Johannesburg, SA), focuses on the 

biogeochemical speciation and risk of metals (e.g. mercury), metalloids (e.g. arsenic) and 

naturally-occurring radionuclides (e.g. uranium and it’s daughters) on gold and uranium 

mining properties. The study is also of value in determining the magnitude and risk of 

off-site mining impacts.     

In the present work, the main regions that were studied for are (i) the Varkenslaagte at 

West Wits, (ii) the Vaal River West and Kanana sub-catchments. Two additional sites 

were evaluated to achieve the assigned objective of characterizing the mercury speciation 

and place gold mine properties in a regional context on the Witwatersrand Basin (a) on 
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the West Rand - the decanting JCI Anglo American shafts and boreholes (now 

Harmony/Rand Uranium), and the receiving stream, wetlands and dams through the 

Krugersdorp game reserve to the Cradle of Mankind, (b) on the East Rand - an old mine 

property, partially cleaned Ergo TSF footprint, and adjacent Scaw Metals H:h Rietfontein 

B landfill (Rand Scrap Iron) which contains mine tailings from Ergo and mixed mining 

and metals waste. 

The first two regions are active mining sites whereas the last two comprise closed or 

partially closed mining operations. For this reason, the study is presented in two separate 

chapters.  

The present chapter will discuss the environmental risk assessment of the mercury 

pollution from active mines at the Vaal River West and the West Wits (Varkenslaagte) 

sites. 

 
8.2 General description of the Vaal River and West Wits operations 

 

The Southern African Division of AngloGold Ashanti Limited (AGA), one of the leading 

global gold mining companies, comprises several mining operations in South Africa and 

one in Namibia. South Africa operations are grouped into the Vaal River and West Wits 

regions (figure 8.2).  

The Vaal River and West Wits operations comprise mainly of seven deep level gold 

mines and supporting infrastructures such as metallurgical plants (where gold is 

produced), chemical laboratories, tailings storage facilities (TSF), waste rock dumps and 

supporting services such as land management, mine services, commercial services and 

sustainable development (AGA, 2009a).  

 

The main environmental concerns for the Vaal River (VR) and West Wits (WW) 

operations identified through environmental impact assessment processes are (AGA, 

2009b): 

- Seepage of contaminated water from TSF, trenches and pollution control dams 

- Historical off-site impacts 

- Seepage of contaminated water from waste rock dump 
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- Uncontrolled release of process water from pollution control dams 

- On-site secondary sources, spillages and footprints (ore and mineral waste) 

- Emission of dust from TSF and transport of hazardous substances such as yellow 

cake, acids, cyanide 

- Uncontrolled release of process water from metallurgical plants and shafts impact. 

 

The result of the above uncontrolled or poorly managed emission, release, seepage and 

waste, is a severe contamination of lands, surface water and groundwater with a potential 

health impact. 

 

 

Figure 8.2 Vaal River and West Wits operations in the regional context (AGA, 2008c) 
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8.2.1 The Vaal River mining operations 

 

The VR operations are located at the boundary between the North-West and the Free 

State provinces (figure 8.2). The map shown in figure 8.3 indicates the AGA areas of 

responsibility for VR. 

 

 

Figure 8.3 Indicating the AGA area of responsibility of the Vaal River operations 
 

The VR operations lie in close proximity to the following towns: 

- Orkney - which is surrounded by the VR operations; 

- Klerksdorp - located 18 kilometres (km) to the North-west; 

- Potchefstroom- located 50 km to the East; 

- Bothaville – located 45 km to the South; and 

- Leeudoringstad – located 56 km to the South-west. 
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The total mining lease area of the VR operations is approximately 18 274 hectares. The 

VR complex has four gold plants (Great Noligwa, Kopanang, Moab Khotsong and Tau 

Lekoa), one uranium plant and one sulphuric acid plant (AGA, 2008a). 

 

Mining operations in the VR region commenced on shallow reefs in the late 19th century, 

and used amalgamation techniques. Sampling sites were identified from historical aerial 

photographs (post-1948), which show there had been extensive shallow mining of the 

Black Reef, and large spillages from old mine tailings facilities. Since then, some old 

tailings facilities have been re-worked. Few, if any, of the current gold mining companies 

utilize mercury, and deep-level mining is being undertaken alongside reprocessing of old 

tailings to recover gold left-over by previous extraction methods. However, 

environmental degradation from mining operations is widespread in the region, and there 

are anecdotal reports of artisanal mining using mercury amalgamation. These practices 

may have resulted in a long period of contamination. 

 

The Vaal River is the primary surface water body within AGA VR operations. The 

Schoonspruit is the secondary surface water body. The topography of the mine area 

slopes towards the Vaal River basin. Surface run-off will therefore flow towards the Vaal 

River via natural flow paths. A portion of the western area slopes towards the 

Schoonspruit. 

Landscape geomorphology and drainage has been influenced by the southerly flow of the 

Vaal River and the local geology. There are three major catenas in the area (figure 8.4): 

towards the Vaal River from north and south; towards the Schoonspruit in the North 

West; and towards the Koekemoerspruit in the north east. In the western part of the study 

area the Black Reef Formation forms an elongated ridge, which constitutes much of the 

watershed between the Schoonspruit and the Vaal River.  
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Figure 8.4 Main watercourses and quaternary catchments in the Schoonspruit and 
Koekemoer Spruit catchment 

 

The major tributaries of the Schoonspruit are the Taaibosspruit, Jagspruit, 

Buisfonteinspruit and the Rietspruit. The groundwater recharge point of the Schoonspruit 

(the Ventersdorp eye), ensures that the Schoonspruit flows all year round. The eye water 

is mainly used for irrigation before it passes through the Klerksdorp city and mining 

areas. The Schoonspruit has its confluence with the Vaal River to the west of Orkney. 

Artificial catchments comprise TSFs. Run-off and seepage from the TSFs flows in the 

soil and weathered zones. 

 

8.2.2 The West Wits mining operations 

 

The Mponeng, Savuka and TauTona mines are situated on the West Wits Line and are 

part of the West Wits (WW) operations (AGA, 2008b). These mines are located 

approximately 75 km west of Johannesburg within the Gauteng Province. The WW site is 

approximately 7 km south of Carletonville (figure 8.2). Other neighbouring towns are 
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Fochville and Potchefstroom, which are situated 12 km and 50 km respectively to the 

south and west of the mine (AGA, 2009a).  

The land occupied by the WW operations (figure 8.5) is approximately 4176 hectares 

which straddle the boundary between Gauteng and the North West Provinces.  

 

 

Figure 8.5 Land in and around West Wits operations 
 

The WW operations are located within the Kromdraai Catchment of the Upper Vaal 

Water Management Area. The operational area can be divided into three surface water 

sub-catchments; two of which are situated on the northern side of the Gatsrand ridge 

watershed and one to the south. The north-western subcatchment drains to the northwest 

via the Varkenslaagte Spruit, a historical tributary of the Wonderfontein Spruit but which 

now drains into the dewatered Turffontein Dolomite Compartment. The sub catchments 

are illustrated in figure 8.6. 
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The north-eastern sub-catchment drains in a northerly direction to the Wonderfontein 

Spruit via a pipeline and lined canal system, which replaced the natural drainage because 

of the threat of sinkholes above the dewatered Oberholzer Dolomite Compartment. 

The southern sub-catchment drains via a number of small streams, two of which are 

perennial: the van Eedens’ spring, situated just to the north of the Mponeng Tailings 

Storage Facility, and the Elandsfontein South farmers’ spring. The latter spring is 

registered via servitude in favour of the farm owners of South Elandsfontein. Water from 

this spring is discharged via the Aquatic Dam into the Elandsfonteinspruit. Both these 

springs discharge water of good quality (potable standards) into the Elandsfonteinspruit, 

which in turn is a tributary of the Loopspruit. 

Both the Wonderfontein Spruit and the Loopspruit are tributaries of the Mooiriver, which 

flows into the Vaal River. The Wonderfontein Spruit has its confluence to the north (i.e. 

upstream) of the Boskop Dam (which is the source of potable water for the city of 

Potchefstroom), while the Loopspruit has its confluence to the south (i.e. downstream) of 

Potchefstroom. 

Part of the water from the North Savuka Complex TSF drains to the West Boundary 

Dam, which in turn flows into the Varkenslaagte Stream. This stream does not form a 

tributary of any river as the water infiltrates into dolomites outside of the mine area. 

Metallurgy within the WW operations manages both the active and inactive TSF’s (North 

Old Complex). The two active TSF’s are Savuka and Mponeng. 
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Figure 8.6 West Wits Sub Catchments and Regional Flow 
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The Savuka TSF comprises of 4 compartments (5A, 5B, 7A and 7B). Final treated pulp 

residue from Savuka Gold Plant is pumped to the Savuka (New North) TSF where the 

solid particles settle out on to the dam. Water is decanted using the penstocks at the 

centre of the facility and is piped into the return water dams. The water in the return 

water dam is pumped back to the plant as process water. The delivery pipelines to the 

tailings dam are open-end discharge and the tipping area is controlled by manual 

operation of the discharge valves. The pump house contains pumps used to pump water 

back to the plant and all other pumps being maintained. Figure 8.7 is a map indicating the 

main working areas for Savuka TSF which also was the main area of investigation during 

the present study. 

 

 

Figure 8.7 Map indicating the main working areas for Savuka TSF’s 
 

During the early years of mining in the West Wits area there were no environmental 

protection requirements specified in regulations and waste materials consisting of inter 
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alia: ash, iron oxide, pyrite, slag, mine residue spillage, mine waste rock, steel, rubber, 

scales from gold and uranium plants and domestic waste were disposed of in borrow pits 

(figure 8.8) on the mine property (AGA, 2009a). Remediation works occurring currently 

in the site typically involve removal of the offending or gold-bearing material followed 

by backfilling and profiling with alternative inert material, placement of soil over the 

disturbed site where appropriate and the establishment of a vegetation cover. 

 

 

Figure 8.8 West Wits Borrow Pits (in yellow) 
 

The majority of the Varkenslaagte sub-catchment groundwater contamination lies within 

a 500 m radius of the No 5 and 7 Compartments of the new Savuka TSF and the Old 

North TSF. Approximately 70% of the mass originates from the existing (old and new) 

TSF’s (AGA WW EMP, 2009). This result in pollution plumes which are dominated by 

sulfate (almost 55%). These plumes are restricted to the local surface drainage paths 

which act as groundwater boundaries (which is mainly the Varkenslaagte drainage stream 
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in this case). However, there is a certain degree of uncertainty by making this statement 

which requires further investigation to confirm this aspect. 

 

8.3 Collection and description of samples 

 

8.3.1 The Vaal River campaigns 

 

Two sampling campaigns were conducted in the VR West Complex during the late dry 

season and wet season (tables 8.1 and 8.2) to illustrate mercury behaviour and fate in the 

region. Water samples, surficial and bulk soil/sediment, tailing particles and plant 

samples were collected from adjacent to the West Complex North TSF, from a licensed 

pollution control dam known as the Bokkamp Dam which receives `dirty water’ 

discharges from tailings facilities and recycles these back to the metallurgical process, 

and from the Schoonspruit stream which is known to have received spillages (pre-1940’s) 

from tailings facilities and drainage from other sources in the catchment such as 

industries, graveyards and artisinal mining activities practiced by the local community 

mainly based in Kanana (figure 8.9).  

 

The wet season sampling was motivated by the need of understanding the seasonal 

impact on the mercury transport and distribution in the site. Sampling points were 

selected based on data obtained from the dry season sampling.  
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Table 8.1 The VR dry season sampling details 

  Vaal River dry season sampling   
Sample ID Description GPS 
33 Sediment from Vertelatan Shaft S26°59.174' E026°39.945' 
34A-C Soil collected at different layers from an old ash 

heap 
 S26°59.390' E026°39.914' 

36-37 Composite sample from the old mine working 
sites. 

S26°59.390' E026°39.821' 

38A & B Water samples from Vaal River S26°59.579' E026°39.823' 
39 Sediment from Vaal River  
40A,B,C Algaes from Vaal River  
41 Soil core from Vaal River S26°59.574' E026°39.823' 
42 Sediment from Vaal River S26°59.564' E026°39.802' 
43 Soil core from Vaal River S26°59.566' E026°39.798' 
44A,B,C Water Hyacinth from Vaal River   
45 Old Wall Ash from infrastructure. ~50m to 

North 
S26°59.548' E026°39.801' 

46A & B Water from Schoonspruit S26°59.824' E026°38.842' 
46D Sediments from Schoonspruit   
47A,B,C Water Hyacinth from Schoonspruit   
48 Algae from Schoonspruit   
49 Sediment from Schoonspruit S26°57.823' E026°38.841' 
50A-C Sediment core from Auger in Schoonspruit  S26°57.517' E026°38.825' 
52A & B Water from Kanana canal near wetland S26°57.497' E026°38.842' 
52C & D Sediments from Kanana canal    
53A-C Composite from piles of sed. Cleared out of 

canal 
S26°57.496' E026°38.842' 

54A & B Water from upper Kanana canal in wetland  S26°57.431' E026°38.868' 
54C & D Sediment from upper Kanana canal in wetland S26°57.431' E026°38.868' 
59A-F Soil core on wetland from West Complex of 

Schoonspruit 
 S26°56.614' E026°39.831' 

61A & B Water samples Schoonspruit below West 
complex 

S26°56.606' E026°39.804' 

64A-C Willow leaves from Schoonspruit below West 
complex 

  

65A  Water from creek near West complex North 
TSF 

S26°55.782' E026°41.142' 

65B Sediment near West complex North TSF   
68A Water sample from Bokkamp Dam  S26°57.720' E026°42.220' 
68B Sediment from Bokkamp Dam S26°57.720' E026°42.220' 
70A Water from Vaal River near the Dam S26°58.227' E026°43.389' 
70B Sediment from Vaal River near the Dam   
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Figure 8.9 Vaal River West sampling area (red dots are for sampling points)
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Table 8.2 The VR wet season sampling details 

Sample ID Description 

WC Dig Surface dry sediment collected adjacent to the 
West complex North (WC) TSF  

WC Wash Surface wet soil adjacent to the WC TSF 

WC 1, 2 and 3 Sediment profiles collected near WC TSF 

Bok Dam Surface sediment within Bokkamp Dam 

Bok Cpsite Composite sediment within the dam  

Bok upper, middle and 
bottom 

Sediment profile from Bokkamp dam 

PH Sediment collected near pump house  
Sch Sediment profile near Schoonspruit 

Bok W1 and W2 Water samples collected from the dam 

SchW Water from Schoonspruit 

 

 

8.3.2 The West Wits campaign 

 

West Wits soil, sediment, tailings, plant and water samples (table 8.3) were collected 

from TSFs, borrow pits, dams, and wetlands within the West wits Old North Complex 

(Savuka lease) as shown in figure 8.10. 

In order to assess the off-site impact of WW operations the sampling campaign was 

extended following the path of the Vaarkenslaagte canal, via the Welverdened Road, to 

the Wonderfontein Spruit located about 5 km to the Carltonville-Potchefstrom Road 

(figure 8.11). The overall distance from the initial sampling point to the Wonderfontein 

Spruit was approximately 22 km. 
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Figure 8.11 West Wits sampling area (the Old North Complex is brightened) 

Figure 8.10 View of the West Wits Old North sampling area 
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Table 8.3 The WW sampling details 

Sample ID Description GPS 

8 Soil core from Old North TSF S26°25.638' E027°22.337' 
15A-B Water sample from Vaarkenslaagte canal (Top of 

canal below TSF) 
S26°25.725' E027°22.376' 

16G Core from Old Reed Bed  S26°25.706' E027°22.380' 
16K Core from V. canal   
16L Core from Reeds near V. canal   
16W,X,Y Phragmites from V. canal   
17A-B Water samples below Buldens Warehouse S26°26.492' E027°21.847' 
17C Typha below Buldens Warehouse  S26°26.492' E027°21.847' 
17E Soil core below Buldens Warehouse   
18A Soil core Tamarak Slope N North TSF S26°26.183' E027°21.728' 
19A Water from Dam S26°26.790' E027°20.822' 
19B Willow S26°26.808' E027°20.943' 
19F Soil core S26°26.798' E027°20.872' 
19H Algae   
20A-B Water samples downstream from dam S26°26.801' E027°20.787' 
21 Water sample from dam S26°26.820' E027°20.800' 
23 Soil core S26°26.846' E027°20.855' 
24A-B Water samples S26°26.832' E027°19.190' 
24c Sediment Stream under Welverdened Rd    
25A-B Stream before flows under Welverdened Rd S26°26.373' E027°19.216' 
25c Sediment from Stream on Welv. Rd    
  (Before bridge)   
26 Water sample (Farmer's land) S26°26.124' E027°18.679' 
27 Sediment (Farmer's land)   
29 Water near Carltonville-Potchefstrom Rd S26°24.187' E027°16.760' 
  (NB. Fe pipe in centre of stream)   
30 Soil core S26°24.192' E027°16.763' 
31 Water sample  S26°22.035' E027°16.216' 
32 Algae from Wonderfontein Spruit   
      

 

 

8.4 Mercury in the Vaal River West Region 

 

8.4.1 Mercury in the Vaal River West waters 

 

Field measurements and mercury concentrations determined in VR waters from the dry 

season sampling are presented in table 8.4. An Example of chromatograms obtained from 

the speciation analyses of VR waters by ID GC-ICP-MS is shown in figure 8.12. 
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The pH of water samples ranged from neutral to slightly alkaline (i.e. 6.9 to 8.9) and the 

redox potential from 210 to 446 mV. The electrical conductivity was generally moderate 

except in areas near pollution source such as the creek near the TSF (sample 65A) and the 

pollution control dam (68A) where values of several mS cm-1 were measured. 

 

Table 8.4 IHg, MHg and field measurements in VR waters (n=3) 

Sample T 
(°C) 

pH Eh  
(mV) 

Ec 
(mS cm-1) 

IHg 
(ng L-1) 

%RSD MHg 
(ng L-1) 

%RSD %MHg 

38A 21.0 8.2 400 0.93 0.344 9.1 bdl - 0.0 
46B 21.4 7.5 446 1.16 0.665 3.7 0.071 6.7 9.6 
52A 21.8 8.0 399 0.66 0.048 6.5 0.268 4.0 84.7 
54A 23.0 7.6 330 0.62 0.043 9.2 bdl - 0.0 
61A 22.0 7.3 279 1.15 bdl (*) - bdl - 0.0 
65A 23.5 6.9 210 5.86 1.004 9.1 0.004 4.7 0.4 
68A 21.5 7.8 335 3.41 5.260 4.6 0.222 1.0 4.1 
70A 21.1 8.9 320 0.81 0.006 7.9 0.086 10.3 93.2 

(*)bdl: below detection limit 

 

 

 
Figure 8.12 Example of GC-ICP-MS chromatogram of VR water  

 

Total mercury concentrations in surface waters (unfiltered) varied from 0.043 to 5.483 ng 

L-1 with MHg ranging between 0.004 and 0.268 ng L-1. Methylmercury values for most of 

the VR studied waters fall within the range seen elsewhere (e.g. Domagalski, 1998; 
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Domagalski et al., 2000; Ashley et al., 2002) meaning that between 1 and 10 percent of 

total mercury was MHg. Therefore, it can be say that MHg in VR waters was within the 

range of values commonly measured in relatively uncontaminated surface waters with 

normal methylation potential (see e.g., Kelly et al., 1995). Proportions of methylmercury 

were high in samples 52A (85%) and 70A (93%) collected from Kanana Canal near a 

wetland and from the Vaal River near the Bokkamp Dam, respectively (see table 8.4 and 

figure 8.13). The presence of decaying organic matter in the corresponding watersheds 

could explain the high methylation rate observed. The corresponding sediment for sample 

52A, which is sample 52D (table 8.5), also showed the highest methylmercury proportion 

among all analyzed surface sediments.  
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Figure 8.13 Mercury species in VR waters from the dry season sampling 
 

Although no specific correlation was observed between field measurements and mercury 

species concentration, it was found that the highest methylation rates occurred at elevated 

pH (pH 8.0 and 8.9, respectively). 

The most elevated mercury values were observed in the water collected from 

Schoonspruit (sample 46B: 0.735 ng Hg L-1), located approximately 3 km from the West 

Complex North TSF, and also in the creek near the TSF (sample 65A: 1.008 ng Hg L-1) 
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which drains into Schoonspruit. It is believed that migration of leached mercury from the 

TSF or the surrounding polluted soil through runoff could explain the observed 

contamination. This will be further discussed when the above observations will be 

compared to measurements obtained from the wet season sampling. Sediments collected 

from Schoonspruit (sample 46D) and near the TSF (sample 65B) also showed some of 

the most elevated mercury values in sediments with total mercury concentrations of 749 

and 940 µg kg-1, respectively.  

The highest mercury value in water was found in the Bokkamp Dam (sample 68A) with 

mercury concentration of 5.483 ng L-1 and 4% of the total mercury (i.e. 0.222 ng L-1) as 

MHg. Sediments collected within the Dam exhibited the highest mercury value of the 

whole campaign with HgTOT  of  10245 µg kg-1. The impact of this polluted Dam in its 

surroundings will be examined further. 

Existing aquatic life criteria for total mercury in water covers a wide range. As is the case 

with the criterion for sediment, the Threshold Effect Level (TEL) is the concentration 

above which there is evidence of potential for observable effects in biota, not necessarily 

including bioaccumulation and biomagnification. The lowest proposed criterion for 

chronic effects in fresh-water aquatic life is 12 ng L-1 of total recoverable mercury 

(Barkow, 1999). The California Water Quality Standard proposed the value of 50 ng L-1 

and later, the U.S. EPA issued a guideline of 770 ng L-1 (dissolved mercury) for chronic 

effects in fresh-water aquatic life (Ashley et al., 2002). Mercury values in all the waters 

collected during the dry season sampling were below the above threshold level, but low 

values are generally anticipated during the low-flow late-dry season conditions under 

which we obtained the samples (Ashley et al., 2002). 

 

8.4.2 Mercury in Vaal River west sediments 

 

Due to the fact that only about 3% of HgTOT in sediments is in the form of MHg (Harris et 

al., 2007), most of the sediment samples with low HgTOT were not analyzed for 

speciation. Results for the VR dry season sampling are shown in table 8.5. 
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Table 8.5 HgTOT, IHg and MHg for Vaal River sediments for the dry season sampling 

Sample HgTOT  
(µg kg-1) 

IHg ± SD      
(n = 3; µg kg-1) 

%RSD MHg ± SD      
(n =3; µg kg-1) 

%RSD %MHg 

34A 217.31 nd (*)  n/a    
34D 323.14 258.09 ± 0.34 0.13 2.71 ± 0.30 11.1 1.0 
36 140.28 nd  n/a    
37 166.47 123.71± 0.26 0.21 1.68 ± 0.76 4.5 1.3 
39 37.26 nd  nd    
41 24.35 nd  nd    
42 11.67 nd  nd    
43 9.56 nd  nd    
45 68.55 nd  nd    

46D 749.31 660.72 ± 19.66 5.45 7.07 ± 0.64 9.0 1.1 
49 333.11 274.32 ± 6.03 2.20 8.85 ± 4.59 5.2 3.1 
50 53.56 nd  nd    

51A 200.95 173.74 ± 9.54 5.49 1.43 ± 0.77 5.4 0.8 
52D 94.89 97.85 ± 1.42 1.45 6.42 ± 0.97 1.5 6.2 
54C 104.31 96.98 ± 3.48 3.59 bdl  0.0 
54D 62.74 50.82 ± 2.59 5.09 bdl  0.0 
55A 118.65 85.51 ± 6.06 7.09 5.59 ± 0.65 11.6 6.1 
59A 83.62 70.32 ± 1.49 2.12 bdl  0.0 
59B nd 34.24 ± 0.25 0.74 1.16 ± 0.01 1.0 3.3 
59C nd 40.94 ± 0.55 1.34 2.23 ± 0.50 2.2 5.2 
59D nd 35.53 ± 0.15 0.42 1.99 ± 0.28 1.4 5.3 
59E nd 37.69 ± 1.31 3.46 0.54 ± 0.21 4.0 1.4 
59F nd 37.56 ± 0.12 0.33 0.68 ± 0.12 7.7 1.8 
62A 103.42 119.51 ± 6.56 5.49 2.06 ± 0.14 6.9 1.7 
62B 94.45 73.54 ± 3.52 4.79 1.61 ± 0.29 2.0 2.1 
65B 939.83 768.02 ± 12.60 1.64 3.19 ± 0.19 6.0 0.4 
68B 10245.64 8478.81 ± 64.47 0.76 12.88 ± 0.81 6.3 0.2 
70B 12.67 nd  nd    
72 63.54 32.24 ± 0.40 1.23 0.33 ± 0.02 7.1 1.0 
73 53.2 nd   nd     

(*)nd = not determined 

 

Background mercury values in the uncontaminated areas were relatively low, in the range 

of 10 to 80 µg kg-1 which agrees with background values of 60 µg kg-1 reported by 

Hornberger and others (1999). 

Mercury concentrations were variable in sediments, with total HgTOT ranging from 10 to 

10245 µg kg-1. Various criteria have also been proposed for evaluating mercury levels in 

bulk sediments (USEPA, 1997b). The lowest of these is the USEPA TEL at 174 µg kg-1 

(MacDonald et al., 2000). This is a proposed lower limit for effects on biota, above 
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which there is potential for observable effects such as bioaccumulation and 

biomagnification. 

Most of sediments that exhibited HgTOT beyond the TEL were collected near pollution 

source such as the old mine working site near Klerksdorp (e.g. 34D: 323 µg Hg kg-1), the 

West Complex North TSF (e.g. 65B: 939 µg Hg kg-1) and the Bokkamp Dam (e.g. 68B: 

10245 µg Hg kg-1). Elevated mercury observed in some sediments from Kanana canal 

(e.g. 51A: 201 µg Hg kg-1) and Schoonspruit (e.g. 46D: 749 µg Hg kg-1) are believed to 

be the consequence of the drainage of contaminated particles from pollution sources. 

 

MHg in surface sediments ranged between 0 and 13 µg kg-1, with the highest proportion 

(i.e 6% of HgTOT) found in sample 55A collected from the upper Kanana canal, in a 

wetland (figure 8.14). 
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Figure 8.14 Mercury speciation in VR sediments (MHg was multiply 10 times due its low 
occurrence compare to IHg) 
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8.4.3 Mercury distribution during the wet season sampling 

 

A different trend was observed after the late wet season sampling. Figure 8.15 highlights 

the points where the sampling was repeated in wet season, whereas table 8.6 presents 

different mercury concentrations obtained in surface sediments and sediment profiles 

together with field measurements.   

As mentioned earlier, the selection of the wet season sampling points was based on the 

observations made during the previous sampling. Therefore, The West Complex North 

TSF, the Bokkamp Dam and the Schoonspruit were the main target in order to understand 

seasonal variations of the mercury load in the site and the impact of pollution sources in 

surrounding sediments and watersheds.  

 

 

Figure 8.15 Satellite picture of the VR West site. Wet season sampling points are circled 
(in green) 
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Table 8.6 Mercury concentration in sediments for the VR wet season sampling 

Sample 
 

pH 
 

Eh (mV) 
 

Ec 
(mS cm-1) 

HgTOT 
(µg kg-1) 

%RSD 
 

IHg 
(µg kg-1) 

MHg 
(µg kg-1) 

%MHg 
 

WC1 Dig 5.83 409.6 2.39 353.24 8.79 nd nd  
WC1 wash 3.95 406.3 3.01 373.67 2.19 nd nd  
WC1 0-20(*) 4.80 322.3 0.85 216.60 5.65 282.71 8.27 2.8 
WC1 20-40 4.45 324.7 0.14 165.91 1.87 158.2 bdl 0.0 
WC1 40-60 5.61 332.5 2.98 187.23 7.21 213.36 6.04 2.8 
WC1 60-80 5.71 349.2 4.22 462.35 0.80 446.81 2.03 0.5 
WC1 80-100 5.93 206.1 6.14 1103.09 3.12 959.42 13.76 1.4 
WC1 100-120 5.94 277 5.23 1272.57 0.57 1007.59 8.86 0.9 
WC1 120-140 6.51 137 11.22 862.82 1.37 801.59 3.29 0.4 
WC1 140-160 5.67 214 0.26 83.19 5.02 175.71 6.9 3.8 
WC2 0-20 6.98 405.2 7.95 82.65 3.12 nd nd  
WC2 20-40 7.15 393 3.83 67.68 8.24 nd nd  
WC2 40-60 7.36 399.6 4.93 1637.44 0.26 nd nd  
WC2 60-80 7.33 403.1 7.92 50.17 8.59 nd nd  
WC2 80-90 7.37 409.1 9.04 92.22 2.58 nd nd  
WC3 0-20 6.98 414.7 5.10 93.02 1.19 nd nd  
WC3 20-40 7.02 416.6 3.06 20.96 4.16 nd nd  
WC3 40-60 6.8 417.5 1.83 68.50 1.81 nd nd  
WC3 60-80 7.04 414.8 1.40 113.96 2.32 nd nd  
WC3 80-100 7.20 355.2 2.00 43.49 13.02 nd nd  
PH 0-20 6.27 418 1.03 4286.82 1.09 4114.28 13 0.3 
PH 20-40 6.54 397 1.88 125.87 5.42 110.44 9.5 7.9 
PH 40-60 6.58 407 0.98 59.59 7.85 103.76 6.17 5.6 
PH 60-80 6.82 421.5 0.94 56.25 6.02 147.55 3.84 2.5 
PH 80-100 6.81 428.9 1.07 76.40 3.18 48.01 2.35 4.7 
PH 100-120 6.83 366 1.48 89.06 1.07 60.57 3.67 5.7 
PH 120-150 6.89 410 1.25 45.24 4.91 86.98 1.39 1.6 

Bok Cpsite 7.23 373.8 2.34 1432.22 1.51 nd nd  
Bok upper 4.58 398.6 1.22 1301.75 1.37 nd nd  
Bok middle 6.56 364 1.59 396.26 3.02 nd nd  
Bok bottom 3.87 392.8 1.01 60.74 2.70 nd nd  
Bok Dam 6.00 385.5 1.05 179.06 2.89 nd nd  
Sch 0-20 7.35 373.2 3.19 1004.11 1.26 872 17.14 1.9 
Sch 20-40 7.36 376.1 1.91 347.30 2.68 219.78 bdl 0.0 
Sch 40-60 7.33 332.9 2.19 5482.81 0.98 3099.81 140.48 4.3 
Sch 60-80 7.65 350.1 2.11 481.48 1.95 302.71 37.79 11.1 
Sch 80-100 7.66 371.5 1.85 177.19 5.40 129.91 22.81 14.9 
(*): Figures in the sample column represent depth values (in cm) for the corresponding 
profile.  
 

Field measurements were variable in the site. The pH of sediment samples ranged from 

3.87 to 7.66 and the redox potential from 137 to 417 mV.  The electrical conductivity 

reached values as high as 11 mS cm-1 in bulk sediment, suggesting an important presence 
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of ionic compounds. According to the AGA environmental management programme 

presented in 2009 (AGA VR EMP, 2009), the expected pH of the soil within the VR area 

should vary between 5.5 and 6.4. Lower pH values (3.9 for sample WC1-wash and 4.8 

for sample WC1) observed in surface sediments near the TSF could be the evidence of 

the acidification of the area through probable pyrite oxidation. Elevated concentrations of 

iron (20465 mg kg-1) and sulfate (20779 mg kg-1) were measured in sample WC1-wash.  

 

Total mercury concentration in surface sediments (0-20 cm depth) ranged from 83 to 

approximately 4300 µg kg-1. Among all surface sediments, only sample WC3 exhibited 

total mercury below TEL. Nearly one quarter of the analyzed sediments fell within the 

mercury Probable Effect Level (PEL) of 486 µg kg-1
 representing the concentration above 

which adverse effects are expected to occur frequently, and 15% of samples falling into 

the Toxic Effect Threshold (TET) concentration of 1000 µg kg-1 where sediments are 

considered to be heavily polluted (MacDonald et al., 2000 and references therein). 

 

At all sites, where bulk material was analyzed, it was enriched in mercury relative to 

probable background values, and values for the top 20 cm fraction were lower than the 

bulk values (except for sample PH). Enrichment in HgTOT was evident in deeper, 

saturated soils adjacent to tailings facilities, reaching concentrations at mg kg-1 level in a 

few cases (e.g. figure 8.16).  The speciation analysis of mercury has shown the same 

trend as for total mercury and most of the analyzed metals have also shown the same 

pattern as described above with enrichment at about the same depth in the profile (see 

table 8.7 and figure 8.17). 

The enrichment of mercury at deeper levels in sediments adjacent to the old tailings 

facilities might be due to historical loads of mercury in tailings and seepage from the 

facilities. 
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Figure 8.16 IHg and MHg in sediment profile WC1 
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Figure 8.17 Selected elements concentrations in the sediment profile WC1 
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Table 8.7 Total concentrations of selected metals(*) in studied sediments (mg kg-1) and waters (mg L-1) 
Sample Al Au Ba Ca Cd Co Cr Cs Cu Fe Ga Ge K Li Mg M n Ni Pb U V Zn 

WC1 Dig 1041,8 7,4 17,5 2725,6 1,5 23,4 15,3 17,7 31,3 5152,3 2,3 4,8 180,3 3,7 994,6 1721,6 47,5 4,1 6,0 2,8 31,5

WC1  Wash 3771,6 7,6 18,4 4470,1 2,8 23,6 26,8 18,6 38,4 20464,7 3,7 3,2 523,8 5,6 4016,1 2165,2 51,3 1,5 1,6 0,1 1,0

WC1 0-20 583,2 5,8 10,3 488,6 0,9 12,0 9,2 10,4 14,6 3123,9 1,2 2,1 82,9 1,4 325,8 850,8 19,9 0,2 0,3 0,1 0,4

WC1 20-40 408,7 3,6 6,9 3179,2 0,5 7,4 6,4 7,1 15,2 1905,2 0,8 0,9 45,1 1,4 219,8 284,7 12,3 1,0 0,5 0,0 0,3

WC1 40-60 581,0 6,8 12,0 3301,8 1,3 25,0 6,8 12,2 18,1 2275,0 1,0 4,2 135,2 1,8 1115,9 1843,6 51,8 0,4 0,6 0,1 1,0

WC1 60-80 772,3 7,1 14,5 4730,9 1,4 18,9 8,3 14,7 25,7 3837,0 1,4 6,6 164,2 2,9 1471,6 2970,5 42,6 0,5 0,7 0,0 1,4

WC1 80-100 718,4 3,5 15,5 2686,3 2,0 27,3 13,4 15,7 34,6 3760,9 2,4 7,4 142,8 3,7 1918,8 1888,1 30,7 0,8 0,5 0,0 0,5

WC1 100-120 1161,7 4,0 17,3 5154,5 1,9 15,1 13,8 17,5 36,7 6820,7 2,2 5,1 194,7 3,5 3098,9 2258,0 35,8 0,8 0,7 0,0 1,2

WC1 120-140 1362,3 3,3 16,5 6080,0 2,7 38,3 13,8 16,7 65,7 10418,2 3,0 5,7 185,7 3,3 3648,0 2727,8 46,0 1,2 0,6 0,1 0,8

WC1 140-160 735,0 3,3 12,6 891,2 0,6 5,5 10,5 12,8 6,0 2450,1 1,1 0,7 129,0 0,8 398,3 296,6 6,3 24,4 0,7 0,1 0,2

pH 0-20 7029,1 23,7 186,5 3740,5 28,3 566,6 53,9 200,8 74846,1 24530,3 16,7 286,9 487,7 15,3 3199,0 114438,8 3984,4 168,6 997,0 1,4 1900,7

pH 20-40 1297,9 5,9 76,6 11034,3 3,4 53,0 10,8 82,5 506,8 9575,8 3,3 31,6 381,6 4,3 503,8 18120,4 331,5 5,5 85,4 7,0 162,1

pH 40-60 2194,7 25,0 15,0 9665,9 2,0 10,2 15,0 75,2 1202,6 10628,0 3,2 17,8 496,1 2,8 721,6 11950,8 55,1 2,6 63,9 6,8 105,2

pH 60-80 1550,5 2,6 61,1 3500,2 2,1 7,9 15,6 68,5 168,3 8579,3 3,4 16,1 342,6 2,9 625,6 7789,9 38,7 2,8 51,8 7,7 10,4

pH 80-100 1844,0 7,9 65,4 6651,9 2,6 10,9 18,4 71,8 339,8 9475,4 4,0 25,4 427,5 5,0 840,7 11820,3 89,3 3,4 47,9 6,4 19,9

pH 100-120 1756,8 4,3 60,6 8006,6 2,0 5,8 15,3 66,9 141,5 7540,1 3,4 17,8 317,2 3,6 948,3 7991,0 32,6 2,2 43,0 6,2 7,0

pH 120-150 1032,0 2,6 39,7 5572,8 2,2 4,0 18,4 46,0 17,4 4001,0 3,6 18,2 322,3 3,3 1548,0 4175,6 61,9 1,4 69,9 6,8 5,1

Bok Dam 312,7 2,7 25,8 2435,7 0,7 2,7 4,0 25,9 2,7 2351,5 1,1 4,0 90,2 0,4 300,7 1473,4 4,9 1,0 17,2 3,6 0,7

Bok upper 3740,6 3,8 39,6 9064,5 10,8 90,5 25,7 39,8 9302,0 8272,8 4,7 44,7 138,5 6,3 1266,7 18406,1 1959,4 68,8 229,6 3,4 1326,0

Bok middle 759,6 4,0 9,1 1275,0 2,4 1,0 11,9 9,3 24,1 10146,1 4,4 0,7 108,5 2,4 569,7 27,1 7,9 64,6 85,6 4,3 7,2

Bok low 1323,6 3,5 71,2 1337,9 2,8 18,6 10,3 150,4 697,4 8952,3 4,9 27,7 85,4 4,2 242,0 9891,6 58,9 4,1 62,3 10,2 56,9

Bok cpsite 25421,8 3,8 46,2 101295,7 12,4 646,3 31,4 46,5 133983,7 98475,4 5,5 665,9 2193,6 7,6 18880,3 210543,1 14689,1 75,8 2056,5 58,8 10478,2

WC2 0-20 864,9 14,1 55,8 5526,2 1,7 7,9 11,3 56,1 19,3 6332,5 2,9 8,3 190,6 1,1 776,9 3239,5 17,9 4,5 56,9 8,5 13,3

WC2  20-40 5546,8 16,5 417,6 36178,2 1,3 5,4 5,8 469,8 6,4 52074,7 2,2 7,1 1970,7 0,7 5181,4 28230,0 14,1 1,9 35,9 6,6 5,0

WC2  40-60 3838,6 20,7 27,9 24213,9 0,9 3,3 5,3 28,1 4,2 32670,0 1,5 5,0 1251,7 0,7 3616,1 19137,5 6,5 1,3 22,9 4,5 1,8

WC2 60-80 177,4 2,4 17,9 1253,7 0,3 1,6 2,7 18,1 2,9 1162,0 0,5 2,3 30,6 0,5 156,0 773,6 2,8 0,2 9,5 2,3 1,1

WC2 80-90 5227,8 3,8 429,5 31100,1 0,9 4,9 5,0 488,7 7,1 29323,0 1,4 8,9 1406,9 0,9 6294,1 36875,8 8,2 1,3 18,0 3,5 2,5

SchW 0,1 0,2 0,1 5,1 0,0 0,0 0,0 0,1 0,0 0,1 0,0 0,0 1,9 0,0 2,7 0,0 0,0 0,0 0,0 0,0 0,0

Bok W1 0,1 0,2 0,1 51,6 0,0 0,1 0,0 0,1 0,5 0,1 0,0 0,0 3,9 0,0 7,0 1,0 0,2 0,1 0,0 0,0 0,1

Bok W2 0,1 0,1 0,1 49,8 0,0 0,1 0,0 0,0 0,5 0,0 0,0 0,0 3,7 0,0 6,7 1,0 0,1 0,3 0,0 0,0 0,0

(*): Concentration reported as “zero” were below the ICP-OES detection limit of 0.1 mg kg-1 (or mg L-1)    
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8.4.4 Mercury methylation in the Vaal River West area 

 

The percentage of MHg in sediment samples ranged from 0.4% to almost 15%.  Studies 

have shown that MHg usually represents less than 5% of the HgTOT in sediment (Harris et 

al., 2007). The highest methylation rates were observed in sediments from the 

Schoonspruit stream.  

It was reported that the mercury methylation is generally affected by factors that control 

availability of IHg (e.g. temperature, pH and redox potential) and also by factors that 

control the activity of mercury methylating agents (SRBs) such as the organic matter and 

sulfur (sulfide/sulfate) contents (see chapter 2). 

In order to understand the main factors that control the mercury methylation process in 

the VR site, results of speciation analysis were compared with field measurements data 

and also with the organic matter and sulfur (or sulfate) contents determined in different 

sediment profiles. 

It appeared from comparative data that most sediment profiles showed enrichment in 

MHg concentration near or at the layer corresponding to the lowest redox potential and 

the highest IHg concentration, as shown in figure 8.18 for the profile collected near 

Schoonspruit.   

This trend was also observed by Hines and colleagues (2004). They concluded that redox 

potential, advective transport, or higher temperatures stimulating microbial sulfate 

reduction should explain the trend. Furthermore, Harris et al. (2007) reported maximum 

MHg concentrations where the inorganic pool of mercury in sediments was the most 

bioavailable to methylation processes. Metal ions adsorbed in acid media increase with 

pH, until the threshold value required for partial dissolution of solid and formation of 

soluble metal-humic complexes is exceeded (Lacerda et al., 1998). Surficial sediments 

had lower pH than deeper sediments, and increases in HgTOT were correlated with pH. It 

is probable that methylation occurs in deep sediments at high pH but, due to its mobility, 

MHg migrates to shallow levels.  
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In addition, an interesting correlation was found between methylmercury production in 

sediment profiles and other factors such as the organic matter, sulfur (or sulfate) and iron 

contents. The profile WC1, for example showed MHg enrichment at about 100 to 120 cm 

depth (figure 8.16). This region also corresponded to an important enrichment of the 

above mentioned factors (figure 8.19).  

 

Figure 8.18 Example of Hg species distribution in a sediment profile  
(The dashed area is the presumed region of MHg production) 
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Figure 8.19 Sulfur, sulfate, organic matter (OM) and iron trends in the profile WC1 
 

Studies of MHg levels in bulk surface sediment (e.g. Gilmour et al., 1998; Krabbenhoft et 

al., 1999; Mason and Lawrence, 1999; see also chapter 3) have demonstrated 

dependencies on inorganic mercury, organic matter, and sulfide suggesting that factors 

other than mercury concentration are also important in the control of the methylation. 

These studies proposed that sulfate additions can stimulate methylation by increasing 

microbial (SRB) activity (Benoit et al., 2003). 

It was also found that the presence of higher iron concentrations in sediments results in 

the removal of porewater sulfide by Fe–S precipitation. Therefore, as elevated sulfide 

levels can inhibit mercury methylation (Benoit et al., 1999b), the Fe–S sequestration of 

sulfide, and other factors influencing sediment chemistry, results in more methylation of 

mercury.  

Moreover, the interaction between heavy metals and soil colloids (clay, organic matter, or 

combination) has been described as ion exchange, surface adsorption, and chelation 

reactions (Mortensen, 1963; Nand Ram and Raman, 1983). The capability of humic 

substances to form complexes with heavy metals is attributed to their high content of 
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oxygen-containing functional groups such as carboxyl (COOH), hydroxyl (OH), and 

carbonyl (C=0) (Piccolo and Stevenson, 1982). Many studies have been carried out to 

evaluate the ability of clay minerals, organic matter (humic substances) or clay-humic-

substances mixtures to adsorb heavy metals or to form complexes with heavy metals. The 

results of these studies suggested that the extent of heavy metal retention by mixtures of 

geologic or soil colloids has been found to vary with ionic strength, pH, type of clay 

minerals, organic functional groups and type of competing cations.  

The above suggestions are in perfect agreement with the different trends observed in this 

study. 

 

8.4.5 Impact of seasonal changes on mercury transport, distribution and fate 

 

The mean concentration of HgTOT in waters of the pollution control dam (Bokkamp Dam) 

was above 1 µg L-1 (i.e. 1000 ng L-1) at the wet season sampling with nearly 50% in the 

form of MHg (table 8.8). Harris et al. (2007) stated that concentrations of HgTOT in 

unfiltered water samples from lakes and streams lacking local anthropogenic or geologic 

sources are usually in the range of 0.3 to 8 ng L-1 whereas surface waters with high 

dissolved organic matter (DOM) contents often have “elevated” (5 to 20 ng L-1) HgTOT 

concentrations. These authors also mentioned that streams draining areas with 

concentrated geologic sources of mercury or with large accumulation of Hg-

contaminating tailings from mercury or gold mining can exceed 0.1 or even 1 µg L-1(i.e. 

100 or 1000 ng L-1).  

 

Table 8.8 Hg concentrations in waters from VR wet season sampling 

Sample 
 

pH 
 

Eh 
(mV) 

Ec 
(mS cm-1) 

HgTOT 
(ng L-1) 

%RSD 
 

IHg 
(ng L-1) 

MHg 
(ng L-1) 

%MHg 
 

Bok  W1 7.41 452 4.4 1940 1.2 651 605 48.2 

Bok  W2 
 

7.60 
 

454 
 

4.39 
 

1040 
 

6.0 
 

 
478 

 

 
461 

 
49.5 

 
SchW 
 

7.49 
 

482 
 

0.8 
 

82 
 

   7.8    
 

46 
 

26 
 

36.1 
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Samples were also collected from five boreholes to assess the ground water pollution 

within the West Complex site (table 8.9).   

 

Table 8.9 Mercury (µg L-1) and other selected elements (mg L-1) in VR borehole waters 
from the wet season sampling 

Sample 
ID 

T 
(°C) 

pH Eh 
(mV) 

Ec  
(mS cm-1) 

Hg Ca  Fe  Mg  Mn  S  

VRO3  15.0 7.6 85.0 3.8 1.01 100.48 20.18 276.00 31.76 362.50 
VRO4  15.5 6.8 330.5 3.4 2.09 347.30 0.28 252.65 0.59 516.96 

VRM16  16.2 6.8 199.2 3.4 2.21 358.40 14.07 312.29 0.38 680.28 
VRM28  16.0 7.0 271.4 4.4 1.56 32.57 0.44 103.50 0.94 539.20 
VRM38  16.1 4.6 474.5 5.3 3.31 73.01 35.00 764.50 332.00 1128.74 

 

Total mercury concentrations were very high in these boreholes ranging between 1.0 to 

3.3 µg L-1. The highest HgTOT was recorded in sample VRM38 (figure 8.20) located at 

several hundreds km to the West Complex North TSF, near the sampling point WC1.  

The pH at this point (as for WC1) was acidic (4.6) with high Eh (0.47 V) and Ec (5.3 mS 

cm-1), denoting the existence of AMD in the area which could explain the release of 

mercury and others metals into the water.   
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Figure 8.20 HgTOT in VR surface (blue) and borehole (red) waters from the wet season 
sampling 
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High sulfur (874 µg kg-1), iron (37 µg kg-1) and manganese (370 µg kg-1) values were 

also measured at this point.  

It is of importance to mention that all mercury concentrations measured in both surface 

and borehole waters were, except for the water collected from Schoonspruit (sample 

schw), exceeded national and international criteria for mercury in water, such as the 

World Health Organization Guideline Value (WHO GV) for drinkable water of 1 µg L-1 

(WHO, 1993) which is also the recognized value by the South African Department of 

Water Affairs and Forestry (DWAF) (SAWQG, 1996). Three boreholes out of five (60%) 

had HgTOT exceeding the USEPA Maximum Contaminant Level of mercury in drinking 

water (MCL) of 2 µg L-1 (USEPA, 2009). Although the water fro Schoonspruit had a 

lower concentration than the rest of the samples (82 ng L-1), the mercury level was still 

higher than the threshold level of 12 ng L-1. The EPA recommends analyzing edible 

portions of fish, when the stream-water concentrations of mercury exceed the TEL, in 

order to determine if there has been any adverse effect (Gray et al., 2000). 

A study carried out in the Ankobra River Basin (Ghana) which is also seriously affected 

by gold mining (Kortatsi, 2006) showed concentrations of mercury in boreholes between 

0.01 and 133 µg L-1 with median value of 41 µg L-1. These values were observed in the 

boreholes only in the rainy period. In the dry season mercury concentrations were largely 

below detection (not reported).  The study correlated mercury concentration in the wells 

to the recharge regimes of polluted surface water mentioning that this was likely to occur 

during the wet season than in the dry season. The author of the study concluded that the 

occurrence of mercury in the groundwater bodies was largely due to contamination from 

surface sources, perhaps, as result of the indiscriminate use of mercury for gold 

processing in the Ankobra basin. 

 

The same observation was made in the VR West area. Trends in mercury concentrations 

differed from dry to rainy season with only up to 5 ng L-1 in water during the dry season 

despite mercury concentrations in the corresponding bottom sediment of 10500 µg kg-1. 

In areas where gold mining operations involve milling of Au-bearing ores and tailings 

deposition, metallic mercury can eventually be mobilized through particle transport and 

leaching (Lacerda and Salomons, 1998).  
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Although mercury leaching from tailings seems to be a slow process, over the years the 

bulk migration of spilled tailings and seasonal leaching from tailings and polluted soils 

may be important dispersal mechanisms for mercury. Seasonal migration of mercury 

could explain the patterns we observed in the stream bank sediments. In the rainy season 

(figure 8.21), mercury concentrations in surface sediment were 10 times higher than in 

the dry season (i.e. increased from approximately 103 to 1004 µg kg-1). It was not 

possible to evaluate mercury in the bulk tailings which spilled into this stream. as this 

occurred in the first half of the 20th century. However, concentrations of mercury in 

surface sediments near the later TSF (which commenced construction in the 1940s and is 

still in operation) decreased from about 950 to 320 µg kg-1 (figure 8.21).  

 

 

Figure 8.21 Impact of seasonal change in the Hg load in sediments adjacent the VR West 
Complex TSF and near the Schoonspruit  

 

The contamination observed in the bank of Schoonspruit is a potential risk for the stream 

since MHg can be leached from the sediment and migrate to the water system where it 
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can be transported, later on, into the Vaal River which is located several kilometers 

downstream (see figure 8.15).   

Moreover, there is also a risk for the important MHg content observed in the sediment 

profile from Schoonspruit (figure 8.22) to enter the food web through the aquatic system 

where it could biomagnify and bioaccumulate in fishes.  

It has to be mentioned that fishing activities have been observed in the Vaal River (near 

Klerksdorp) at the time of the sampling. 
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Figure 8.22 Hg species in sediment collected near Schoonspruit. Note the elevated MHg 
at 40-60 cm depth (about 147 µg kg-1)  

 

On the Eh-pH diagram of mercury species (figure 8.23), elemental mercury is likely to be 

the predominant species of Vaal River West sediments.  

Mercury is present primarily in its elemental form in tailings and bottom sediments 

between Carson City and Dayton (Lechler et al., 1997). USGS research suggested that as 

these tailings and sediment move, the elemental mercury is absorbed onto clays, organic 

matter, and iron and manganese coatings (Lawrence, 2003). In the bank of Schoonspruit, 

methylmercury concentrations in sediments are as much as 147 µg kg-1, which is 

significantly higher than in sediments collected elsewhere (table 8.6). These high 

methylmercury concentrations are probably related to the oxidation of elemental mercury 
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and high organic-carbon contents, which are favorable for mercury methylation 

(Lawrence, 2003). 

 

     

Figure 8.23 Eh-pH diagram showing that study sediment samples speciated as Hg0 
 
 

On another hand, Lacerda and Salomons (1998) studied changes in mercury 

concentrations in water and suspended particles, as well as in major physico-chemical 

parameters in streams receiving drainage from tailings during storm events, and found a 

drastic increase in the redox potential and in mercury concentrations in suspended 

particles. In the present study, pH in the pollution control dam decreased from the dry to 

the rainy season (from 7.8 to 7.5) and redox potential increased (from 335 to 450 mV), 

with a concomitant increase in mercury concentration in the (unfiltered) water. These 

results suggest that rain erodes fine particles enriched with mercury from contaminant 

sources, followed by mercury transport along with suspended particles. The relationship 

between mercury dispersion, erosion and transport of suspended particles, supports a 

seasonal dispersal mechanism, with rainfall also diluting the existing mercury in water 

bodies. We suggest that Hg-contaminated particles from tailings and secondary sources 

are transported during rains and deposited in sediments along drainage pathways. After 

this, remobilization of contaminated particles from sediment surfaces may take place, 
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resulting in a decrease in mercury concentrations in the drainage bottom sediments and 

exportation to areas away from mining sites (Lacerda and Salomons, 1998 and the 

reference therein).  This process could explain the high mercury concentration of about 

4300 µg kg-1 measured during the rainy season in the upper layer (0-20 cm) of sediments 

(sample “PH”) in receipt of run-off from the pollution control dam (figure 8.24).  

 

 

Figure 8.24 Changes in the Hg load in Bokkamp Dam and its surrounding 
 

The decrease in mercury concentration within the control dam sediments (8500 down to 

1500 µg kg-1 from dry to wet season), and in the depth profile of the directly adjacent 

sediment (from 4286 µg kg-1at 0-20 cm to 126 µg kg-1 at 20-40 cm; figure 8.25), suggests 

that the localized surface accumulation of mercury is from recently deposited particles 

and leached mercury from the dam. In contrast, the enrichment of mercury at deeper 

levels in sediments adjacent to the old tailings facilities (e.g. sample WC1 in figure8.16), 

might be due to historical loads of mercury in tailings and seepage from the facilities. 
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Figure 8.25 Trends of Hg species from a sediment profile near the Bokkamp Dam 
 

An unusually high rainfall season preceded the wet season sampling with reported cases 

of overflows from the Dam.  For example, AGA reported that few months after the dry 

season sampling the Bokkamp dam overflowed after receiving 74 mm of rain, releasing 

6.000 kL of water (AGA, 2010).  It has to be recalled that the dam was built with waste 

rocks and tailings. The intensive rainfalls that occurred after the dry season sampling and 

the subsequent overflows from the dam could explain the remobilization of mercury-

bearing tailings and bottom sediments. and its dispersion away from the dam.   

Total metals analysis of the same sediment profile (sample PH) also showed the same 

pattern as for mercury with extremely high concentration at the surface (0-20 cm) and a 

consequent drop at 20-40 cm depth. An example is shown in figure8.26 where the surface 

concentration of iron, cupper and manganese reached the percentage level i.e.  2.4, 7.5 

and 11.4%, respectively (see also table 8.7). 
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Figure 8.26 Example of metals concentrations in the profile adjacent to Bokkamp Dam 
 

8.4.6 Mercury in plants at the Vaal River West area 

 

Plants are known for their ability in accumulating mercury from a variety of sources such 

as dry and wet atmospheric deposition, water contained in the soil, and the available 

mercury released through mineral weathering (Huckabee and Janzen, 1975). Factors that 

may affect concentrations of mercury found in plants include the mercury sources, its 

chemical form and the physiology of the plant species. There may also be differences in 

the amount on IHg and MHg in different plant tissues. Therefore, concentrations of 

mercury in plants reflect the environmental exposure to mercury and ecological niche 

(Moore et al., 1995). 

.Moreover, as plant tissues decompose in the soil, the mercury released can either be 

retained by the soil or transformed into more mobile forms (such as MHg), which may be 

leached to other soil and aquatic systems where it may enter the food chain (e.g. Driscoll 

et al., 1994). Veiga and co-workers (1994) have suggested that elevated concentrations of 

mercury in fish and humans in the Amazon may be related to deforestation activities, as 

well as mining operations. 

 



 228 

Plants samples were randomly collected throughout the site and the concentration of 

selected plants are presented in table 8.10. An example of GC-ICP-MS chromatograms 

obtained during plants speciation analysis is shown in figure 8.27.  

 

 

Figure 8.27 GC-ICP-MS chromatogram of VR plant 60B 
 

Table 8.10 HgTOT and Hg species concentration in selected VR plants 

Type HgTOT IHg ± SD MHg ± SD Sample 

  (µg kg-1) (n=3; µg kg-1) (n=3; µg kg-1) 

%MHg 

40A Algae 70.7 nd nd  
40B Algae 93.8 63.1 ± 1.4 35.4 ± 2.6 35.9 
47 Hyacinth 85.0 74.9 ± 0.2 0.3 ± 0.0 0.4 
60B Reed Typha 59.9 45.5 ± 0.3 8.1 ± 0.1 15.2 
63 Algae 15.7 nd nd  
64A Willow leaves 17.8 nd nd  
66B Phragmites 24.9 nd nd  
69A Phragmites 247.3 244.4 ± 0.2 2.6 ± 0.2 1.1 
74 Enterromorphe 85.1 nd nd  
75 Myrophyllum 27.2 nd nd  

 

HgTOT in VR plants varied between 17 and 207 µg kg-1 whereas speciation analysis of 

selected samples showed MHg concentrations between 0.3 to 35.4 µg kg-1, which 

correspond to 0.4 to 35.9 % of the HgTOT present as MHg.   
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Information on mercury concentrations in plant tissues obtained from the literature 

(Moore et al., 1995) suggest concentrations range from below 10 to more than 10000 µg 

Hg kg-1, with most of the large concentrations measured in samples collected from areas 

that are exposed to high levels of mercury, such as around chlor-alkali plants, cinnabar-

containing mines and volcanoes, and Hg-rich rocks (Moore et al., 1995 and references 

therein). Therefore, excluding these samples in areas of point-source mercury pollution, 

most samples contain between 10 and 300 µg Hg kg-1 and, when separated into groups, 

they form the following general sequence of medians (in µg Hg kg-1): Grasses and herbs 

(20) < Tree and shrub leaves (29) < Aquatic macrophytes (40) < Sphagnum mosses (69) 

< Lichens (170) < Fungi (280). 

 

Results obtained in the present study fell within the above range and also reveal major 

variations in terms of the amounts and ratio between species (figure 8.28)  as well as 

within the tissue (table 8.10). 

 

0

50

100

150

200

250

H
g 

(µ
g 

kg
-1

)

Algaes

Hyacint h

Reed Typha

W
illow leaves

Phragm
ites

Enterrom
orphe

Myrophyllum

VR plants

 

Figure 8.28 HgTOT in selected VR plants 
 

Rasmussen (1995) mentioned that there can be considerable variations in total mercury 

concentrations in plant tissues of the same species collected from one site: the average 

coefficient of variation of HgTOT concentration in samples collected from the same site 
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was 18%.  The relative standard deviation obtained for two algaes collected in the Vaal 

River (samples 40A and 40B) was 20%. However, the author recommends, for 

geochemical exploration purposes, the collection of three samples of each tissue type per 

site. The small number of samples analyzed in the present study and the large variation in 

concentrations within samples collected from the same species prevent drawing firm 

conclusions, although several trends are suggested that are worthy of further study. 

 

Cappon (1987) reported HgTOT concentrations in vegetables from 3 to 139 µg kg-1 and 

MHg concentrations from 0.3 to 30 µg kg-1, equivalent to 0 to 23% of the HgTOT 

concentration. Moore and colleagues (1995) measured concentrations of mercury in the 

plant tissues from 4 to 160 µg HgTOT kg-1 and 0.1 to 139 µg MeHg kg-1. The proportion 

of HgTOT occurring as MeHg in their study ranged from 0.2 to 100%, with the highest 

percentages generally in those species with the largest HgTOT concentrations. 

These authors also noticed that increasing concentrations of the two forms of mercury 

(IHg and MHg), and increasing percentages of HgTOT occurring as MHg (0.5 - 30%). 

were found in plants growing under wet conditions. 

Nsengimana (2007), in his study of the speciation of mercury in the Klip River (SA) 

found much lower concentration of MHg (0.5 to 4.9 µg MHg kg-1) which corresponded 

to 0.7 to 4.9% of total mercury. 

Results obtained in the present study are in agreement with mercury concentrations found 

in plants where the mercury contamination in the area can be classified between a modest 

to a severe type of pollution (Moore et al.. 1995 and references therein). Total mercury 

concentration of 247 µg kg-1 was found in phragmites collected from the Bokkamp Dam. 

It is believed that this high value can be correlated to the elevated mercury concentration 

found in the dam (10245 µg kg-1). Mercury in the phragmites was approximately 2.5% of 

the concentration found in the corresponding sediment. The same observation was made 

with phragmites collected near the West Complex TSF (Sample 66B) which also showed 

about 2.5% (25 µg kg-1) of the mercury content in the adjacent sediment (sample 65B: 

983 µg kg-1).  

As MHg is the form most easily absorbed within the food chain, the occurrence of 

substantial concentrations of MHg in the studied plants is of interest.  The highest 
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proportion of MHg in VR plants (figure 8.29) were also found in samples growing under 

wet conditions i.e. in the Vaal River (sample 40B: 35 µg MHg kg-1) and in the 

Schoonspruit (sample 60B: 8 µg MHg kg-1). 
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Figure 8.29 MHg in selected VR plants  
 

It was not possible to determine from this study if the observed concentrations of MHg in 

plants resulted from its uptake from the soil and soil water, or from intrinsic methylation 

processes in plants. 

It is of importance to note that widespread increases in the atmospheric deposition of 

mercury (Lucotte et al., 1995) may also result in increased concentrations of mercury in 

plant tissues, which in turn may contribute to elevated bioaccumulation of mercury. 

 

8.4.7 TGM measurements at the old mine ventilation shaft 

 

No attempt has been made in this study to evaluate atmospheric deposition of mercury, 

which could add to total mercury in sediments and tailings in the area (Fitzgerald et al., 

1998). Notable increases in mercury concentrations in soils and sediments from 

atmospheric deposition, however, are likely to be restricted to within a few centimeters of 

the surface (e.g. Rood et al., 1995). Also we have not yet attempted to evaluate gaseous 

mercury emission and redeposition, which could reduce or redistribute mercury.  
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However, a pilot study was carried out in order to determine TGM at the outlet of a 

ventilation shaft connecting several old gold mines near Orkney (figure 8.9). Air samples 

were collected at 1.5 m height above the ground using gold traps, as described in chapter 

6. Air was pumped for 10 minutes with a vacuum cylinder through a Teflon tubing line 

(I.D. 1.6 mm; length 1.5 m) to the gaseous mercury trapping device. Air pumping flow 

rate was adjusted at 0.5 L min-1 and continuously controlled during the sampling period 

by a calibrated gas flowmeter (figure 8.30). 

 

 

Figure 8.30 Experimental set-up for Total Gaseous Mercury in air 
 

 

Due to the low capacity of the vacuum cylinder, it was not possible to achieve the 

equilibration step of the air sampler with ambient air. Prior to the sample collection, the 

sampler is usually run during an hour in order to equilibrate the sampling line with the air 

sample. This procedure aims to minimize or avoid any adsorption/desorption of gaseous 

mercury on/from the sampling line walls and thus to improve the accuracy of the TGM 

measurement. 

Thus, only three air sample replicates of 2.8, 5.0 and 1.5 liters have been performed. The 

TGM concentrations measured at the outlet of the ventilation shaft are presented in Table 

8.11. 
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Table 8.11 TGM concentrations in air 

ID Sampling flow 

(ml min-1) 

Volume 

(L) 

TGM 

(ng m-3) 

A1 500 2.8 49.2 
A2 500 5.0 21.8 

A3 350 1.5 31.4 

 

The measured TGM concentrations at the outlet of the ventilation shaft were significantly 

higher than typical background concentrations measured in pristine and open areas, 

where TGM contents usually range between 1 to 4 ng m-3 (Baker et al., 2002; et al.,  

2003; Gabriel et al., 2005; Wangberg et al., 2001). Within urban areas, concentrations are 

found higher and more variable reaching up to 15-25 n gm-3 (Pécheyran et al., 2000; 

Gabriel et al., 2005; Wang et al., 2007). 

TGM concentration in the first sample (A1) could be attributed to a contamination from 

the non equilibrated sampling line. Nevertheless, the sampling line used for the present 

work was quite short (1.5 m) and the mercury retention or contamination on/from its 

walls can be expected to be low. Although A1 shows a higher TGM content than the last 

two samples, the concentrations remain in the same range for the three samples and are 

likely to trace an underground gaseous mercury source from the old mines. 

These results have to be compared with background atmospheric TGM contents in this 

peri-urban area surrounded by old mines. Further air sampling in both shafts and open 

sites is needed to confirm these preliminary results. 
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8.5 Mercury in the West Wits Region 

 

8.5.1 Mercury in West Wits waters 

 

Analytical data for WW waters together with field measurements are shown in table 8.12. 

 

Table 8.12 Mercury in West Wits waters 

Sample T 
(°C) 

pH Eh  
(mV) 

Ec 
(mS cm-1) 

IHg 
(ng L-1) 

%RSD MHg 
(ng L-1) 

%RSD %MHg 

15A 19.8 5.92 387.7 3.82 0.004 6.5 0.292 25.8 98.5 

17A 20.4 6.67 482.9 3.88 0.330 2.0 7.835 6.3 96.0 
19A 20.0 7.51 452 3.64 13.055 2.9 6.547 4.8 33.4 
20A 20.0 7.74 445 3.55 0.195 2.4 3.436 6.6 94.6 
21 20.0 7.8 442 3.53 0.009 15.9 2.680 1.1 99.7 
24B 20.3 8.95 415 2.03 0.099 6.6 0.007 32.2 6.7 
25B 19.3 8.97 384 2.02 0.003 9.4 bdl  0 
26 21.2 8.3 409 2.24 0.558 6.2 bdl  0 
29 20.9 8.29 417 2.23 0.048 3.1 5.305 12.8 99.1 
31 22.4 8.04 443 0.88 0.006 4.5 0.054 2.8 89.9 

 

Except for water sample 19A (19.6 ng HgTOT L
-1), collected from a water dam near the 

TSF compartment 7B (figures 8.10 and 8.31) which showed HgTOT beyond the TEL level 

of 12 ng L-1, mercury values were generally low, and similar to values for waters 

obtained in the Vaal River region. This result could be anticipated, as WW waters were 

collected at the same period with the VR dry season waters. 

Figure 8.x shows amounts of methylmercury versus total mercury (i.e. IHg + MHg) for 

unfiltered waters. In these waters, only 30% (3 samples out of 10) have shown MHg 

concentration below 10% of HgTOT (range: 0 to 7%), which is the range of values 

commonly seen in relatively uncontaminated surface waters with normal methylation 

potential (see e.g. Kelly et al., 1995). 

 



 235 

0

3

6

9

12

15

H
g 

(n
g 

L
-1

)

15A
17A

19A
20A

21 24B
25B

26 29 31

IHg

MHg

 

Figure 8.31 IHg and MHg in WW waters 
 

Proportions of MHg were high in dams (e.g 19A), creeks (e.g. 17A) and streams (e.g. 29) 

(range: 33 to 99% of HgTOT), producing absolute values (0.007 to 7.835 µg MHg kg-1) 

higher than those reported for the VR region. The high proportions of MHg are 

particularly significant, as it shows that conditions within the West Wits Old North 

sampling area may favor methylation of mercury. 

It needs to be noticed that the vegetation in the area is characterized by a consistent 

number of grasslands, wetlands and woodlands (figure 8.32) with an important presence 

of decaying plants providing ideal conditions for mercury methylation. 

Some of the GC-ICP-MS chromatograms of WW water samples exhibited a considerable 

presence of organomercury species with few of them showing unknown peaks (figure 

8.33) similar to those detected in Highveld coals (see chapter 7).  

This could be an evidence of the occurrence of ethylmercury in the site, although little is 

found in the literature to discuss the natural occurrence of this species in water systems 

(see for example Mao et al.. 2008). 
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Figure 8.32 Preliminary mapping of vegetation sub-units at West Wits operations  
(AGA, 2009a) 

 

However, studies have shown that derivatization processes (especially the ethylation) of 

water samples and the extraction of mercury species can be affected by elevated chloride 

content (Stoichev et al., 2006; Yin et al., 2010) and an important presence of humic acid 

(Yin et al., 2010).  

 

 

Figure 8.33 GC-ICP-MS chromatogram of WW water sample 21. 
Note the presence of an important unknown peak at about140 seconds 
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Selected West Wits waters samples demonstrated an important salinity with sulfate (e.g. 

sample 17A: 1981 mg kg-1) and chloride (e.g. 24A: 194 mg kg-1) concentrations higher 

than those reported for some cases of water pollution (e.g. Ashley et al., 2002) and the 

electrical conductivity was always at the mS cm-1 level (except in Wonderfonteinspruit).  

This reveals an important ion activity in the watersheds probably from the acid mine 

drainage generated in the Vaarkenslaagte canal by the oxidized pyrites from TSFs.  The 

presence of elevated chloride concentrations and considerable organic matter content in 

WW waters could also affect the derivatization of mercury species and lead to a wrong 

estimation of their occurrence. Nevertheless, Jia and co-workers (2011) have study the 

effects of common coexisting ions (K+, Ca2+, Mg2+, Cl-, SO4
2-, etc.) in real seawater 

samples on the recoveries of IHg, MeHg and EtHg using, for example, 10.000 µg L-1 for 

Cl- and they obtained recoveries in the range of 89.7%–103.6% for the 3 species. They 

concluded that the interference from coexisting ions was negligible and could, therefore, 

be ignored. In addition, in order to minimize the matrix related concern of the ethylation, 

all the water samples were propylated with NaBPr4, which is reported to provide low 

detection limit for organomercurials (Geerdink, 2007). However, aqueous NaBPr4 

solution is also unstable and the propylation reaction suffers from matrix effects when 

dealing with seawater (Schubert et al.. 2000; Bravo-Sanchez et al., 2004). Depending on 

the purity of the derivatization agent used, artifact formation of EtHg during aqueous 

propylation is sometimes a problem. For example, a previous study reported a conversion 

of up to 2.9% Hg2+ to EtHg during the propylation reaction (Huang, 2005). Although the 

NaBPr4 used in the present study was of high purity (99.999%), a quality control analysis 

with appropriate standard materials is still of importance to confirm the occurrence of 

EtHg, and its magnitude in WW waters. 

 

Elevated sulfur concentrations were also measured in West Wits waters, especially in the 

sample collected from the Vaarkenslaagte canal (15A: 4210 mg sulfur kg-1) where the 

evidence of pyrite oxidation was observed (table 8.13).  
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Table 8.13 Concentration of selected elements (mg kg-1) in WW waters 

Sample Al Ba Ca Co Fe Ir K Li Mg Mn Ni S 
15 A 0.69 0.02 428.5 0.59 27.8 22.1 78.4 0.03 110.6 44.4 0.03 4209.9 
17 A 0.01 0.03 289.2 0.07 0.31 1.24 17.0 0.02 325.4 2.4 bdl 1929.2 
19 A 1.00 0.06 457.9 0.06 0.04 0.64 47.6 0.17 92.6 1.2 0.03 2650.8 
21 Bdl 0.05 175 0.06 0.05 0.62 40.1 0.16 35.6 1.2 0.04 1726.8 
22 Bdl 0.05 420 0.06 0.04 0.67 39.3 0.16 85.2 1.3 0.03 1173.7 
24 B 0.33 0.03 247.4 0.02 0.34 0.12 18.9 0.14 89.6 0.22 0.08 144.1 
25 B 0.02 0.03 bdl 0.02 0.01 bdl 18.5 0.14 27.1 bdl 0.05 174.7 
26 0.08 0.03 218.9 0.02 0.24 0.6 25.0 1.30 84.8 0.22 0.06 198.3 
29 0.48 0.03 237.2 0.01 0.52 0.07 17.9 0.12 90.7 0.13 0.03 622.0 
31 1.14 0.02 75.9 0.01 0.75 0.05 16.1 0.03 41.3 0.12 0.01 607.6 

 

The pH measured at this point was the lowest (pH 5.9) of all the studied WW watersheds 

and with elevated iron and manganese contents (28 and 44 mg kg-1, respectively). 

Oxidizing pyrites in nearby TSF are a possible source for iron, as well as sulfate in the 

canal which is tributary to the Wonderfonteinspruit. This could explain the important 

sulfur of 608 mg kg-1 content measured in sample 31 collected from the Wonderfontein 

stream. 

 

8.5.2 Mercury in West Wits tailings and sediments 

 

Concentrations of mercury and its species in collected tailings and sediments are 

presented in table 8.14, and figure 8.34 is an example of GC-ICP-MS chromatogram 

obtained from the mercury speciation in tailings. 

From the obtained results, the background mercury concentration in the site was estimate 

to be about 35 to 50 µg kg-1. Total mercury concentration in sediments from the WW 

region was lower than concentrations obtained in the VR region with HgTOT in surface 

sediment ranging between 36 and 628 µg kg-1. Only four surface sediment samples were 

beyond the TEL value of 174 µg kg-1 with the highest concentrations measured from 

sediments collected near the old North TSF (sample S/A 10: 414 µg Hg kg-1) and from 

the dam (sample 19F: 628 µg Hg kg-1) as shown in figure 8.35.  
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Figure 8.34 GC-ICP-MS chromatogram of tailings collected from the Old North TSF 
 

 

Figure 8.35 Mercury in surface sediments within the WW Savuka mine area 
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Table 8.14 Mercury in WW sediments and tailings 

Sample 
 (n =3) 

HgTOT 
(µg kg-1) 

IHg 
(µg kg-1) 

%RSD 
 

MHg 
(µg kg-1) 

%RSD 
 

%MHg 

8 267.0 ± 20.7 290.9 ± 3.6 1.3 1.9 ± 0.2 8.7 0.6 

S/A10(0-5) 414.4 ± 41.3 343.4 ± 31.3 9.1 4.3 ± 0.0 0.9 1.2 

S/A10(5-10) nd 229.7 ± 2.0 0.1 6.6 ± 0.4 6.1 2.8 

S/A10(10-15) nd 59.7 ± 3.0 5.0 1.9 ± 0.2 10.5 3.1 

S/A10(15-20) nd 33.4 ± 0.7 2.1 bdl  0.0 

S/A10(20-25) nd 25.9 ± 5.5 21.3 bdl  0.0 
S/A10(25-30) nd 20.0 ± 1.5 7.4 bdl  0.0 
S/A10(30-35) nd 15.2 ± 1.7 11.4 bdl  0.0 
S/A10(35-40) nd 14.6 ± 0.7 4.5 bdl  0.0 
S/A10(40-45) nd 11.6 ± 2.1 18.0 bdl  0.0 
S/A10(45-50) nd 9.4 ± 0.5 5.0 bdl  0.0 
16G(0-2) 49.3 ± 1.9 nd  nd   

ARPD2 265.3 ± 17.6 226.7 ± 5.7 2.5 3.8 ± 0.9 25.3 1.6 

16K(0-5) 38.9 ± 2.1 nd  nd   

16L(0-5) 344.2 ± 13.1 331.8 ± 5.0 1.5 1.9 ± 0.5 26.2 0.6 

16L(5-10) nd 205.0 ± 0.8 0.4 bdl  0.0 
16L(10-15) nd 57.8 ± 1.0 1.7 bdl  0.0 
16L(15-20) nd 55.3 ± 3.2 5.7 bdl  0.0 
16L(20-25) nd 274.7 ± 9.6 3.5 bdl  0.0 
16L(25-30) nd 192.4 ± 2.3 1.2 bdl  0.0 
17E(0-2) 58.5 ± 3.0 nd  nd   

18A(0-2) 206.5 ± 15.6 164.6 ± 2.6 1.6 0.8 ± 0.1 9.2 0.5 

19F(0-2) 628.4 ± 7.6 505.2 ± 1.4 2.3 8.8 ± 0.5 5.8 1.7 

19F(2-4) nd 420.4 ± 2.0 0.5 4.7 ± 0.1 2.1 1.1 

19F(4-6) nd 336.9 ± 16.7 4.9 8.1 ± 2.1 26.6 2.3 

19F(6-10) nd 565.4 ± 15.0 2.6 11.3 ± 1.0 8.7 2.0 

19fF(10-15) nd 76.0 ± 1.8 2.4 bdl  0.0 

19F(15-20) nd 51.4 ± 2.4 4.7 3.0 ± 0.0 0.4 5.4 

23(0-2) 124.9 ± 6.5 119.6 ± 4.7 3.9 bdl  0.0 

30(0-5) 35.9 ± 3.3 nd  nd   

 

 

The mean concentration found in tailings was about 265 µg kg-1 (samples 8 and ARPD2).  

Although the relationship between mercury concentrations in tailings and grain size has 

not been characterized in this study, it was reported that the finest tailings particles (< 2 

mm), such as silt-clay (which is the case in the present study) can be enriched in mercury 

and exhibit concentrations around 200 µg kg-1 (Ashley et al., 2002). 

MHg values for tailings ranged between 1.9 to 3.8 µg kg-1, indicating that there are 

conditions favorable for methylation of mercury occur in these materials in the area. 



 241 

MHg also was identified in all surface sediments with concentrations ranging from 0.8 to 

4.3 µg kg-1, corresponding to 0.6 to 1.2% of HgTOT. As it was the case with water 

samples, the sediment profile collected in the dam (sample 19F) exhibited the highest 

proportion of MHg in bulk sediment with an enrichment observed at 6-10 cm depth (11 

µg kg-1) corresponding to a proportion of 2% of the HgTOT. But the highest MHg 

proportion occurred at deeper layer (15-20 cm) with more than 5% of HgTOT in the form 

of MHg (figure8.36). This suggests an important microbial activity occurring within the 

dam. It still needs to be recalled that the overall methylation rate observed in WW 

sediments falls into the average value of 1 to 3% reported in the literature. 
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Figure 8.36 IHg and MHg in sediment profile 19F (figures in brackets are depth in cm) 
 

8.5.3 Mercury concentrations in West Wits plants 

 

Concentrations found in plants (table 8.15) were also lower (21 to 55 µg Hg kg-1) 

compare to VR plants (16 to 247 µg Hg kg-1). Here again the sample collected within the 

dam (19B) had the highest concentration of HgTOT with a MHg proportion of 7%. Figure 

8.37 shows the chromatogram obtained during speciation analysis of the plant sample 

19B by GC-ICP-MS.  
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Table 8.15 Mercury concentration in selected WW plants 

Sample Type HgTOT   

(µg kg-1) 
IHg ± SD  
(µg kg-1) 

MHg ± SD 
(µg kg-1) 

%MHg 

16Y Phragmites 37.8 nd nd  
17C Typha 31.9 nd nd  
19B Willow 55.0 44.7 ± 2.9 3.5 ± 0.5 7.2 
19H Algae 20.7 nd nd  
32 Algae 42.3 nd nd  

 

 

 

Figure 8.38 GC-ICP-MS chromatogram of WW plant 19B 
 

It was not possible to draw a proper conclusion concerning the mercury uptake in WW 

plants due to the small number of analyzed samples.  

Finally, a general trend was observed from the above results in the WW region which 

consisted on a decrease in mercury concentration (in waters, sediments and plants) 

following the path of the Vaarkenslaagte canal from the old North TSF area to the 

Wonderfonteinspruit, with the highest mercury load, and a consequent MHg production 

occurring in the dam close to the TSF compartment 7B. 
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8.5.4 Summary 

 

The assessment of mercury contamination and the characterization of its distribution and 

transport in the Vaal River West and West Wits regions, as presented in this study, 

allowed us to draw the following conclusions: 

- Mercury contamination from the mining and recovery of gold during the late 19th 

and early 20th centuries is widespread in environmental compartments near 

historic gold mines in the Vaal River West region. Mining operations has led to 

severe contamination of the bottom sediments of reservoirs downstream of the 

mines (Schoonspruit).  

- Both IHg and MHg, which are potential risks to human health and to surrounding 

ecosystems, have been detected at considerable levels in the watersheds where 

mining was widespread. High levels of mercury accumulation found from mine 

sites, receiving waters, and even sediments downstream of mines indicate that a 

large part of the mercury used in gold ore processing was lost to the environment. 

The most elevated total mercury concentrations in waters, sediments and plants 

were found in the Bokkamp Dam and near the pump house behind the dam, 

respectively.  Remobilization of mercury from the bottom sediment at the dam 

and its drainage by runoff during rainy season seems to be the cause of 

contamination of the sediment near the pump house. 

- Mercury was found at concentrations beyond acceptable values from national and 

international criteria in borehole waters, especially in the one located near the 

West Complex North TSF, confirming a severe groundwater contamination. It is 

believed that the contaminations originates from surface activities, probably from 

the leaching of mercury polluted soil and tailings.  

- Enhancement of mercury methylation occurred mainly in bulk sediments at 

regions corresponding to the lowest redox potential, higher pH and enrichment of 

inorganic mercury. A positive correlation was also found between the 

methylmercury, sulfate, organic matter and iron patterns in sediment profiles, 

demonstrating that other factors than the presence of IHg are also influencing the 

methylation process in the site. 
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- The pilot study carried out on the closed ventilation shaft near Klerksdorp 

presented TGM values much higher than those reported for background level and 

even higher than levels obtained within industrial zones. This suggests an 

important underground source of mercury vapour which needs to be investigated 

more extensively. 

- Although the mercury found in waters, sediments and plants in the West Wits 

region was lower than in the Vaal River West, elevated concentrations, 

considering the background level, were found near TSFs with a considerable 

methylation rate.  The study was carried out during the dry season only and, 

therefore, no particular conclusion could be drawn concerning seasonal 

transportation of mercury. Nevertheless, the decrease of mercury level from the 

Savuka Mine area to areas away from the mining site suggests that mining 

operations are probable responsible of the mercury contamination found on the 

site.  

- Important concentrations of heavy metals and sulfur were found in the 

Vaarkenslaagte, suggesting a probable impact of acid mine drainage which seems 

to affect, to a certain extent, the Wonderfontein stream located about 20 km 

downstream.  

- The highest mercury level found in plants, at both study sites, were measured in 

samples collected from areas where the highest mercury concentrations in 

sediments were also obtained. This confirms that the mercury level in plants can 

be a good indication of the magnitude of mercury contamination for a given site.  

- Finally, the occurrence of methylmercury on both sites is of concern due to the 

possibility for this toxic species to enter the food web and bioaccumulate in 

fishes. 

 

Results obtained in this study recommend further investigations in both sites, which 

should include: more gaseous mercury measurements, the determination of dissolved and 

particulates mercury in water, the analysis of a wider range of plants and also of fish 

samples from affected water systems. In addition, a continuous monitoring of the sites as 

well as the analysis of human materials such as blood, urine or hair, from the nearby 
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population, will contribute to a better characterization of the overall biogeochemical 

cycle of mercury in these areas and also to a better assessment of the ecosystem impacts 

resulting from both historic and current mining operations. 
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Chapter 9  
The impact of post gold mining on mercury pollution in the West 

and East Rand regions 
 

 
9.1 Introduction 
 
In the late nineteenth century, soon after the discovery of gold in South Africa, mines 

have developed in the West Rand area (figure 9.1) located about 50 kilometers west of 

Johannesburg. Mining is still developing in the region since the youngest gold-mines in 

South Africa are found in this area (www.deepbio.princeton.edu). 

 

 

Some of the mines have closed down whereas others have changed owners. Underground 

and opencast mining operations as well as the reclamation of sand and slimes dams are 

done in these mines.  The gold-bearing reefs contain an array of minerals such as native 

gold, uranium oxides, traces of platinum and an array of sulfide minerals with pyrite 

being the most abundant.  Most of the mines have produced uranium together with gold. 

 

Figure 9.1 Mines of the West Rand and West Wits Line Mining Areas 
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Among the mining companies operating in the West Rand area there is Rand Uranium 

which operations are located just 30 km from the heart of Johannesburg, near 

Randfontein, as shown in figure 9.2.  

 

 

Figure 9.2 Location of the Rand Uranium and its neighboring mines 
(Source: www.randuranium.co.za) 

 

In 2008, Rand Uranium bought part of the cooke shafts and associated uranium assets 

that used to belong to Randfontein Estates Limited, a wholly owned subsidiary of 

Harmony Gold Mining Company Limited. The assets acquired included 3 cooke shafts; 
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one cooke Plant and some uranium and gold tailings dumps such as Dump 20, as 

represented in figure 9.2 (www.harmony.co.za (a and b); www.prf1.com). 

The Millsite Gold Plant (figure 9.2) was commissioned in 1911 and, as a result of the 

milling and processing technology of the day, could not fine grind the ore to extract the 

contained gold, creating the Sand Dump (Dump 20) with a relatively high residual gold 

grade (0.46 g t-1) (www.randuranium.co.za) and, therefore, the interest of reprocessing 

the tailings to recover the remaining gold. 

 

Lang (2007) reported that, in 2002, acidic water began decanting out of a disused mine 

on Randfontein Estates about 42 kilometres south-west of Johannesburg, a property 

belonging at that time to Harmony Gold. While some of this acidic water was produced 

by Harmony's own operations, a large proportion was generated by its competitors.  

The author also reported that the water coming out of the disused mine in Randfontein 

could not simply be channelled into the nearest river because it was far too acidic and 

could have had serious consequences for the environment. 

As an emergency measure, Harmony fed the water into Robinson Lake, at that time a 

popular recreational area where fishing was a favourite pastime. Today the lake has very 

high levels of uranium and a pH level of 2.2 which makes it completely incapable of 

sustaining any life forms. 

The mining company claimed in its 'Sustainable Development Report 2007' that it "treats 

the water to acceptable standards given the current treatment technologies available" and 

Lang (2007) to conclude said:” What Harmony finds acceptable, however, may be less so 

to environmentalists”. 

 

The main difficulties encountered when investigating the post-mining influences of 

mining areas in South Africa, especially in relationship with closed and abandoned 

mines, are as follow (www.deepbio.princeton.edu): 

- The mine was abandoned, thus there is no traceable responsible authority. 

- The mine is listed as abandoned, but has actually been amalgamated into a larger 

company, sections of which are still active.  For this reason, the holding company 

does not consider the mine to be closed. 
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- Many of the mines listed as “closed” have changed ownership and are still 

operating, perhaps mining different reefs or doing reclamation work under a new 

name, as it is the case with the Rand Uranium. 

- The holding company is unwilling to submit information.  There may be 

numerous reasons for this; the most probable being the effort required is seen as 

unprofitable. 

- The access to the mining area is not easily granted or is limited to areas under the 

supervision of the holding company.  

 

Concern has grown in recent years that acidic water flooding abandoned mine tunnels 

under Johannesburg will soon spill over into the watertable of the surrounding 

Witwatersrand Basin, threatening the health of millions of residents (Feuilherade, 2010). 

A large portion of this mining area has been influenced by mining activity and some of 

these influences include: 

- The aquifers have been subjected to extreme dewatering stresses. 

- Mining and industrial development are extensive. 

- Mining, industrial and human wastes have been disposed of in this area. These 

have created surface and groundwater pollution sources and related problems. 

Unfortunately, the extent of the problem remains obscure. 

- There has been no overall monitoring program and much of what is feared about 

pollution in the area relates to individual perceptions, for example fears about 

refuse sites which may be polluting.  Many of the mines are in the process of 

establishing such monitoring networks. 

- The mines are dewatering.  This causes local, deep cones of depression and draws 

groundwater into the mine, thus the subsurface water pathways have been altered 

and may be complicated, making it even more difficult for a reliable monitoring 

program to be established. 

 

While it is of common knowledge that gold extraction in these mines has been initially 

processed using mercury amalgamation, no particular information could be found in the 
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literature that has specifically dealt with the ecological impact of historical use of 

mercury in the area.   

That is why, in the present chapter, an attempt was made to assess the long-term post-

operative legacy of gold mining in terms of mercury pollution and fate in the Randfontein 

area (West Rand). Metals associated with mines located in this area have been reported to 

travel hundreds of kilometers and impact downstream ecosystems 

(www.deepbio.princeton.edu). This study is also an initial step toward identifying 

mercury sources to this environmental compartment. 

 

In addition, mining companies extracting ore in the Witwatersrand area, to the west as 

well as east of Johannesburg, have created a 300 km labyrinth of interlinking passage 

(www.deepbio.princeton.edu). 

Therefore, as mentioned previously, in order to place our work in a regional context on 

the Witwatersrand Basin, a study was also carried out on the East Rand (Ekurhuleni) near 

Johannesburg (figure 9.3), in an old mine property which contains a partially cleaned 

TSF footprint, and in the adjacent Scaw Metals Rietfontein B landfill, an old clay quarry 

which contains mine tailings from Ergo and mixed mining and metals waste.  

Scaw Metals, a metallurgical group belonging to Anglo American, has reported to 

restoring the Rietfontein landfill site and, following a pilot study, the site was fully 

planted in 2006 with trees and plants specially selected for their tolerance to adverse 

conditions and ability to remove pollutants from land, waste and water 

(www.angloamerican.com). 

The company has mentioned that researchers from a number of universities such as the 

University of the Witwatersrand (SA) and Tel Aviv University (Israel) have collaborated 

on the project and, using aerial survey and monitoring work, including geo-hydrological 

studies, these researchers have found no mineral contamination of the planted areas 

around the site. The project was reported to complete planting at the site in early 2008 

(www.angloamerican.com). 
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Thus, it was found worth it to determine the current level of mercury on the site 

sediments and plants in order to assess the impact of phytoremediation works performed 

on the site.  

 

9.2 Site description 

 
This study investigated the speciation and fate of mercury in the decanting JCI Anglo 

American shafts and boreholes (now Harmony/Rand Uranium), and the receiving creek, 

wetlands and dams. The creek drains within a very old gold mining area located in 

Randfontein near Krugersdorp and receives both acidic water discharged from subsurface 

mine tunnels (acid mine drainage, AMD) and runoff from surrounding surface mine 

waste piles (slimes dam) (figure 9.4).  

 

Figure 9.3 Location of study sites 
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This creek also drains to the Krugersdorp Game Reserve wetlands. The game reserve is 

separated to the mining site by the Rustenberg road or R24 (figure 9.5).  

  

The headwater of the drainage lies in an area in which there is an important and old 

slimes dam (figure 9.5). The creek is susceptible to flooding during summer rainfalls but 

discharge in the creek during the dry season is sustained by groundwater through inflow 

from seepage zones. 

 

Figure 9.4 Map of the study area in Randfontein (Source: Google) 
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Figure 9.5 The Randfontein sampling area 
 

The area is characterized by the presence of a bright red crust (figure 9.6), typical of iron 

oxide ores (Naicker et al., 2003). 

 

 

 
Figure 9.6 View of the land in the Randfontein site 
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Samples were collected during dry season, following the protocols presented in chapter 5, 

from boreholes, wetlands, dams and along the creek over a distance of approximately 10 

km downstream of the mining area to the Krugersdorp Game Reserve (figure 9.7). In 

addition, water samples were taken in an adit that drains within the formal Rand Uranium 

and discharges into the creek. 

 

 

 
 
 

 

Figure 9.7 The Randfontein sampling points 
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A description of collected samples and the corresponding GPS location are presented in 

table 9.1. 

 
Table 9.1 Description of the Randfontein sampling 

Sample 
ID 

Description GPS 

78A-E Water samples at different depths (1, 10, 
20, 30 and 50m) from a borehole (“17 

winds”) sunk before 1st world war  

S26°07.295' E027°43.279' 

80A Sludge/sediment near the “17 winds” S26°06.914' E027°43.382'  
80B Water near the “17 winds” S26°06.914' E027°43.382' 

  West Rand, Rand Uranium   
81A,B,C Algae   
82A-C Typha   
83A Water sample clearest (“18 winds”) S26°06.896' E027°43.484' 
83B Water: dirty section "near sack weir"  S26°06.898' E027°43.488' 

  Wetland   
86A Soil and algae S26°06.712' E027°43.380' 
86B Typha   
87 Sediment S26°06.712' E027°43.350' 
88 Water upstream of sediment S26°06.712' E027°43.350' 

89A Algae   
90 Water in reeds downstream from 87 & 88   
91 Water from borehole   
92 Soil core S26°06.712' E027°43.350' 
93 Soil core   
  Krugersdorp Nature Reserve   

94 Water sample Hippo pool S26°05.954' E027°43.262' 
95 Sediment hippo pool S26°05.977' E027°43.207' 
  Lion camp Dam   

97 Sediment   
98 Soil core S26°05.128' E027°42.560' 
99 Soil core S26°05.117' E027°42.531' 
100 Sediment S26°05.977' E027°42.207' 
103 “Clean” water S26°04.615' E027°41.956' 
105 Sediment   
106 Sediment   

 

 
The sampling campaigns for the Rietfontein site was also organized in late winter and, 

due the dry conditions found in the site during the sampling, only one water sample was 

collected from a sump. The sampling details are presented in table 9.2. 
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Table 9.2 Description of the Rietfontein landfill sampling 
Sample ID Description GPS 
Sump1 Landfill leachate from sump - 
2a Sediment core S26°18.104’; E028°25.170’ 
2b Sediment core S26°18.104’; E028°25.169’ 
3 scaw Sediment core S26°18.106’; E028°25.170’ 
4 scaw Sediment core S26°18.109’; E028°25.169’ 
5 scaw Dry sediment crust in dam  S26°18.107’; E028°25.170’ 
5 adit (0-20 cm) Surface soil next to adit entrance S26°18.195’; E028°25.627’ 
6 adit (0-20 cm) Surface soil midway between rock 

dump and shaft 
S26°18.205’; E028°25.619’ 

7 Waste rock - 
 Trees on landfill  
Rp1 Rhos pendolina (deciduous) S26°18.128’; E028°25.186’ 
Rp2 Rhos pendolina (deciduous) S26°18.130’; E028°25.203’ 
Rl1 Rhos lancea (evergreen) S26°18.133’; E028°25.183’ 
Rl2 Rhos lancea (evergreen) S26°18.132’; E028°25.199’ 
C1 Combretum erythrophyllum 

(deciduous) 
S26°18.134’; E028°25.200’ 

C2 Combretum erythrophyllum 
(deciduous) 

S26°18.138’; E028°25.212’ 

T1 Tamarix usneoides (evergreen) S26°18.134’; E028°25.188’ 
T2 Tamarix usneoides (evergreen) S26°18.138’; E028°25.206’ 
1-6 Typha Typha capensis (a reed) - 
Phragmites 
australis (a reed) 

In small dam - 

1-6 Schoenopledus Schoenopledus sp (a sedge) in small 
dam 

- 

ε1 Eucalyptus sp (leaves + bask) S26°18.193’; E028°25.626’ 
ε2 Eucalyptus sp (leaves + bask) S26°18.194’; E028°25.626’ 
ε3 Eucalyptus sp (leaves + bask) S26°18.212’; E028°25.621’ 

 

 

Sediments were collected from a dry pond and near a waste rock pile site. Leaves were 

also taken from phytoremediation trees mainly from the oldest planting site and also near 

the waste rock pile (figure 9.8). 
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9.3 Results and Discussion 

 

9.3.1 Mercury in waters 

 

Mercury concentrations determined in waters collected from both sites and the ancillary 

data are presented in table 9.3.  

At the Randfontein site, all analyzed waters were acidic with pH ranging between 2.9 and 

5.0 (table 9.3), except for sample 94 collected from the game reserve which showed a pH 

value of 7.8. It has to be mentioned that at the boundary between the mining site and the 

game reserve, the pH is increased by the company that owns the mine in order to 

precipitate soluble metals and therefore, minimize the contamination in the water 

draining to the natural reserve.  

The total mercury concentrations (i.e. IHg + MHg) measured in unfiltered surface waters 

at the Randfontein site varied from 0.01 to 222.76 ng L-1 and averaged 52.38 ng L-1. 

Mercury concentrations in 4 samples (samples 88, 90, 91 and 94) nearly reached or 

Figure 9.8 GIS image of the Rietfontein (“Scaw metals”) sampling site  
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exceeded the 12 ng Hg L-1 that the EPA indicates may result in chronic effects to aquatic 

life (US EPA, 1992).  

 
Table 9.3 Mercury concentration and field measurements of Rietfontein (in red) and 

Randfontein water samples 
Sample pH T 

(°C) 
Eh  

(mV) 
 Ec  

(mS cm-1) 
HgT 

 (ng L-1) 
IHg 

(ng L-1) 
% 

RSD 
MHg  

(ng L-1) 
% 

RSD 
% 

MHg 
Sump1 7.43 20.0 153 3.40 0.174 0.122 2.7 0.052 5.4 29.6 

78A 4.77 20.5 349 3.88 0.237 0.144 5.9 0.093 7.8 39.3 
78B 4.73 20.2 354 3.92 0.110 0.043 32.3 0.067 8.3 61.0 
78C 4.66 20.2 345 3.93 0.530 0.481 1.3 0.049 52.6 9.3 
78D 4.74 20.6 311 3.90 1.986 1.897 14.7 0.088 10.3 4.5 
78E 4.63 20.3 305 3.93 0.897 0.837 27.3 0.059 79.3 6.6 
83A 4.96 20.9 282 5.28 3.290 1.766 51.0 1.524 4.5 46.3 
83B 4.9 20.9 309 5.26 0.010 0.010 3.2 bdl -  0.0 
88 3.09 21.0 560 5.20 159.012 158.975 1.4 0.038 1.8 0.0 
90 2.91 20.0 620 5.20 11.839 11.800 3.5 0.039 1.2 0.3 
91 3.06 21.1 550 5.19 222.754 220.636 3.5 2.118 35.2 1.0 
94 7.76 17.9 374 4.05 17.637 17.578 2.9 0.059 12.0 0.3 

 

Mercury concentration in waters was variable within the site and the highest mercury 

levels were found in the creek draining from the mining area, which has a history of more 

than a century in gold extraction, to the game reserve. 

It has to be noted that sample 94 which also showed mercury beyond the threshold value 

of 12 ng L-1 was collected within the game reserve which shows that, although liming is 

performed to reduce the metal content in water, mercury is still found at a considerable 

level within the game reserve.  

Mercury values in Randfontein waters were lower than in some areas affected by gold 

mining with amalgamation and mercury mining, such as in some China provinces (Dai et 

al., 2004). However, these values were obviously higher than what measured in natural 

waters (e.g. Leermakers et al., 2001). This showed that the mining area has been affected 

to a certain extent by mercury pollution obviously due to the long period of gold mining 

activities. 

 

AMD discharges from the adit at the Rand Uranium to the creek and forms a tributary 

that flows few hundred meters through the inoperative mine site.  
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A hard orange precipitate covers the bed of the tributary (figure 9.9). The acidic water 

from the Rand Uranium enters a pond before mixing with the mine creek and, at this 

point of discharge from the adit, the water was clear with a pH of approximately 5.0. 

HgTOT at this point was about 3.3 ng L-1 (sample 83A), which was similar to the mercury 

level measured upstream (sample 80B: 4.3 ng Hg L-1), as shown in table9.3. 

 

 

 

 

Physico-chemical properties of the AMD from the creek adjacent to the pond were 

different from AMD at the adit. The HgTOT within the creek ranged from 11.8 to 159.0 ng 

L-1, which is substantially greater than values measured in the adit. The pH dropped to 

2.9 and the redox potential increased to values as high as 620 mV (samples 88 and 90 in 

table 9.3). The drop in pH from 5.0 in the pond to 2.9 within the creek and increase of Eh 

from 0.28 to 0.62 V (figure 9.10) may be a result of enhanced pyrite oxidation of the 

slimes dam materials which enter the creek, as it was also observed by Ganguli and 

colleagues (2000). 

 

Figure 9.9 View of the adit within the Rand Uranium site 
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Figure 9.10 Eh–pH relationships of all samples.  
(*) The Hg value reported for the game reserve is for one sample only   

 

Because the mine was in almost continuous operation for about a century (this takes into 

account the reprocessing of tailings), the generated waste likely contains readily 

mobilized forms of mercury which will be discuss further. Waste materials (tailings) are 

therefore a potentially large reservoir of labile mercury and, therefore, the high 

downstream mercury concentrations in the mine creek may be attributed to leaching of 

materials exposed to surface weathering conditions.  

 

Groundwater conditions within the mining area is very acidic, as measrured from 

boreholes (samples 78A-E and 91) with an average pH of 3.9, and has high sulfate and 

heavy metal concentrations (tables 9.3 and 9.4). Seepage water in the mining area is also 

characterized by high sulfate and heavy metal concentration, and the pH is relatively 

lower that the groundwater. This is the result of iron oxidation as the groundwater 

emerges at the surface, which further lowers the pH (Naicker et al., 2003). 
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Table 9.4 Concentrations (mg kg-1) of selected elements and anions in Randfontein 
waters 

Sample Al  Bi  Ca  Co  Cu  Fe Li Mg  Mn  Ni Cl-  S04
2-  

78 A 18.0 0.4 738.0 5.0 0.4 1012.0 0.3 325.0 87.0 5.0 13.8 770.2 
78 B 35.0 0.3 738.0 6.0 0.4 1202.0 0.3 34.7 164.0 10.0 21.0 840.4 
78 C 26.0 0.3 475.0 4.0 0.4 804.0 0.3 223.0 69.0 5.1 18.0 595.7 
78 D 58.0 0.5 350.0 9.0 0.6 710.0 0.3 545.0 171.0 16.0 30.0 535.1 
78 E 23.0 0.4 523.0 4.0 0.5 921.0 0.3 245.0 77.0 6.0 66.0 674.1 
80 B 28.0 0.6 1569.0 14.0 0.8 3463.0 0.4 720.0 292.0 25.0 110.0 2267.0 
83 A 12.1 0.5 816.0 10.0 0.8 1720.0 0.4 361.0 111.0 12.0 21.8 1201.2 
83 B 9.9 0.5 859.0 8.0 0.8 1650.0 0.4 382.0 115.0 11.0 20.1 1240.8 
88 44.3 2.8 381.0 3.8 0.8 362.0 1.0 172.0 276.0 11.0 82.0 298.4 
90 37.0 2.8 534.0 4.0 0.7 423.0 1.0 233.0 386.0 11.0 129.0 305.1 
91 70.0 2.5 938.0 7.0 0.8 935.0 0.9 403.0 630.0 19.0 23.0 682.8 
94 bdl bdl 856.5 0.1 bdl 0.4 0.5 138.6 9.1 0.1 12.4 301.8 
96 bdl 0.1 587.8 0.1 bdl 0.5 0.3 86.7 9.9 0.1 12.8 322.5 
102 bdl 0.1 631.2 bdl bdl bdl 0.4 94.1 8.0 0.1 15.6 289.3 
103 0.3 bdl 22.4 bdl bdl 0.5 bdl 140.0 0.4 bdl 1.0 3.4 
104 0.3 bdl 23.4 bdl 0.1 0.5 bdl 14.7 0.4 bdl 0.8 3.6 

 

As mentioned previously, the pH within the mining area is low, ranging between 2.9 and 

5.0. Heavy metals and sulfide (or sulfate) concentrations are dramatically high, due to the 

inflow of acidic ground water. In the north of the mining area i.e. within the game 

reserve, the pH rises (6.9 to 7.8) and metals concentrations decrease considerably going, 

in some cases, below methods detection limit (See samples 94 to 104 in tables 9.3 and 

9.4). The pH increase and the subsequent metals reduction within the game reserve can 

be attributed to the liming performed at the boundary between the mining area and the 

game reserve and also to the dilution from tributaries draining within the reserve.  

 

On another hand, the MHg concentrations in Randfontein waters were relatively uniform 

(figure 9.11), ranging between 0.04 to 1.52 ng L-1, except for the sample 91 (2.12 ng 

MHg L-1) which was collected in a borehole near wetland and which also showed the 

highest HgTOT (222.76 ng L-1). The uniform MHg concentrations measured in the water 

may be a result of a balance between microbial methylation and demethylation as 

suggested by Ganguli and colleagues (2000) in their study on the mercury speciation in 

drainage from the New Idria Mercury Mine (USA). The high MHg value observed in the 

borehole may be attributed to the considerable availability of IHg (220.64 ng L-1), caused 

by the high Eh and low pH conditions, whereas the elevated MHg of 1.52 ng L-1, and 



 262 

corresponding proportion of 46.3% to the total mercury, observed in the pond (sample 

83A) may be the consequence of bacterial activities under the reducive condition (Eh = 

0.28V) observed in the pond (table 9.3). The high iron load measured at this point (see 

table 9.4) could also be an important contributor to the mercury methylation. 
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Figure 9.11 Mercury species in Randfontein surface water 
 
 
9.3.2 Mercury methylation in the old water borehole 
 
Factors that favor the mercury methylation in Randfontein water have been investigated 

in the case of  a profile from an old borehole (figure 9.12) sunk before the 1st World War 

and which is located not far from the Dump 20 of the Rand Uranium. Samples were 

collected from the surface to 50 meters depth at 10 meters interval each. Figure 9.12 

presents different patterns obtained for Eh, pH, IHg and MHg in the profile. 
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(The dashed area corresponds to the probable region of MHg production) 

 

It can be seen from the above figure that the highest MHg value (0.093 ng L-1) was at the 

surface water. MHg decreased with depth but increased again at about 30 m depth (0.088 

ng L-1). In this zone, the IHg was at its highest value (1.897 ng L-1) and the Eh was low 

(311 mV). Although the pH did not vary much in the profile, the value obtained at this 

point (pH 4.74) was close to the highest one measured at the surface (pH 4.77). The same 

trend was also observed in Vaal River sediment at the Schoonspruit (see chapter 8). 

Therefore, the mercury methylation within the old borehole may occur in deep water 

under the most reducive conditions but, due to its mobility, MHg migrates to shallow 

levels.  

 

Figure 9.12 Mercury species, Eh and pH trends in the old Randfontein borehole 
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It is important here to recall that the borehole water may also be a subject of continuous 

methylation and demethylation processes which probably affects the overall methylation 

rate in the study system. Further investigations need to be done to explain this 

mechanism. 

The water sample collected in the sump at the Rietfontein site (sample “sump1”) 

exhibited similar trend as the surface water from the Randfontein old borehole (table 9.3), 

except for the pH which was much higher (pH 7.43) in Rietfontein than in the acidic 

water at the Randfontein site. Therefore, the low Eh (153 mV), the IHg content (0.122 ng 

L-1), and of course the pH could be factors controlling the methylation in the sump. The 

MHg (0.052 ng L-1) proportion to HgTOT at this point was about 30% and was in the same 

range than the proportion found at the surface of the Randfontein old borehole of 39%. 

Both IHg and MHg were identify in the Rietfontein water at concentrations 

corresponding to values measured in waters from non impacted area, which implies that 

no mercury contamination was observed in the Rietfontein water, although this has to be 

taken with caution since only one water sample was analyzed from the site due to the dry 

conditions mentioned earlier. A sampling during rain season will be important for more 

conclusive results. 

On another hand, it was surprising to find low mercury level in the Randfontein old 

borehole (0.237 ng Hg L-1 at the surface) since it is located near AMD and close to old 

dumps which are known to contain wastes from historic gold mining operation and, 

therefore, mercury waste from amalgamation processes. Volatilization of mercury to the 

atmosphere during the dry season may explain the above observation. Here again, a wet 

season sampling will provide interesting data for a more complete discussion of the 

mercury occurrence in the Randfontein site.  
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9.3.3 Mercury in soils and sediments 

 
Mercury concentrations in Rietfontein surface sediments are shown in table 9.5.  

Table 9.5 Mercury in Rietfontein sediments 
Sample 
(n = 3) 

HgTOT 
(µg kg-1) 

IHg 
(µg kg-1) %RSD 

MHg 
(µg kg-1) %RSD %MHg 

2A scaw 62.8 ± 6.4 n/a  n/a   
2Bscaw 87.1 ± 9.2 78.3 4.3 6.4 1.5 7.6 
3scaw 72.9 ± 5.4 n/a  n/a   
4scaw 68.7 ± 7.6 n/a  n/a   
Adit5 68.4 ± 4.2 n/a  n/a   
Adit6 125.0 ± 8.2 64.5 2.1 bdl 0.0 0 

Total mercury values in Rietfontein ranged between 63 and 125 µg kg-1 (figure9.13) with 

an arithmetic mean of 81 µg kg-1.  
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Figure 9.13 Mercury in Rietfontein surface sediments 

 

These concentrations are closed to background values obtained in Vaal River sediment 

and confirm, as it was the case for the water sample, that no particular contamination was 

observed in the Rietfontein site. The highest mercury value was measured in a sample 

collected near the waste rock pile (sample “adit6”). This “high” value, which is still 
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below the EPA threshold level of 174 µg kg-1, could also be due to the fine grain size of 

the material around the waste pile.  

 
Results of sediments and soils analyses from the Randfontein site are presented in table 

9.6 and figure 9.14 shows an example of GC-ICP-MS chromatogram of a soil sample. 

Total mercury values in the Randfontein surface sediments (or soils) ranged from 46 to 

2207 µg kg-1, with an average of 972 µg kg-1.  

 

Table 9.6 Mercury in Randfontein soils and sediments 
Sample 
(n = 3) 

HgTOT 
 (µg kg-1) 

IHg  
(µg kg-1) %RSD 

MHg  
(µg kg-1) %RSD %MHg 

80A 87.6 ± 6.7 n/a  n/a   

86A 2316.3 ± 163.5 2090.2 1.5 5.9 9.1 0.3 

87 2206.8 ± 131.0 1318.8 1.8 8.0 6.4 0.6 

92 (0-2) 1982.9 ± 145.8 1397.5 1.2 1.9 14.6 0.1 

92 (2-4) n/a 1256.6 0.4 1.6 15.5 0.1 

92 (4-6) n/a 978.9 3.2 1.8 16.7 0.2 

92 (6-8) n/a 1244.9 3.5 0.9 13.3 0.1 

92 (8-10) n/a 1782.1 7.8 2.5 4.8 0.1 

92 (10-15) n/a 941.7 6.3 2.8 6.8 0.3 

92 (15-20) n/a 962.9 1.3 4.1 9.7 0.4 

93 (0-2) 2580.6 ± 103.8 1734.4 0.9 10.4 5.3 0.6 

93 (2-4) n/a 1268.8 1.7 3.0 1.8 0.2 

93 (4-6) n/a 1255.9 0.3 3.2 4.5 0.3 

93 (6-8) n/a 1211.6 3.9 2.9 3.0 0.2 

93 (8-10) n/a 1319.8 0.1 4.3 2.5 0.3 

93 (10-15) n/a 1864.0 0.8 49.0 3.1 2.6 

93 (15-20) n/a 3901.7 0.0 81.5 5.8 2.1 

95 47.7 ± 3.5 n/a  n/a   

97 390.6 ± 22.3 286.4 0.4 6.5 1.1 2.2 

98 (0-2) 756.9 ± 38.8 653.2 1.9 3.7 5.6 0.6 

98 (2-4) n/a 641.4 2.8 11.3 3.5 1.7 

98 (4-6) n/a 655.3 1.2 29.1 3.8 4.3 

98 (6-10) n/a 442.8 2.1 10.3 2.3 2.3 

98 (10-15) n/a 324.1 4.9 1.0 17.1 0.3 

98 (15-20) n/a 283.6 1.9 1.6 16.5 0.6 

98 (20-25) n/a 140.2 1.1 0.9 20.4 0.63 

100 220.7 ± 17.4 192.5 3.9 5.7 1.9 2.9 

105 60.5 ± 4.3 n/a  n/a   

106 45.7 ± 2.2  n/a  n/a   
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In many cases these values significantly exceeded the soil mercury background 

concentration in this area (i.e. about 45 µg kg-1). Here, the average value was more than 

10 times higher than the mercury mean value for Rietfontein sediments. The mercury 

concentration in wetland soils (i.e. samples 87, 92, 93 and 98) was found higher than 

elsewhere. This can be attributed to the known retention capacity of metals in 

wetlands.Dixon (1997) in his study on background concentrations of metals in wetland 

soils has reported a mean background value below 36 µg kg-1 for mercury (range: <11.50 

to 300 µg kg-1). Concentrations obtained in the present study were significantly higher 

(range: 1983 to 2316 µg kg-1) than the background level reported by Dixon, which 

confirms the contamination from historical mining operations in the area. 

 

 
 
 

 

Generally speaking, mercury in soils is the source of the mercury found in waters. Soils 

are also considered as the sink of mercury from waters through precipitation or 

adsorption processes. In this study, correlation analyses have shown that mercury 

concentration in soils was positively correlated to mercury from waters with a regression 

coefficient of 0.54 (figure 9.15).  

Figure 9.14 Example of GC-ICP-MS chromatogram of Randfontein sediments 
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This shows that the change in mercury content of Randfontein waters is also decided, 

among other factors such as atmospheric volatilization, by the exchange between soil and 

water. 
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Figure 9.15 Correlation between Hg concentrations in waters and corresponding soils 
 

Remarkably, total mercury concentrations in the Randfontein site increased first, and then 

decreased from upstream to downstream (figure 9.16), mostly due, as mentioned earlier, 

to dilution of tributary downstream or water treatment occurring at the boundary between 

the mining area and the game reserve. 
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.  

Note the number of red dots (i.e. Hg ≥ 750 µg kg-1) within the mining site compared to 
the game reserve 

 
 

This may explain the significant decrease of mercury level observed in sediments going 

from the mining site to the game reserve (figure 9.17) and also confirms that mining 

operations are the main source of pollution in the area. 

These results agree with those derived from some Brazilian gold mining areas (Pestana et 

al., 2000 and the reference herein), where a pattern of highly contaminated sediments 

near gold mine wastes and lower concentrations away from these sites was observed. The 

existence of a relationship between mercury contents in soil and distance with respect to 

the source was also recently observed by Santos-Francés and colleagues (2011) in the 

Cuyuni River basin (Venezuela). The mercury contents in their study varied according to 

the distance from the source and, as the distance from the source of pollution increase a 

gradual decrease in the mercury concentration was observed. These authors also 

mentioned that dispersion halos are not very extensive and are influenced by the 

Figure 9.16 Mercury in the Randfontein site. 
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intensity, turbulence and dominant direction of the wind, soil texture, topography, and 

rainfall runoff. 
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Figure 9.17 HgTOT in Randfontein surface sediments from the mining area (green) to the 

Krugersdorp Game Reserve (yellow).  
Distances are estimated departing from the headwater 

 

9.3.4 Mercury methylation in soils and sediments 

 

Methylmercury concentrations in Randfontein surface sediments/soils were between 0.9 

to 10.4 µg kg-1 with a mean of 5.4 µg kg-1 (table9.6 and figure9.18). The corresponding 

percentage MHg ranged between 0.1 and 2.2%. 
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Figure 9.18 Mercury species in Randfontein surface sediments 
 

 

The highest MHg proportions were found in sediments from the game reserve. This is 

understandable since a natural reserve is expected to contain high level of organic matters 

which is, by the way, confirmed by the high percentage of carbon found in the sediment 

profile 98, collected within the reserve, compared to percentages always below 1 of 

sample profile 93 taken from the mining area (table 9.7).  

Moreover, the percentage of MHg to the total mercury concentration can be a useful 

index to describe the degree of pollution of a given water system. Usually, MHg 

concentrations in bottom sediments vary between 1 and 1.5% whereas in non-polluted 

areas this index takes values lower than 1 (Boszke et al., 2003; Kannan and Falandysz, 

1998). Methylmercury proportions obtained in the present study, in particular from 

samples within the natural reserve, are proof that active mercury methylation processes 

are occurring in the creek sediment in the Randfontein site which needs to be monitored 

carefully due to the possibility of MHg accumulation in the aquatic food chain at the 

natural reserve. 
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Table 9.7 Carbon, Sulfur, Chloride and sulfate contents in selected sediment profiles 
from the Randfontein site 

Sample C 
(%) 

S 
(%) 

Cl  
(mg kg-1) 

SO4 

(mg kg-1) 
93 (0-2) 0.21 0.44 29.8 7399.1 
93 (2-4) 0.17 0.38 24.2 6428.7 
93 (4-6) 0.17 0.35 18.5 5159.0 
93 (6-8) 0.22 0.36 15.2 4389.9 
93 (8-10) 0.37 0.43 16.4 5032.1 
93 (10-15) 0.41 0.54 24.9 6431.5 
93 (15-20) 0.60 0.75 31.2 7088.7 
98 (0-2) 5.58 0.04 38.7 9155.5 
98 (2-4) 5.89 0.05 21.6 3889.5 
98 (4-6) 5.37 0.08 17.7 2915.7 
98 (6-10) 4.00 0.01 13.9 1804.6 
98 (10-15) 2.32 0.00 10.2 1371.9 
98 (15-20) 1.73 0.01 7.9 1308.8 
98 (20-25) 1.25 0.00 9.8 1091.9 

 
 

9.3.5 Mercury in sediment profiles 

 
Boszke and co-workers (2003) have reported that the natural HgTOT in the bottom 

sediments can vary from 10 to 200 µg kg-1 of dry mass, which is of the same order of 

magnitude as noted in non-polluted soils. These authors also mentioned that very high 

concentrations of mercury can be found in the sediments from highly polluted areas 

reaching values as high as several hundreds mg kg-1 of dry mass. The above statements 

agreed perfectly with our findings since HgTOT in bottom sediments from the less 

impacted area, i.e. at the game reserve, was about 757 µg kg-1 (sample 98)  whereas 

mercury values from the mine bottom sediment samples reached values as high as 2581 

µg kg-1 (sample 93). This shows the importance of the pollution at the mining site.  

 

Moreover, while soil profiles in the area generally showed increasing mercury 

concentrations toward the surface, with the highest concentration found in the top 2-10 

cm of the profiles, the soil profile of sample 93 collected from the wetland in AMD had a 

different pattern (figure 9.19), with a substantial mercury enrichment at 15-20 cm depth.    
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(Note the metal enrichment 15-20 cm depth) 
 

The general patterns observed in this area may be attributed to downward migration of 

metals from tailings dumps while the bulk enrichment in the mine soil profile may be 

caused by the enrichment of organic matter content with depth in the soil (Rosner and 

van Schalkwyk, 2000). A relatively strong correlation (R2 = 0.74) was found between the 

organic matter content, expressed here as percentage of carbon, and total mercury in the 

soil profile 93 (figure 9.20).  

Santos-Francés and co-workers (Santos-Francés et al., 2011) have also reported the 

influential role of the organic matter in mercury distribution in soil profiles.  

The mercury enrichment observed at deeper layer in the soil profile 93 may also be an 

evidence of historical pollution of the site as it was also observed by Yan et al. (2008) 

who reported total mercury concentrations of 15 to 129 times higher than the background 

concentration in the middle sediment layers of their study site.  

Finally, the vertical increase of mercury concentration in soil profile 93 may also be 

attributed to the volatilization of Hg0 from the soil surface to the atmosphere, as it was 

observed by Steinnes (1990). 

 

 

Figure 9.19 Mercury and selected metals patterns in soil profile 93 
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Figure 9.20 Correlation between carbon content and total mercury in the soil profile 93 
 

However, the atmospheric loss of mercury from water and soil surfaces can be a slow 

process (Lacerda and Salomons, 1998; Schroeder et al., 1992) and much of the mercury 

lost from sediments as a vapor may be redeposited within the watershed. Thus, the 

hypothesis of atmospheric loss has to be combined to other mechanisms such as those 

discussed above to explain the observed pattern in this profile.  

In general, most of the metals have exhibited the same pattern as for mercury (table 9.8 

and figure 9.21), with an increase of concentrations towards the surface for the majority 

of the samples. 
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Table 9.8 Concentrations of selected elements (mg kg-1) in sediment cores from 
Randfontein  

Sample Al  Ba  Ca  Cs  Cu  Fe  K  Mg  Mn  Ni  Ru  
92(0-2) 223.0 3.3 339.6 3.3 6.1 69741.5 2.5 101.1 300.7 1.3 422.6 
92(2-4) 5.7 1.1 8.4 1.1 1.3 638.2 0.6 2.3 8.0 0.3 8.4 
92(4-6) 191.6 2.4 347.9 2.4 2.8 36355.7 1.3 6.0 418.5 0.8 317.7 
92(6-8) 29.7 2.7 25.5 2.7 4.7 2518.9 1.8 8.7 34.5 0.9 38.4 
92(8-10) 26.9 1.3 201.1 1.3 5.3 62815.3 2.0 7.3 27.4 1.0 39.1 
92(10-15) 30.3 2.0 39.5 2.0 3.1 23284.9 3.1 9.5 23.1 1.2 19.5 
92(15-20) 51.9 3.9 23.6 3.8 4.0 1757.9 3.9 12.9 32.5 1.6 26.3 
93(0-2) 33.4 1.8 25.5 1.8 4.4 8517.0 1.8 8.4 27.8 2.7 28.1 
93(2-4) 26.8 2.7 21.9 2.7 4.5 4113.0 1.6 7.5 26.1 1.3 30.6 
93(4-6) 15.7 1.7 13.8 1.7 2.5 2650.5 1.0 4.1 17.0 0.7 17.9 
93(6-8) 29.2 3.4 22.3 3.4 4.6 3896.1 1.9 8.4 33.1 1.3 32.2 
93(8-10) 32.9 3.1 30.5 3.1 5.3 4598.8 2.1 8.6 33.3 1.2 34.9 
93(10-15) 95.1 2.8 33.7 2.8 8.4 4482.9 3.6 12.5 34.7 6.9 37.8 
98(0-2) 96.0 3.6 160.6 3.6 2.0 575.0 7.8 8.0 310.8 3.4 4.6 
98(2-4) 226.3 7.4 246.4 7.3 3.5 1066.0 11.7 11.7 397.2 7.9 8.5 
98(4-6) 83.3 4.6 154.8 4.5 1.7 434.4 5.3 5.2 194.7 3.4 4.0 
98(6-10) 188.3 6.0 173.1 6.0 2.8 722.8 6.8 6.9 397.0 5.2 5.8 
98(10-15) 111.8 6.2 54.5 6.2 2.6 367.1 6.1 6.2 109.8 3.4 5.4 
98(15-20) 67.2 3.6 34.7 3.6 2.4 186.2 3.3 3.5 42.3 3.5 2.5 
98(20-25) 69.4 4.0 30.2 4.0 1.4 250.2 3.0 3.1 49.5 2.2 3.2 

 

 

 
 

Figure 9.21 Example of mercury and selected metals pattern in soil profiles from the 
Randfontein site  
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9.3.6 Factors controlling the mercury methylation in sediments 

 

In order to understand factors that affect the mercury methylation in Randfontein soils, 

IHg/MHg concentrations of selected soil profiles were compared to factors such as the 

carbon and sulfate contents. An example of these comparisons is given in figure 9.22. 

 

 
 

Figure 9.22 Mercury species, organic matter (expressed as %C) and sulfate pattern in the 
sediment profile “93”  

 
 

This figure shows an increase of IHg and MHg at about 10 cm depth. The percentage of 

carbon, as well as the sulfate content of this sediment profile also increased substantially 
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at the same layer. It is, therefore, believed that organic matters together with bacterial 

activities (through sulfate reduction) are playing a key role in the mercury methylation in 

the area. Note that the same observation was made in sediments from the Vaal River site 

(chapter 8).  

Due to the low occurrence of mercury in the Rietfontein site, no particular investigation 

was made in terms of mercury methylation in the area. However, speciation analysis 

performed in one of the sediment samples collected from the dry pond revealed the 

presence of MHg in the analyzed sediment at a concentration of 6.4 µg kg-1, 

corresponding to 7.6% of HgTOT.  The sediment was marked by a strong rotten egg odor 

characteristic of the presence of sulfate-reducing bacteria in nature and also by the black 

colour specific of metal sulfides. The strong reducive conditions in the pond may explain 

the high MHg proportion observed. It has to be recalled that the water sample from the 

Rietfontein sump exhibited the lowest Eh value of all the water analyzed in the present 

study. Although the mercury occurrence is very low at the Rietfontein site, the high 

percentage of MHg found in the water and sediment from the area is of concern and 

requires further investigations.  

 
9.3.7 Mercury in plants 

 
Results of total mercury and speciation analyses for Rietfontein and Randfontein plants 

are presented in tables 9.9 and 9.10, respectively.  

 

Table 9.9 Mercury in Rietfontein plants 
Sample 
(n = 3) 

HgTOT 
 (µg kg-1) 

IHg 
(µg kg-1) %RSD 

MHg  
(µg kg-1) %RSD %MHg 

C1 55.9 ± 7.3 46.1 1.5 3.8 3.4 7.6 
C2 37.5 ± 4.7 n/a  n/a   
E1 50.8 ± 5.5 n/a  n/a   
E2 81.2 ± 3.8 n/a  n/a   
E3 110.3 ± 8.6  100.8 8.3 0.7 4.7 0.7 
Rl1 54.5 ± 6.6 n/a  n/a   
Rl2 74.2 ± 6.4 72.0 6.2 0.7 4.5 1.0 
Rp1 23.7 ± 3.7  n/a  n/a   
Rp2 17.0 ± 1.1 n/a  n/a   

Sch1-6 26.6 ± 1.2 n/a  n/a   
Typha 1-6 88.9 ± 8.2 50.8 0.9 10.7 1.3 17.4 

T1 50.3 ± 3.5 n/a  n/a   
T2 48.5 ± 5.6  n/a  n/a   
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The mercury speciation analysis was performed for selected plants that showed 

“elevated’ HgTOT concentration or had the highest HgTOT among samples of same species 

(please refer to tables 9.1 and 9.2 for samples identity and description).  

 

Total mercury values in Rietfontein plants were between 17 and 110 µg kg-1 (mean: 55 

µg kg-1) whereas values obtained in Randfontein plants were higher, ranging between 19 

and 203 µg kg-1 (mean: 112 µg kg-1). This confirms that the mercury content in plants can 

be a good indicator of the pollution level of a given site since results obtained for 

sediments and waters from both sites are in good agreement with those obtained with 

plants analysis. Therefore, while the Rietfontein site can be considered as non (or no 

longer) affected by mercury pollution due to remediation works, it appears that the 

impact of historical mining in Randfontein plants is of concern and needs to be 

investigated on a larger scale. 

 
Table 9.10 Mercury in Randfontein plants 

Sample 
(n =3)  

HgTOT  
(µg kg-1) 

IHg 
(µg kg-1)  

%RSD MHg 
(µg kg-1)  

%RSD %MHg 

81C 101.4 ± 11.9 84.8 3.3 0.9 8.4 1.1 
82B 19.4 ± 3.4 n/a  n/a   
89A 202.6 ±  9.0 198.0 4,6 3.4 4.2 1.7 
86A 123.0  ±  7.3 103.6 1.1 7.0 3.7 6.3 

 
 

The highest mercury concentrations for the different analyzed species (figure 9.23) were 

found in Randfontein algae with a mean value of 142 µg kg-1.  Eucalyptus collected at the 

Rietfontein landfill also showed relatively high mercury values compared to other plants 

from the same site with concentrations ranging between 51 to 110 µg kg-1 (mean: 81 µg 

Hg  kg-1).  
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Figure 9.23 Mercury in Rietfontein (green) and Randfontein (yellow) plants 

 
 

To investigate the mobility and availability of metals from soil to plant, concentrations of 

mercury in top soils and plants, collected from the Rietfontein landfill near the waste rock 

pile and from the Randfontein creek in AMD, were used to calculate the transfer 

coefficients (TC) of mercury from soils to plants, using the following equation (Li et al., 

2010): 

 

               (9.1) 

 

where P represents the metal concentration in plant tissue and S is the total metal 

concentration in soil where the plant grows. 
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Obtained TC values (table 9.11) were of 0.743 and 0.882 for the Rietfontein landfill 

(mean: 0.813) and of 0.053 and 0.102 (mean: 0.078) for the Ranfontein site. These values 

were substantially higher than the average of 0.019 (range: 0.003 to 0.025) reported by Li 

and co-workers (2010) suggesting a great availability of mercury for uptake by plants at 

both sites. 

Table 9.11 Calculated TC values for selected soils and plants 

Site Soil ID Hg  
(µg kg-1) 

Plant species Hg  
(µg kg-1) 

TC 

Rietfontein Adit5 68.4 Eucalyptus 
(E1) 

50.8 0.743 

 Adit6 125.0 Eucalyptus 
(E3) 

110.3 0.882 

Randfontein 87 2316.6 Algae (86A) 123.0 0.053 
 92 1982.9 Algae (89A) 202.6 0.102 

 

The TC values obtained for the Rietfontein landfill, where mercury occurred at low 

values, were very high compared to values obtained for the Randfontein site. This implies 

a greater mercury uptake by eucalyptus compared to algae, although a comparison of 

plant species from the same area would provide a better indication of the uptake 

efficiency.    

However, as also mentioned by the above researchers, the TC not only quantifies the 

relative differences in the availability of metals to plants but also is a function of both soil 

and plant properties. Therefore, elevated levels of metals in soils may lead to their uptake 

by plants, which depends not only on metal contents in soils but is also determined by 

factors such as soil pH, organic matter, clay and phosphate contents, as well as cation 

exchange capacity. These factors may not change the total amount of metals in soil but 

they can significantly affect their bioavailability. Other factors, such as plant species as 

well as growth period, also account for the uptake and translocation of metals (Voutsa et 

al., 1996; Intawongse and Dean, 2006).  

Thus, the TC index, alone, is not sufficient to make reasonable conclusions about metals 

bioavailability. 

 

Methylmercury values in plants from both sites were low, with almost all concentrations 

below 10 µg kg-1, except for Typha leaves from the Rietfontein site which showed a 

MHg value of about 11 µg kg-1 corresponding to 17% of HgTOT (table 9.9 and figure 



 281 

9.24). This, again, shows the need of further investigations in order to understand the 

considerable methylation rate at the Rietfontein site. 
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Figure 9.24 Mercury species in selected plants (Algae were from the Randfontein 
sampling whereas the other plants were from the Rietfontein site) 

 
 

9.3.8 Mercury fractionation and speciation modeling 

 

In the last years, combined chemical, biological and ecotoxicological studies on 

contaminated soils have increased importance to predict the mercury fate in the 

environment. It is generally recognized that mercury toxicity and bioavailability depend 

largely on the chemical state of the metal rather than on the mere mercury total 

concentration. 
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In general, only a small fraction of the total mercury in soils exists in the interstitial 

waters and the remainder is adsorbed to the soil. The extent of the mercury adsorption by 

soils is controlled by a number of factors such as the chemical form of mercury, the grain 

size distribution of the soil, soil mineralogy, humic substance concentrations, soil pH, and 

the redox potential (Kaplan et al., 2000).  

Among these factors, the chemical form of mercury is of primary importance for its 

sorption (Benes and Havlik. 1979). For example, the hydrolyzed forms of mercury are 

generally adsorbed more than the chloride complexes and that increasing hydrophobicity 

of an inorganic mercury species increases its potential to adsorb; thus, HgCl2(aq) will be 

adsorbed at a less extent than Hg(OH)2(aq), which in turn will be adsorbed lesser than 

HgS(aq). 

Therefore, the Hg-binding forms and speciation can be considered as key factors for 

conducting bioavailability studies and ecotoxicological hazard assessments. Single and 

sequential extraction methods have being widely used for discrimination of different 

solid-phase associations of trace elements in soils or sediments. 

In this study, a sequential extraction procedure and equilibrium speciation modeling were 

applied to determine the concentration of mercury fractions and to predict the type of 

mercury complexes in selected Randfontein soils and waters. 

The determination of mercury speciation in soil samples by means of sequential 

extraction procedure (SEP) used in this study was based partially on the work of Zagury 

and co-workers (2006) which proposed the differentiation of mercury compounds into the 

following four fractions: F1: water-soluble; F2: exchangeable; F3: bound to organic 

matter, and F4: residual mercury. 

Briefly, the water-soluble fraction extractions were carried out using deionized water, the 

exchangeable fraction was extracted under slightly acidic conditions with 1M CaCl2 

(pH=5), and the organic fraction was separated by successive extractions using 0.2 M 

NaOH and CH3COOH 4% (v/v). Residual mercury was calculated as the difference 

between total mercury concentration and the sum of the F1, F2 and F3. The results 

obtained from the SEP are presented in table 9.12 and figure 9.25. 
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Table 9.12 Hg concentrations in different leachates of Randfontein soils 
Sample H2O 

(µg Hg kg-1) 
CaCl2 

(µg Hg kg-1) 
NaOH +CH3COOH 

(µg Hg kg-1) 
Residual 

(µg Hg kg-1) 
Total 

(µg Hg kg-1) 
R92 5,4 8,8 63,2 1322,1 1399,4 

R93 2,0 3,6 146,6 1592,5 1744,8 

R98 3,0 2,6 29,6 621,0 656,2 
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Figure 9.25 Sequential extraction result of selected Randfontein soils 

 
SEP results indicate that the sum of fractions F1, F2 and F3 represented low percentages 

of total mercury, ranging between 5.4 to 8.7% with an arithmetic mean of 6.5% 

(table9.13). This mean value was remarkably close to the one of 6.8% (range 2.9 to 

13.8%) obtained by Zagury and co-workers (2006) in three contaminated soils from 

chlor-alkali plants. The most important contribution to the sum was the fraction F3, i.e. 

the mercury associated to organic matter (table 9.12 and figure 9.26), with results varying 

between 4.5 % (Soils R92 and R98) and 8.4 % (Soil 93). In contrast, fractions F1 (water 

soluble Hg) and F2 (Exchangeable Hg) were very low, ranging between 0.1 to 0.5 % and 

0.2 to 0.6%, respectively.  

 

 
 
 
 
 



 284 

Table 9.13 Percentage of Hg leached with different solvents  
Sample %H2O %CaCl2 %NaOH 

+CH3COOH 
%Residual %Total 

extract 
R92 0,4 0,6 4,5 94,5 5,5 

R93 0,1 0,2 8,4 91,3 8,7 

R98 0,5 0,4 4,5 94,6 5,4 

 
 

Results obtained by Zagury et al. (2006) were different, with the highest mercury values 

found in the exchangeable fractions and lowest mercury concentrations in the organically 

bound fraction (F3). Their results were consistent with the low organic carbon content of 

chlor-Alkali soils. It has to be recalled that the soils analyzed in the present study were 

obtained from a wetland and, therefore, it is believed that the organic matter content may 

explain the high percentage of mercury found in F3.  
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Figure 9.24 Fraction of mercury in different solvents 

 

 

Blester et al. (2002) also observed in their study that mercury was predominately bound, 

in most of their soils to organic matter. Leachable mercury in their soils occurred as non-

reactive, soluble organic mercury complexes such as fulvic acid-bound mercury and 

reached their highest values (90 µg Hg kg-1) in soils rich in organic matter. These authors 

also reported that the distribution of mercury in their soil profiles suggested that 
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migration of mercury to deeper soil layers (about 20 cm) is most effective if mercury is 

bound to soluble organic complexes, whereas reactive mercury or weak mercury 

complexes are effectively retained in the uppermost soil layer (5 cm) through sorption on 

mineral surfaces. The same trend was also observed in the present study with an 

important migration at deeper layer in the soil profile for samples that have shown a great 

affinity for organic matters. For example, soil R93 which had the highest concentration of 

mercury bound to organic matter (147 µg kg-1) exhibited an important migration of 

mercury in the profile, with a mercury value of 3902 µg kg-1 measured at 15 – 20 cm 

depth whereas soil R98 (Hg in F3 = 30 µg kg-1) had its highest mercury value at the top 5 

cm (655 µg kg-1 at 4-6 cm depth). 

The high mercury content found in F3 was also in agreement with the sulfur content in 

soils. Soil R93 which had the highest percentage of mercury in F3 also showed the 

highest percentage of sulfur (table 9.7). This could be indicative of the affinity of 

mercury for reactive functional groups of the organic matter, especially sulphur groups 

such as thiol (Yin et al., 1997; Skillberg et al., 2006). 

Organic matter may play an important role in the binding of ionic species in soils. The 

incorporation of Hg2+ into soluble or particulate organo-metallic complexes, as previously 

described for organic carbon rich waters (Santos-Francés et al., 2011 and the reference 

herein), can be considered as a probable mechanism of mercury mobilization. 

 

Although the water soluble mercury only accounts for about 0.3 % of HgTOT, this fraction 

is very important from an environmental risk point of view due to its easy availability in 

environmental weathering conditions (Zagury et al., 2006 and references therein). 

In all soils, the largest mercury proportion was found within the residual fraction, 

representing 91.3 to 94.6 % of HgTOT. This fraction is reported to contain the least 

available form of mercury under naturally occurring conditions, depending on the matrix 

under study and the source of contamination (Li et al., 2010). 

Most of the mercury in this fraction is believed to be Hg0, as observed by Santos-Francés 

and colleagues (2011) who reported an estimated Hg0 content of 87 to 92% to the total 

mercury in soils of a gold mining region in Venezuela. This chemical form of mercury is 

very important with regard to environmental risks, since its low reactivity prevents 
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mobilization in soils and waters but, in contrast, its high vapour pressure provides a high 

mercury flux (soil-air) in the mining areas (Garcia-Sanchez et al., 2006), which 

contributes significantly to the local atmospheric pollution and may be to the global 

mercury cycle. 

However, the above discussion need to be considered with caution since it can be 

misleading due to the fact that it is mostly based on assumptions. Moreover, analytical 

procedures can be affected by loss and/or contamination occurring during the SEP and 

also by the efficiency of solvents used to extract mercury, as it is the case in extraction 

procedures for coal samples. 

 

The relatively low amount of mercury leached from the soil suggests that this element is 

almost immobile in the study system. However, the average mercury concentration in the 

creek water (103 ng L-1) is high in relation to the typical natural background range for 

unpolluted freshwaters (Appleton et al., 2001). This is also of importance, given the low 

water solubility of Hg0 and most inorganic mercury compounds.  

 

Equilibrium speciation modeling of mercury in Randfontein waters was performed using 

the Eh-pH diagram, and the results showed that the dominant inorganic species was Hg0 

for the majority of water samples (figure 9.27), except for samples collected in the creek 

wetland (samples 88, 90 and 91), which may content significant amounts of mercury 

soluble compounds such as HgCl2. Thus, in these waters under the measured Eh-pH 

conditions, the mercury speciation results showed that mercury would mostly exist as 

Hg0 which agrees with the results from SEP. 
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Figure 9.27 Predominant inorganic mercury species in Randfontein waters  
 

 

The MEDUSA and VISUAL MINTEQ geochemical speciation models were also used to 

calculate the equilibrium concentrations of dissolved and solid mercury species for the 

study systems and to obtain more coherent results in the prediction of predominant 

species. The model runs were conducted using measured Hg, Cl- and SO4
2- values 

together with in situ pH and Eh measurements.  

The results of the geochemical modeling showed a significant variation in the distribution 

of mercury species. Thus, the dominant species in samples from the mining area were 

HgClx
+2-x, Hg2+ and HgClOH in concordance with the high mercury and chloride 

concentrations in these samples (figure 9.28 and table 9.14), whereas the dominant 

species in the game reserve water were Hg(OH)2, HgClOH and HgClx
+2-x, respectively 

(figure 9.29 and table 9.15). These results are similar to mercury speciation analyses 

carried out by Navaro et al. (Navarro et al., 2009), in mining waste from a mercury 

mining in Spain. 
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Figure 9.28 pH-Cl diagram of water sample 91from the Randfontein creek in AMD  
 

Table 9.14 Species distribution in water sample 91 

Species Concentration 
(M) 

% of Hg 
species 

Cl- 7.5226E-08  

H+ 0.00098259  

Hg(OH)2 0.00010397 9.3843 

Hg(SO4)2
-2 9.3073E-06 0.8400 

Hg+2 0.00023253 20.9882 

Hg2OH+3 3.2724E-08 0.0029 

Hg3(OH)3
+3 2.8019E-09 0.0002 

HgCl+ 0.00025666 23.1662 

HgCl2 (aq) 0.000089526 8.0806 

HgCl3
- 6.7425E-11 6.0858E-06 

HgCl4
-2 2.6912E-17 2.4291E-12 

HgClOH (aq) 0.00021217 19.1505 

HgOH+ 0.000066488 6.0012 

HgSO4 (aq) 0.00013722 12.3855 

HSO4
- 0.00035067  

OH- 9.6032E-12  

SO4
-2 0.0066064  
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Figure 9.29 pH-Cl diagram of water sample 94 from the game reserve   
 

Table 9.15 Species distribution in water sample 94 

Species Concentration % Hg species 

Cl- 0,00033  

H+ 1,8905E-08  

Hg(OH)2 0,00007 81,0773 

Hg(SO4)2
-2 6,6478E-16 7,5543E-10 

Hg+2 6,4809E-14 7,3647E-08 

Hg2OH+3 1,1579E-22 1,3158E-16 

Hg3(OH)3
+3 5,1555E-24 5,8585E-18 

HgCl+ 3,9838E-10 0,0004 

HgCl2 (aq) 7,5016E-07 0,8524 

HgCl3
- 2,4815E-09 0,0028 

HgCl4
-2 4,2059E-12 4,7794E-06 

HgClOH (aq) 0,00002 18,0659 

HgOH+ 9,4879E-10 0,0011 

HgSO4 (aq) 2,0633E-14 2,3447E-08 

HSO4
- 3,4221E-09  

OH- 3,6686E-07  

SO4
-2 0,00314  
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Kaplan et al. (Kaplan et al., 2000) predicted that the dominant inorganic mercury species 

in conditions similar to those encountered in AMD (i.e. pH 4 and 0.002 mg Hg L-1) 

would be HgS(s), Hg2+, HgC12, HgC13
- and HgCl4

2-.  

The authors also mentioned that the presence of Cl- has a significant effect on the 

mercury speciation, especially at elevated Eh values and observed that Hg2+(aq) would 

exist in moderate reducing conditions. Several researchers have noted that Hg2+ rarely 

exists in sediment porewater as a free ion due to its propensity to adsorb to solids or form 

complexes, especially to chloride or organic matter (Schuster, 1991; Wallschlager et al., 

1998a and b). From the model system presented in this study, if the system is reduced 

and/or the pH is increased, then dissolved mercury is expected to be removed from 

solution as Hg0 and Hg(OH)2, or under extreme conditions as HgS, making the mercury 

less mobile and less toxic than in the oxidized environment. 

The predominance of the elemental form not only explains the lower mobility, but is also 

compatible with the range of measured pH and Eh field values downstream of the creek, 

within the game reserve. Similar observations were made by Pestana et al. (Pestana et al., 

2000). When Eh values rise, as it was the case within the mining site, the relative 

importance of Hg0 declines (figure 9.27).  

The model system presented in this work may explain the high level of mercury observed 

in water samples from the creek wetland since, under the high Eh and low pH conditions, 

mercury becomes more soluble and, therefore, more available for living organism, 

confirming the hypothesis discussed in section 9.3.1 which suggested that the high MHg 

value found in the water sample 91 was mainly due to the important availability of 

soluble forms of mercury in this water. 

 

9.4 Summary 

 

The present study has demonstrated that mercury released from closed mining operation 

in the Randfontein area may have significant impact at the neighboring game reserve. 

The Krugersdorp Game Reserve watersheds are directly downstream from the mine 

drainage and appear to become impacted by the pollution from historic gold mines. 
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On the basis of collected data, it can be inferred that the primary source of mercury to the 

mine creek is the weathering of mine waste materials from the old slimes dam located 

few hundred meters away and also the point of AMD discharge from the adit at the Rand 

Uranium. No further surface tributaries to the creek were observed other than AMD along 

that relatively short transect. The elevated mercury found in a borehole near the creek 

wetland suggests a groundwater contamination in the area. The contribution of acidic 

water to the creek at the study site should vary seasonally. Therefore, further samplings 

are of importance for a better characterization of the impact of historical mining in the 

area. 

 

The study also showed that mercury transported downstream from the mine site is 

susceptible to methylation. Methylation of mercury seems to be controlled by factors 

such as the inorganic mercury content, redox potential, microbial (SRBs) activities and 

the organic matter content. The sequential extraction procedure together with 

geochemical modeling have demonstrated the predominance of non soluble mercury 

species (Hg0) in study soils and the existence of a variety of mercury species in the mine 

creek. The presented model also explained remobilization of mercury in water and their 

availability for methylation. No transport mechanism was found sufficient on its own to 

explain both vertical and horizontal of mercury in the site.  

Finally, the mercury level measured in the Rietfontein water, sediments and plants has 

shown no significant contamination of the area probably due to remediation works 

undertaken on the site, although the proportion of methylmercury found in these samples 

suggests a high methylation rate at the site and requires further investigation. 
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Chapter 10  
Conclusions 

 
 

The first objective of this study was to develop simple and cost effective analytical 

procedures for the collection and determination of gaseous mercury (TGM). 

Nanostructured gold supported metal oxide materials (i.e. Au/TiO2, Au/ZnO and 

Au/Al 2O3), which contain only 1% wt of gold, were successfully used as adsorbents I in 

sampling or analytical columns for the trapping, preconcentration and quantification of 

mercury directly from the gaseous phase. 

Analytical performances obtained with the nanogold traps, especially Au/TiO2, were 

comparable to those obtained with commercial pure gold wool and gold-coated sand, 

although mercury retention problems have been observed, in some cases, which are 

thought to be caused by the inner structure of the materials and may, therefore, be 

improved during the materials synthesis or during sorbents conditioning prior use. A 

deeper characterization of the structural properties of these materials is recommended for 

this purpose. Therefore, the nanogold sorbents, which are synthesized locally, can be 

considered as an alternative choice to the mostly imported traditional sorbents for a low 

cost analysis of ultratrace mercury and can also be tested for TGM determination from 

exhaust gas in coal power stations. 

 

In the present work, the speciation analysis of mercury was carried out in Highveld coals 

using both developed sample preparation procedures combined with isotope dilution GC-

ICP-MS technique, and existing, but modified, sequential extraction procedures. 

Although no certified reference material of mercury species in coal was available, the 

closeness of IHg and MHg values obtained using different sample preparation procedures 

confirms the reliability of the developed methodologies.   

Species such as Hg0, Hg2+, CH3Hg+ were identified in all Highveld coals and CH3Hg+ 

occurred at a lower concentration than in some reported China coals. Other unknown 

species have also been observed and are believed to be organomercurials. Due to the 

unavailability of specific standards, these unknown species could not be identified but the 
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use of a theoretical approach has allowed the identification of one of the unknown species 

as ethylmercury. 

This work is, in our knowledge, the very first attempt in identifying monomethylmercury 

in South African coals. 

Although methylmercury concentration was low in Highveld coals, its natural occurrence 

in the coals may become a concern due to the risk for this toxic species to be 

continuously released into the environment during coal mining or coal preparation prior 

to combustion. 

Sequential extraction procedures on the other hand have revealed the predominance of 

organically bound as well as pyritic bound mercury in Highveld coals, and the 

occurrence, to a lesser extent, of other forms of mercury association such as water-

soluble compounds or mercury bound to minerals such as iron oxides, carbonates and 

silicates. 

The variability of leaching efficiency obtained with the different samples was attributed 

to the variability of the mercury modes of occurrence within the samples. The mercury 

leaching appeared to be considerably affected by the presence of organic matter. 

Nevertheless, a caution was made about the above conclusions due to the lack of leaching 

specificity obtained by the used solvents.  

The overall leaching performance obtained with the modified sequential extraction 

procedure was within the range of standard solvents leaching procedures which shows 

that this procedure can be used as an alternative technique for mercury removal in coals.  

Data presented in this work may be useful for the development of coal cleaning protocols 

which do not exist in South Africa and also for local environmental pollution assessment 

of the mercury released during coal mining and beneficiation.  

In addition, total mercury determination in both Highveld and Waterberg coals revealed a 

mean mercury concentration higher than the global average but, still, within the range of 

reported values by the USGS for South African coals. Therefore, a mean value of 0.2 mg 

kg-1 was recommended to be used for the estimation of the atmospheric emission of 

mercury from South African power stations, although more coal samples, from different 

local coalfields, are still needed to improve this average.  
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The extent of mercury pollution from past and current gold mining operations, which 

represent the second biggest anthropogenic source of mercury in South Africa, was 

investigated. Pollution assessment studies of mercury pollution from gold mining 

performed at 4 different sites, namely Vaal River West, West Wits, West Rand and East 

Rand regions, all located within the Witwatersrand Basin in South Africa, have generated 

number of interesting information that could be a useful database for future systematic 

investigations and also to improve estimations of anthropogenic mercury emission in the 

country.  

In general, results obtained from the analysis of sediment, soil, tailings, water and  plant 

samples have demonstrated a relatively important pollution occurring in almost all the 

study sites, except for the East Rand site (Rietfontein landfill) which did not show an 

evidence of pollution, probably due to remediation works that were undertaken in that 

closed mining site for many years. However, caution was also taken in this partial 

conclusion because most of the sampling campaigns were performed during the dry 

season. A later sampling performed after a period of heavy rains at the Vaal River West 

has shown different trends than what was observed from the dry season sampling, with an 

important remobilization of mercury in water and its migration several kilometers away 

from estimated mercury sources. These findings have suggested the need for a continuous 

monitoring of the study sites for better conclusions. 

The impact of the pollution was characterized by high mercury concentrations in 

sediments as well as in waters with values, in many cases, far beyond US EPA threshold 

levels. The main sources of pollution appeared to be old TSFs that are known to contain 

waste from old mining operations when gold used to be extracted by the mercury 

amalgamation process. 

The mercury leached from these tailings through runoff is polluting the adjacent 

sediments which in turn contaminate the surrounding water systems through drainages or 

underground seepages. The impact of the water pollution is dependent of the mercury 

source, the hydrology of the water system, the geochemistry of the study environmental 

compartment and also of seasonal variations at the site.   

The contribution of artisanal mining could not be estimated due to the difficulty of 

accessing reliable information from local miners and for safety reasons. 



 295 

This work did not also take into account the contribution of atmospheric mercury 

emission/deposition at the different sites. Nevertheless, an attempt was made to 

determine TGM concentrations from few samples collected from an underground source 

at Vaal River West and the obtained results revealed the urgent need for more extensive 

samplings and could also suggest that the estimated atmospheric contribution of the 

mercury emitted from South African gold mines may be underestimated, although the 

number of analyzed samples were not enough for conclusions that could be trustworthy 

to be drawn.  

Speciation analysis revealed the occurrence of MHg at variable levels in the different 

study sites. Considerable MHg proportions have been noticed at all sites in different 

ponds and wetlands including the dry pond at the Rietfontein site (East Rand) which 

suggest an important methylation rate that has to be monitored with care due to the 

property of methylmercury to bioaccumulate in the food chain. Fishing activities have 

been observed at the Vaal River West site whereas the Randfontein site (West Rand) is 

surrounded by not only the Krugersdorp Game Reserve but also by number of 

agricultural holdings that are all susceptible to potential pollution occurring at the mining 

site. 

The mercury methylation seems to be controlled by a combination of number of factors 

mainly the presence of inorganic mercury, redox conditions, pH, bacterial activity, 

organic matter and sulfur (or sulfate) contents. The competition between inorganic 

mercury and other metals such as iron for binding sulfur also seems to play an important 

role in the mercury methylation process. 

Plant analysis could not provide much of useful information on the mercury uptake since 

the sampling of plants was randomly done and triplicate samples of the same species, 

which is recommended for more conclusive analyses, were scarce. However, from the 

general trend observed it appeared that plant analysis can be used as a reliable way of 

monitoring the level of mercury pollution in a given area. In addition, the determination 

of the transfer coefficient (TC) of mercury from soils to plants at both East Rand and 

West Rand sites has suggested a substantial mercury uptake by plants, and thus a high 

bioavailability of mercury, at these sites with TC values much higher than reported 

elsewhere in the literature.    
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Further characterization of the mercury speciation was done using, this time, geochemical 

modeling and sequential extraction procedures (SEP). Obtained models suggested the 

predominance of elemental mercury as the major inorganic mercury species in both water 

and soil samples. Other inorganic mercury species such as mercury chlorides (HgClx
+2-x), 

Hg2+ and Hg(OH)2 also occurred at a relatively high level.  

It was also shown that elemental mercury mainly from TSFs, enters the water system 

through drainage during the wet season where it oxidizes, depending on environmental 

conditions such as AMD, and becomes available for uptake by living organisms. The 

bioavailable mercury is then susceptible to methylation and subsequent bioaccumulation 

in the food web. Once mercury enters the water system, it migrates away from the source 

and becomes a threat for ecosystems such as the Schoonspruit, the Varkenslaagte canal or 

the Krugersdorp Game Reserve watersheds and other neighboring ecosystems.   

Under reducive conditions, mercury species are converted to the elemental form or to 

insoluble complexes such as Hg(OH)2 or HgS and are removed from the water system 

through precipitation or adsorption at the surface of the sediment. This may explain the 

relatively low level of mercury measured in most of the study waters during the dry 

season. An exception was the Randfontein creek which still showed elevated mercury 

values even during the dry season. However, mercury concentrations in waters from this 

site are expected to be considerably higher during wet seasons due to the remobilization 

of mercury from the bottom sediment.  

It has to be emphasized that conclusions presented in this work are partial and require 

more extensive sampling by a well equipped team and long-term monitoring for a clear 

understanding of the observed trends. 

 

This study is an important contribution to the assessment of the ecosystem impact of 

South African mining operations in terms of mercury pollution since it presents, for the 

very first time, the problem of mercury pollution from gold mining operations in the 

general context of the Witwatersrand Basin, one of the biggest gold mining areas in the 

world. It also provides information on the mercury speciation, migration and fate in the 

region which can be used as a benchmark to understand the unknown transport patterns 

of mercury in the South(ern) African semi-arid environment. 
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Appendix 

Appendix 1: SIDMS appeared to be a precise and accurate analytical method for Hg 
species determination (figure A1). 
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Figure A1 Schematic of different steps of the analytical protocol for the mercury speciation in 
sediments by ID GC-ICP-MS  
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Appendix 2: Mercury in the Witwatersrand Basin (Sampling features) 

"The fields are devastated by mining operations ... Further, when the ores are washed, 

the water which has been used poisons the brooks and streams, and either destroys the 

fish or drives them away. Therefore the inhabitants of these regions, on account of the 

devastation of their fields, woods, groves, brooks and rivers, find great difficulty in 

procuring the necessaries of life, and by reason of the destruction of the timber they are 

forced to greater expense in erecting buildings. Thus it is said, it is clear to all that there 

is greater detriment from mining than the value of the metals which the mining 

produces". (Reprinted from Agricola (1556) De re metallica, p.8) 

The planted trees for phytoremediation at the Rietfontein landfill (figure A2.1A) have 

demonstrating their efficiency in reducing heavy metals contamination at the site. 

Decaying plants were also found at the Rietfontein site, as it is shown from the hole in the 

dry dam (figure A2.1B) after the removal of the PVC core. Note the dark color of the 

bulk sediment characteristic of reducive conditions at the site. This may explain the 

relatively high proportion of MHg observed. 

AMD was observed at the Savuka mine (figure A2.1C) in the Vaarkenslaagte Canal 

(West Wits) near TSFs. The important vegetation in the West Wits watersheds (figure 

A2.1D) may explain the substantial methylation rate at the site. 
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Most of the streams draining in the Witwatesrand Basin, such as the Wonderfontein 

Spruit (figure A2.2), contain waters that are unsafe for human consumption since they 

receive discharges from both artisanal and industrial mining operations and also from 

other industrial activies (figure A2.3). 

Figure A2.1 Rietfontein (A, B) and West Wits (C, D) sites 
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Figure A2.2 Municipality warning notice at the Wonderfontein Spruit (West Wits) 

 
 

 

 

 

 

Number of abandoned or closed shafts from old mining activities could be important 

sources of TGM in the Witwatersrand Basin (figure A2.4).  

Figure A2.3 The Kanana township (left) near Schoonspruit (right) where ASGM activities have 
been reported (VR site) 
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Flooding at the Bokkamp Dam (figure A2.5), which is built on waste rocks and receives 

dirty waters from TSFs and metallurgical plants, could be the main cause of the 

widespread of mercury in the surrounding area. 

 

 

 

 

Figure A2.4 The closed ventilation shaft (left) near Orkney where elevated TGM 
concentrations were measured and an example of the mercury trap (right) used during 

air collection 

Figure A2.5 The Bokkamp Dam, one of the most important hot spot of mercury and 
other heavy metals at the VR site, during the dry (left) and wet (right) season 

samplings 
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The following article was published by Inter Press Service (IPS) on the 3 December 2007 

and is available at http://ipsnews.net/news.asp?idnews=40325 

ENVIRONMENT-SOUTH AFRICA 

Radioactive Water, the Price of Gold  

By Steven Lang 

JOHANNESBURG- Large gold-mining companies operating to the west of South 

Africa's commercial centre, Johannesburg, stand accused of contaminating a number of 

water sources with radioactive pollutants. 

Acid mine drainage 

Gold mines are also finding themselves in the dock over acid mine drainage, another 

means by which heavy metals are being released into the environment. 

Mining operations expose heavy metals and sulphur compounds that have been locked 

away in the ground. Rising ground water then leaches these compounds out of the 

exposed earth, resulting in acid mine drainage that can continue to pollute the 

environment decades after mines have been closed down. 

In 2002, acidic water began decanting out of a disused mine on Randfontein Estates 

about 42 kilometers south-west of Johannesburg. The property belonged at that time to 

Harmony Gold. In terms of South Africa's National Water Act the owner of land is 

accountable for the quality of the water flowing out of that ground. 

While some of this acidic water was produced by Harmony's own operations, a large 

proportion was generated by its competitors. 

Mining companies extracting ore in the Witwatersrand area, to the east and west of 

Johannesburg, have created a 300 kilometer labyrinth of interlinking passages, according 

to the "Water Wheel" magazine (Jan./Feb 2007 issue). 
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The companies have to work together to make sure their respective operations are not 

flooded out: this means that in some cases even disused mines have to be pumped dry to 

ensure the viability of a neighbouring shaft. 

Water coming out of the disused mine in Randfontein could not simply be channelled 

into the nearest river because it was far too acidic and could have had serious 

consequences for the environment 

As an emergency measure, Harmony fed the water into Robinson Lake, at that time a 

popular recreational area where fishing was a favourite pastime. Today the lake has very 

high levels of uranium and a pH level of 2.2 which makes it as acidic as lemon juice and 

completely incapable of sustaining any life forms. 

The NNR measured in the water a uranium concentration of 16 milligrammes per litre, 

obliging it to declare Robinson Lake a radiation area. 

Harmony Gold has spent more than 14 million dollars on capital and operational 

expenses over the last five years to treat the acidic water emerging from disused mines. 

An additional 200.000 dollars is spent every month to continue with the treatment 

processes: in its 'Sustainable Development Report 2007' the company claims that it 

"treats the water to acceptable standards given the current treatment technologies 

available". What Harmony finds acceptable, however, may be less so to 

environmentalists. (END) 

Water at the Randfontein site is of an extremely poor quality and tends to affect the 

vegetation within the mining site and even within the Krugersdorp Game Reserve (figure 

A2.6). 
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Figure A2.6 Water (A) and vegetation (B) conditions at the Rand Uranium adit, 
and conditions of the Randfontein creek from the mining site (C) to the Game 

Reserve (D) 
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