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Abstract

Coal combustion is recognized as the primary soaf@thropogenic mercury emission
in South Africa followed by gold mining. Coal issal known to contain trace
concentrations of mercury which is released to ehgironment during coal mining,
beneficiation or combustion. Therefore, determirtimg mercury speciation in coal is of
importance in order to understand its behaviorfatelin the environment.

Mercury was also used, at a large extent, in thevéfersrand Basin (South Africa) for
gold recoveries until 1915 and is still used iegkl artisanal mining. Consequences of
these activities are the release of mercury toah@ronment. Nowadays, gold (and
uranium) is also recovered through the reprocessingd waste dumps increasing the
concern related to mercury pollution.

While much effort has been put in the northern lspimére to understand and control
problems related to anthropogenic mercury releaskits fate to the ecosystem, risk
assessment of mercury pollution in South Africa Wwased, until very recently, on total
element concentrations only or on non systemasignrental studies. It is necessary to
evaluate mercury speciation under the country’si seith conditions, which are different
to environmental conditions that exist in the nerth hemisphere, and characterize
potential sources, pathways, receptors and sink®rder to implement mitigation
strategies and minimize risk.

In this study, analytical methods and procedures lmeen developed and/or optimized
for the determination of total mercury and the suean of inorganic and organic forms
of mercury in different sample matrices such ascaial, sediment, water and biota.

The development of an efficient and cost effectiwethod for total gaseous mercury
(TGM) determination was achieved using nano-golopsuted metal oxide (1% wt Au)
sorbents and cold vapor atomic fluorescence speetry (CV-AFS). Analytical figures
of merit and TGM concentrations obtained when ugingriO,, as a mercury trap, were
similar to those obtained with traditional sorbents

The combination of isotope dilution with the hyphted gas chromatography-inductively
coupled plasma mass spectrometry (ID GC-ICP-MS) wal® achieved and used

successfully for the speciation analysis of mergargolid, liquid and biological samples.



The developed, or optimized, methodologies werel tiseestimate the average mercury
content and characterize the speciation of merourgouth African coals, and also to
study the speciation of mercury in selected Soutiicdén environmental compartments
impacted by gold mining activities.

The obtained average mercury content in coals aelle from the Highveld and
Waterberg coalfields (0.20 + 0.03 mg Rgwas close to the reported United States
Geological Survey (USGS) average for South Africaals. Speciated isotope dilution
analyses and sequential extraction procedures legl/edae occurrence of elemental
mercury, inorganic and organo-mercury species, @ad the association of mercury
mainly to organic compounds and pyrite.

The environmental pollution assessment was condugithin the Witwatersrand Basin,
at four gold mining sites selected mainly for theiming history and from geophysical
information obtained through satellite images. Tétisdy showed a relatively important
pollution in three of the four sites, namely theaV/River west site near Klerksdorp, the
West Wits site near Carletonville (both in the NieWest Province) and the Randfontein
site in the West Rand (Gauteng Province). Only siteg the closed Rietfontein landfill
site in the East Rand (Gauteng Province) was fdaontle not impacted by mercury
pollution.

The methylation of mercury was characterized insitkks and factors governing the
mercury methylation process at the different stsitlys were also investigated.
Geochemical models were also used to explain thtilalition, 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 hazardmmgaminants that may be present in
the environment. The growing global concern oves telease of mercury to the
environment has prompted the preparation of cowsgBcific inventories that quantify
mercury emissions from various sources (Lea&nhal., 2009). A global Mercury Program
was recently created by the United Nations EnvirentrProgram (UNEP) Governing
Council in order to raise awareness of the natdirsn@rcury pollution problems. The
main goals of this program consist on assistingegaawients and other stakeholders to
identify, understand, and implement actions to gaitt mercury problems in their
countries (USEPA, 2008).

The mobilization and release of mercury by humantivities is referred to as
anthropogenic mercury emissions. In South Africd)(She largest point sources of
mercury emissions are coal combustion followed blgl gnining activities (reprocessing
of old tailing dams and artisanal mining) (Naickeal., 2003; Lusilao, 2009Telmer and
Veiga, 2009) and the largest single combustioncis coal-fired power plants (Pacyna,
et al., 2006; Dabrowsket al., 2008).The country is ranked among the top 10 producer
and consumer of coal in the world and is also an@ry producer of important and
strategic metals such as gold, platinlead and zinc (Pirronet al., 2010). Although the
production facilities of these minerals and materae known for their contribution to
mercury pollution, limited information is availabfer SA (and the rest of the African
continent) in relation to emissions from anthropugesources and mercury content in
products (Pirronet al., 2010).

In 2006, the Council for Scientific and IndustrRésearch (CSIR) hosted a meeting in
Pretoria (SA) to discuss the way forward in essdiifig a mercury assessment for the
country. The workshop focused on initiating a Sowdtliican Mercury Assessment
(SAMA) program, which aims to develop a framewodk fmercury research focusing
initially on the sources, transport, fate and cgaseces of mercury from coal-fired

power plants in SA (Leaner, 2006).



Some of the expectations from the participantshat workshop were to address the
mercury biogeochemical cycle by addressing the &/kbhin of events in deposition and
effects, and to develop methodologies for accueatd reliable measurements for
mercury species, that includes date-to-date armsalgsd continuous monitoring. This
focus area is important since it was recognizetrtieacury research in South(ern) Africa
is practically inexistent (Leaner, 200@herefore, the development of mercury research
will enable the collection of reliable data thahdae used to address mercury pollution

problems within the country, and on a larger sdal¢he African continent.

A particular aspect of mercury is that it existshe environment in a number of different
chemical and physical forms with different behavior terms of transport and
environmental effects (Schroeder and Munthe, 1998)ong the different mercury
species, monomethylmercury (MeHg, MMHg or MHg) fparticular interest due to its
high toxicity and to its high capacity to bioaccuata in food chains (USEPA, 1997a;
Bloom and Watras, 1989; Brosset and Lord, 1995).

For toxicological and biogeochemical studies thltooncentration of mercury is of
little value without knowledge of its chemical fasmThus, speciation of mercury is a
critical determinant of its mobility, reactivitynd potential bioavailability in mercury-
impacted regiondnderstanding the movement and geochemistry of ungifcom these
regions is therefore necessary in order to prethiet 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 dexaihe studying the environmental
turnover of mercury species, be it organic or iaoig, and large research efforts have

been put into the identification and quantificatmithese species over the last (Stoichev
et al., 2006).



Currently, it is difficult to detect mercury at estnely low concentrations such as those
found in water g m°) or air samples (ng 1) (Harris et al., 2007). The available
detection equipment is very strongly matrix dependend cannot detect small amounts
of the pollutant. Several methods/systems exightmitor low concentration levels of
mercury and generally provide limits of detectiooni ng m® (Stoichevet al., 2006).
Their sensitivity, however, is achieved at the exges of elaborate and time-consuming
sample preparation and pre-concentration procedures

Analytical methods have also been developed withun research laboratory for the
determination of inorganic and organomercury formsdifferent liquid and solid
matrices. These methods were successfully testedreah environmental samples
(Lusilao, 2009), though it was clearly emphasiZeat the developed methods had to be

improved for ultra trace mercury determination.

In the past, investigations of atmospheric merduaye been done on gaseous species,
and methodologies for accurate determination oégas mercury in ambient air are now
well established (Xiacet al., 1997; Tekran, 1998). Furthermore, recent advamces
analytical instrumentation (better selectivity asdnsitivity) and “trace metal-free”
methodologies have made the determination of athes&plevels of mercury (pg th
range) feasible, and have significantly advancedkitowledge of atmospheric behavior
of mercury (Xiaoet al., 1997; Tekran, 1998). Nevertheless, high qualittadae still
scarce (especially for the southern hemisphere)jraptbved techniques and methods for
sampling and analysis of gaseous mercury arerséded. The generated information,
linked with other data can be used to assess theugapathways of human exposure to
mercury.

Mercury occurs in the atmosphere in mainly threenfo elemental mercury vapor (Bg
reactive gas phase mercury (RGM) and particulats@mercury (TPM). Of these three
species, only Hthas been tentatively identified with spectroscap@thods (Ednest al.,
1989) while the other two are operationally defingukcies, i.e. their chemical and
physical structure cannot be exactly identifieddxperimental methods but are instead
characterized by their properties and capabilitybéo collected by different sampling

equipment.



Sampling and analysis of atmospheric mercury isrofhade as total gaseous mercury
(TGM) which is an operationally fraction defined §gecies passing through a 0%
filter or some other simple filtration device suab quartz wool plugs and which are
collected on gold, or other collection material. MGs mainly composed of elemental
mercury vapour with minor fractions of other vaatspecies such as HgCCH3zHgCI or
(CH3),Hg. At remote locations, where TPM concentratioreswesually low, TGM makes
up the main part (> 99%) of the total mercury conicgion in air (Munthest al., 2001).
Number of methods have been developed to measuw RGM and TPM at both urban
and background levels (Lat al., 1998).

The different mercury species are ubiquitous in #tosphere with ambient TGM
concentrations averaging about 1.5 ng im the background air throughout the world
(Iverfeldt, 1991). Higher concentrations are foundndustrialized regions and close to
emission sources. RGM and TPM vary substantiallyoimcentration typically from 1 to
600 pg n*, depending on location (Keeleral., 1995; Stratton and Lindberg, 1995).

It is, therefore, clear that mercury measuremerthaus must be able to detect mercury
at relatively low levels to be utilized for envinmiental gaseous samples. For example,
mercury concentrations in coal combustion flue @y range between 1 to 30 ng*m
Thus, in order to detect mercury in flue gas, thalgical method must be sensitive
enough to accurately measure within 0.5 ngwith no interferences from other flue gas
constituents (Laudadt al., 1998). This imperatively requires the use of preemtration
techniques.

Numerous methods (automated or manual) are usagi@concentration step prior to the
mercury analysis. These methods consist on adliquisolid sorption system to collect
volatile species. A variety of liquid and solid kents can be used to separate and
preconcentrate mercury species. Solid sorbents séfeeral advantages relative to liquid
sorbents such as greater stability and easier imgndVloreover, solid sorbents also can
be used repeatedly and the mercury collected caanbbzed directly using sensitive
techniques (Laudat al., 1998).

These advantages provide impetus for the developrogrsolid sorption methods.
Mercury can be selectively captured on solid samgpimedium through adsorption,



amalgamation, diffusion, and ion exchange proceddes gold trap is one of the mostly
used solid sorbents. Different techniques using @wiil, chips, thin film, etc.) coating on

a substrate are available (EMEP, 2002). As an elgnipe International Organization
for Standardization (ISO) has developed a standaethod of sampling mercury by
amalgamation on gold/platinum alloy thread (ISCQ20

The general principle for those techniques cormistrapping mercury from the sample
using the gold trap and after collection, the isapeated to remove mercury species. The
trap can be re-used many times after desorptiorsansitive detection methods are used
for the identification and quantification of desedomercury species.

On another hand, in developing and testing inngeadind cost-effective mercury control
technologies, there are two main approaches that bhaen studied for mercury vapor
control at elevated temperatures. One involvesctlicapture of HY by injection of
sorbents, usually powdered activated carbons (USERO®3). The other approach
focuses on the development of oxidation catalyst&h as noble metal catalysts, to
transform H§to Hg** for removal during scrubbing processes (PrestoGuadiite, 2008).

A recent trend in the development of these new tangr traps” for low concentrations
consists on the use of nanostructured materialshwdtiows mercury removal up to 95%
(Sjostrom and Chang, 2003; USPTO, 2006).

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

preconcentration of low level mercury.

1.2.2 Mercury concentration and distribution in Souh African coal

Environmental legislation in the developed coustiias had significant impact on coal
utilization, especially coal combustion for powezngration, in limiting emissions of
potentially hazardous materials such as inorgammstituents in coal to the environment.
This legislation has led to significant developmehinew models for the behavior of
inorganics in coal combustion and a complementatyaecement of many analytical
methods for determining inorganics in coal (Hugg02).

It has long been recognized that there are envieotah consequences related to the use
of coal for energy production. Extensive researaB heen conducted in the northern



hemisphere and reports written about the envirotahgmwoblems associated with coal
mining, processing, and combustion and related lpnad such as acid mine drainage,
acid rain, smog, and greenhouse gas emissionsglRiak et al., 2002).

In the United States, for example, the mercury eatration in coal has been a subject of
wide-spread discussion since the passage of the diéan air act amendment (CAAA)
(Toole-O’Neil et al., 1999). The CAAA specifies 189 potential hazardairspollutants
(HAPs) among these are trace elements, includingcung The CAAA focuses on
mercury for special consideration because of itemqally adverse impact on human
health.

There appears to be considerable sources of menepuy in Southern Africa. Global
human activities such as combustion of fossil fuatgl the incineration of waste
materials are estimated to account for 70% of tital tmercury in the atmosphere.
Unfortunately, the amount of mercury emissions he tegion is unknown (Leaner,
2006).

It is known that the main variables affecting meycemissions to the environment
during coal combustion include the mercury contd#rnthe coal, the type and efficiency
of control devices used to reduce gaseous anccpiaté emissions, and the total amount
of coal combusted (Wagner and Hlatshwayo, 2005).

Recent studies conducted by Dabrowetkal. (2008) and Leanest al. (2009), based on
the total amount of coal burned in all power plgres year, the mercury content of South
African coals and the emission control devices useghch power plant, suggested that
mercury emitted from South African coal fired povegations was lower than previously
reported by Pacynat al. (2006). However, the authors also suggested tindhdr
research is required to validate and refine thelt®sbtained from their studies.

Indeed, the mercury concentrations used for thevalstudies were based either on
estimates of the average mercury content in Sofiicah coals (Leanegt al., 2009) or
on the few published data (Dabrowskal., 2008).

Watling and Watling (1982) have determined a meroancentration of 0.33 mg Kgor
South African coals whereas Wagner and Hlatshwa@0%) reported a mean value of
0.15 + 0.05 mg Kg (ranging between 0.04 and 0.27 mg'kin coal samples obtained
from the Highveld coalfield. More recently, the tid States Geological Survey (USGS)



reported an average mercury concentration of 0.4&gt for forty South African coals
collected at different coalfields (Kolket al., 2011).

Previous studies on the geochemistry of coal, oo South African coal, have
demonstrated a notable vertical variation in mercaoncentration compared to
horizontal variation, indicative of different deptc@nal environments vertically and
possibly of localized metamorphism (Watling and Ndgt 1982; Sakulpitakphost al.,
2004). The variability of reported mercury concatians of South African coals shows
the need of more analysis of South African coald #me importance of sampling
strategies, especially when it comes to mercurgrdahation.

Further, mercury has the property of strong vatgtiit high temperature and tends to
adsorb in many types of containers used for stordgee must be taken to avoid loss of
the analyte during sample preparation and stor&jeichev et al., 2006). Results
presented by Wagner and Hlatshwayo (2005) for sgh¥€ld coals were, at least, 20%
lower compared to those reported by the USGS far &f the six analyzed samples.
Besides, the mercury concentration of 0.19 mg tgasured for the certified reference
material (SARM 20) also was about 20% lower thandértified mean of 0.25 mg kg
This shows that mercury was lost somewhere dufegsample preparation, probably
during the digestion, as mentioned by the authdiserefore, the actual mercury

concentration in the Highveld coal is presumedddnigher than reported.

On another hand, since the US Environmental Piotechgency (USEPA) issued a
federal rule to reduce mercury emissions from ¢oatt power plants (Hoffaret al.,
2006) there have been many studies about the rérobwaercury after the combustion
of coal. However, only a few studies have been dayaut the pre-combustion removal
of mercury from coal (lwashitet al., 2004).

The intention of coal cleaning is to reduce thegamic contaminants in the coal before it
iIs crushed and introduced into the boiler for costimm. Conventional coal cleaning
methods usually employ pyrite-attacking mechani@drsnenet al., 2004) because some
of the mercury in the coal is associated with thete fraction. The greatest fraction of

cleaned coal is bituminous varieties, due mainlth&r high pyrite and sulfur content. A



much smaller fraction of the subbituminous coals eeaned, while lignite coals are
rarely cleaned (Hoffamt al., 2006).

In general, low grade bituminous coal is used fambustion in South African’s power
plants and no coal washing (and potential removamercury) takes place prior to
burning (Dabrowsket al., 2008). The majority of power plants receive coahf mines
situated in the Witbank and Highveld coalfieldse(€ghapter 2 for location map), while
few of them receive coal from mines situated in $asolburg and Waterberg coalfields,
(Chamber of Mines, 2004). Only few data are avéslain the specific mercury content

of these coals.

In addition, Dvornikov (Toole-O’Neiét al., 1999 and the reference therein) proposed, on
the basis of extensive studies of Soviet coal, thatcury occurs as mercury sulfide,
metallic mercury and organometallic compounds wa®ei@acet al. (2008) have, more
recently, demonstrated the occurrence of the tawathylmercury in some China coals.
Unfortunately, while many studies in the world haween devoted to the problem of
mercury in coal, such as its modes of occurrenak itmnemission behavior, little is
known about the speciation of mercury in South &sn coals.

The quantification of mercury and the determinatidnts distribution in South African
coals are therefore very important to understandcumg behavior during coal
beneficiation, cleaning and combustion. This wilsoa help in developing suitable

cleaning procedures for South African coals priocambustion.

In a summary, due to the complex chemical struabfireoal matrices, it is important to
define the speciation of mercury in coal in ordeiget a better understanding of its fate
and effect in biological, geological and atmosphescosystems after mining and/or

combustion and to determine which cleaning metlwadisbe successfully used.

1.2.3 Mercury pollution from gold mining operationsin South Africa

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

SA. Up until a few years back, SA was the worldigést gold producer. China surpassed



SA as the world's largest producer in 2007. Chioratinues to increase gold production
and remained the leading gold-producing nationG89% followed by Australia, SA, and
the United States (www.mbendi.com).

In 2008, SA was estimated, by the USGS, to have06r@etric tons of gold reserves
(USGS, 2008), although a later study presented dgniddy(2009) suggests that South
African gold reserves are only about half of theG$Sestimate.e. 2,948 metric tons and
places SA only fourth in world rank, after Austea(,000 t), Peru (3,500 t) and Russia
(3,000 t). Ninety five percents of SA’s gold mire® underground operations, reaching
depths of over 3.8 km. Coupled with declining gsadacreased depth of mining and a
slide in the gold price, costs have begun to nsgylting in the steady fall in production.

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

By far the most gold that has been mined in SA (PB& come from the Witwatersrand
goldfields (figure 1.1). SA does have other smalijed producers outside of the
Witwatersrand (“Wits”), in the form of Archaean grestone belts. The main gold
producing greenstone belts are the Barberton G@emsBelt situated in the

Mpumalanga province, just north of Swaziland arel Knaaipan greenstone belt located
west of Johannesburg, near Kuruman. Other smadlées bxist in the Northern Province,

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

The name "Witwatersrand" means "White Waters Ridgef was derived from the white
quartzite ridge which strikes parallel to the edfiehe basin in which the sediment was
deposited. The gold mines in this area are situatednd an ancient sea (over 2700
million years old) where rivers deposited theirigeghts in the form of sand and gravel
which became the conglomerate containing the golile Witwatersrand Basin is
approximately 350 km long and 200 km wide. The goides in this area are possibly
the deepest mines in the world (mining operatidrd680 m and exploration core-drilling
up to 4600 m). Peak gold production occurred inO1l@%hen over 1000 metric tons were
mined (Hartnady, 2009). However gold production tieslined since 1980.
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Figure 1.1 Map of the Witwatersrand Basin in Soifitica (Modified after Tutu, 2006
and the reference therein)

The average recovery grade of the Witwatersrand ghes has declined from 13.3 Y t
in 1970 to 5.3 g'tin 1991 (Mphephu, 2004; wwwu.edu.uni-klu.ac.at) .

Over 100 mineral species have been reported froen gibld-bearing reefs. Zircon,
chromite and other "heavy minerals" occur throughibve Witwatersrand. The most
common silicate minerals in the reefs are quartuzscavite, pyrophyllite, chloritoid and
chlorite (wwwu.edu.uni-klu.ac.at).

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

cobalt-platinum sulpharsenides as well as coppdphesalts and antimony-bearing
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minerals are present. Included in this group aexigg such as cobalt-rich arsenopyrite,
gersdorrite and cobaltite, and the platinum groupenals geversite, sperrylite, braggite
and cooperite. Pyrite is present in a variety dbitsaand forms. The main uranium-
bearing minerals are uraninite and brannerite vmtimor amounts of coffinite and
uranothorite. Uranium (and gold) tends to be emdcivhen found in combination with
carbon. In some places a "reef", the Carbon Leasl@eveloped and mined as the gold
content is exceptionally high.

Most of the gold in the Witwatersrand is presenhative gold which occurs in a variety
of forms and habits, such as microscopic vein ¢tet®vergrowths and is usually only
visible under the microscope (the average goldgananges from 0.005mm to 0.5mm
in diameter). There are however remarkable exceptitke those observed on the
Randfontein Estates gold mine or in the City DeepeMIn this latest, beautiful clear
quartz crystals up to 10 cm long with small calatgstals were found (wwwu.edu.uni-

klu.ac.at).

Gold mining began on the Witwatersrand in 1886 s&r@ broad arc some 60 km long,
marking the outcrop of the Main Reef conglomeratesoon became evident that the
gold occurrence was of considerable significanod, @rospectors and miners flocked to
the area. Townships were established along theHesfghe outcrop to accommodate the
growing workforce (McCarthy and Venter, 2006). Coals discovered on the East Rand
in the late 1880s, and by 1890 was being transpdayerail along the Rand to supply the
power needs of the growing industry (Jeffrey, 20@®Id exploitation commenced in the
Central Rand, followed by the West and East Raatk (L890s) and continued to the
West Wits area and Orange Free State Goldfieldsi(1@nd after 1958 spread to the
Eastern part of the Basin, the Evander Goldfiekis Tesulted to the creation of. a vast
mining—industrial complex in the Witwatersrand Basihe mining activity gave rise to a
large conurbation centered on Johannesburg, whidayt accommodates millions of
people (Forstner and Wittmann, 1976; Mc Carthy edter, 2006, Naicker et al., 2003).
Since the gold-bearing conglomerate encountere®lAins always intimately associated
with a matrix, crushing and grinding were therefangrerequisite to the recovery of gold,

whether by amalgamation, cyanidation, flotatiorg@avity concentration.
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Gold was initially extracted using a mercury amaigaethod. Ore mined underground
was brought to the surface, where it was milled fmne sand, during and after which it
was exposed to a film of mercury spread on coppatep. These were periodically
removed, and the mercury—gold amalgam scrapednaffdsstilled torecover the gold.
The tailings were transported to dumps near theaetkon plant, producing the so called
“sand dumps” (Naickeet al., 2003).

Although cyanidation was introduced later on, tgp@ement amalgamation and has
become the only method of treatment on several sniRerstner and Wittmann (1976)
observed that approximately 43% of the total S@\ftitan gold output was still attained
by amalgamation in the late 1970s. They estimalted donsumption of mercury to
fluctuate between 10 and 40 mg per ton of millezkro

The success achieved by the cyanide process lidgeiselective dissolution of gold by
weak cyanide solutions from other ore constitue@tdd is precipitated from the cyanide
solution by zinc dust and a 10% lead nitrate sofytiand is recovered from the zinc
precipitate by calcining the base metal constitsidatthe oxide form and by smelting
with a borosilicate flux to eliminate the sulfurntent.The tailings were pumped to large
dumps, known as ‘“slimes dumps”.

Due to the high degree of extraction efficiency amokre economic results achieved by
direct cyanidation, practically no scope has beered for the application of flotation
methods to the recovery of gold in SA. The onlyeptmon is the recovery of uranium
oxide as by-product from gold ores from 1952. Eotican of uranium oxide requires
leaching of gold plant slime with concentrated sut¢f acid (Forstner and Wittmann,
1976).

The main residues from gold-mining operations csingf waste rocks, cyanided sand
and slime surplus mine water and discarded solutions suchasse sulfuric acid. The
waste rock can be disposed of as concrete aggreg#teallast, etc. and has commercial

value.
Due to the high selectivity of both the mercury &aeation and the cyanidation for

gold, other ore minerals were unaffected during éxéraction process, and hence

reported to the tailings dumps (Naicletral., 2003). By the end of 1972, it was reported
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that more than three milliomaetric tons of ore had been cumulatively mined gk
and Wittmann, 1976) and, in the late 1980s, appnaily 240 tailings dams covering a
surface area of 44 000 hectares were registerdeikVitwatersrand Basin (Tutu, 2006).
In the last two decades, many of these dumps haea land are being retreated to
recover the remaining gold, and the tailings amaped to disposal sites (Mpephu, 2004).
Due to inadequate design, poor management andabetjiese tailings dams have been
subjected to varying degrees of water and wind i@nosvhich led to serious
environmental damages such as the pollution ofosading watersheds, as a result of
acid mine drainage generated mainly from sulphigled heavy metals in the tailings
dams, air pollution in the form of airborne dusbnr unrehabilitated, partially
rehabilitated and reprocessed tailings dams, amdtirilization of appreciable tracts of
land partly as a result of shallow undermining (I, \#006).

Many studies also have reported the existence ol aine drainage on the
Witwatersrand (e.g. Wittmann and Forstner, 1976cké et al., 2003), and the presence
of enhanced concentrations of heavy metals inctudnercury in surface waters and
sediments (Naicker et al., 2003, McCarthy and er2@06). The source was assumed to
be from surface run-off from the main tailing dumpghe catchment as well as pumped
water from mining operations (Marsden, 1986). Otieidies showed that the dumps,
particularly those consisting predominantly of saszed tailings, were polluting the
underlying ground water which in turn was enterthg surface water environment via
ground-water seeps (Mphephu, 2004).

The migration of pollutants such as mercury frorasth remote poorly-monitored mine
sites can result in elevated mercury levels in nppulated urban regions. Therefore,
understanding the transport and bio-geochemistrymaircury from mines in the
Witwatersrand Basin is necessary in order to pteztiological consequences associated
with this form of contamination.

In soils and surface waters, mercury can existhi mercuric (H&) and mercurous
(Hg™) states as a number of complex ions with varyiraew solubilities. Mercuric
mercury, present as complexes and chelates wimdig, is probably the predominant
form of mercury present in surface waters (ATSD89). The transport and partitioning

of mercury in surface waters and soils is influehd®/ the particular form of the
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compound (speciation). Therefore, the speciatiomefcury is a critical determinant of
its mobility, reactivity, and potential bioavaildibj in gold-mine impacted regions. Net
generation of methylmercury, for example, is impott in investigations of the
environmental effects of mercury contamination,ause of its toxicity and also due the
fact that methylmercury is the form of mercury tietoncentrated by fish ardjuatic
food chains (USGS, 2003).

Mercury speciation in these complex natural systésnadditionally influenced by a
number of physical, geological, and anthropogeaitables (Kimet al., 2004).

Sediments, on another hand, are important carfigrrace metals in the environment
and reflect the current quality of the system. Asm of the development of
concentrations of metals along sediment cores fitrerenakes it possible to determine
the history of metal contamination for a certaigioa (de Lacerdat al., 1991). Harris et
al. (2007) reported that methylmercury in sedimerat useful indicator to assess changes
in mercury load, changes to the net bioaccessitwfiinorganic mercury and changes in
bacterial activity. Recent studies (Nsengimana,72Qsilao, 2009) done on the Klip
River basin in SA have also demonstrated that sealisnand stream-water are a useful
barometer of changes in mercury load. Because efirtiportance of sediments in
mercury methylation, investigation of selected st environments from the
Witwatersrand Basin could generate significantimfationregarding the relative impact
of mercury contamination on the presence of methytory in reservoirs and wetlands.
Understanding conditions that regulate the fornmtiad behavior of methylmercury in
aquatic sediments is, therefore, essential forraeténg the modes of transfer of this

contaminant to the water column and biota.

Unfortunately, as mentioned previously, mercuryeagsh in SA is practically non-
existent and the few fragmented risk assessmeritealf mercury pollution is based on
total mercury concentrations among other elemdragar(er, 2006). Due to the limited
data available on the anthropogenic emission ofcamgrin SA, the level of mercury
pollution and its consequences in terms of ecosyservices and human health appear to

be highly underestimated in the country. In oradegét a better assessment of the local
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environmental impact of mercury pollution from gatdning 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 intogh@ironment been driven by the human
health concerns associated with mercury ingestiwainly through the consumption of
seafood (Grigal, 2002). Mercury (Hg) occurs in texidation states in environmental
media: metallic (H§or Hg(0)) and mercuric (H§ or Hg(ll)). Under ordinary conditions,
Hg® vaporizes readily and is easily transported in atrmosphere. Natural sources of
mercury to the atmosphere include degassing oédnth’'s crust through volcanoes and
diffusion from ore bodies (Nriagu, 1979). Humaniaties such as mining and associated
smelting, burning of fossil fuels, and industriades of mercury in chloralkali plants,
paints, batteries, medicine, and dentistry haveifstgintly increased the global reservoir
of atmospheric mercury since the beginning of titkustrialized period (Fitzgerakd al .,
1998). The wide distribution of mercury via atmospb processes and its deposition,
from the atmosphere, to terrestrial and aquatidesys has led to the recognition of
mercury as a toxic global pollutant (Fitzgeral@l., 1998; Jackson, 1997).

There are various questions related to uncertaiati¢he relative importance of different
mercury sources (natural and anthropogenic), psesesontrolling cycling and fate in
the environment, and toxicological effects on husand wildlife (Krabbenhofét al.,
2005). The purpose of this chapter is to providemeral description of some of the latest
understanding of the processes that affect theebidgemical cycling of mercury in the
environment. However, it is necessary, in ordepad mercury cycling in the proper
context, to present a brief history of human udesercury and an overview on the past

and present mercury sources to the environmentreasbns for concern.

As early as 430 BC in Almadén, Spain, humans dis@mhow to extract mercury from
geologically enriched deposits (Martinez-Cortiggal., 1999). Over the past twenty-five
centuries, mining operations around the globe heatgacted more than 800,000 metric

tons of mercury and dispersed it for industrial @adhmercial purposes (Ferrara, 1999).

16



This resulted not only in high levels of environrte@ncontamination near processing
areas, but also regional to global scale impaatsutih evasion of gaseous elemental
mercury (H§) and subsequent long-range transport and depuasitio

The migration of mercury-enriched sediment int@atn flow spreads the mercury from
mine sites into surrounding watersheds. More thaerdury later, continued dispersion
of this mercury contamination of streams, largeensy reservoirs, and wetlands well
downstream of the mines continues, and is a majpictof concern and research
worldwide. Volatilization of H§ from various mining operations (mercury or gold
mining), or emissions from contaminated mine tgdinhas resulted in regional-scale
mercury contamination via atmospheric transport dadosition at locations as far as
1000 km away from sources (Schuster et al., 2008.large-scale geographic spread of
mercury from sites of use, its subsequent emissioth transport to distant sites of

deposition summarizes the modern view of the ctigkabal mercury problem.

2.2 Latest global mercury emission inventories

By the 1970s, researchers across the northern pleenes generally concluded that
atmospheric mercury concentrations, and correspgndeposition rates, had generally
increased 3-5 fold over historical times, althouglonsiderable variation in
historic/current flux ratio is seen among spec#fiody sites and the variation appears to
relate to proximity to emission sources (Krabbenkoél., 2005).

These sources can be broadly classified as combusburces (principally coal-fired
utility boilers, municipal waste combustors, comaiay industrial boilers, medical waste
incinerators), and manufacturing sources (printypaleavy-metal processing, chlor-
alkali, cement, and pulp and paper manufacturittEPA, 1997a). Unlike most other
widespread contamination issues, the mercury pmoblso has a natural-source
component that, according to Masetral. (1994), comprises about a third of the global
mercury emission budget. Table 2.1 presents amatdiof the global mercury emission

from natural sources.
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Table 2.1 Global mercury emissions by natural sesiestimated for 2008
(After Pirroneet al., 2010)

Source Hg (Mg yr’)  Contribution (%)
Oceans 2682 52
Lakes 96 2
Forest 342 7
Tundra/Grassland/Savannah/Prairie/Chaparral 448 9
Desert/Metalliferous/Non-vegetated Zones 546 10
Agricultural areas 128 2
Evasion after mercury deposition events 200 4
Biomass burning 675 13
Volcanoes and geothermal areas 90 2
Total 5207 100

Quantifying the totalcontribution of natural mercury sources to the glomercury
budget is critically important for evaluating whahvironmental response might be
expected from proposals or regulatory actions doice mercury emissions.

Natural emissions are, as mentioned above, pritigigarived from crustal degassing,
volcanoes, and volatilization from geologically4ehed materials (Rasmussen, 1994,
Gustinet al., 2000; Rytuba, 2005). Another major class of “nallyrappearing” mercury
sources is emissions from forest fires, soils arehos (Masoset al., 1994; Friedliet al.,
2003). However, the majority of these mercury fleixare actually re-emissions of
mercury originally released from anthropogenic sesrand deposited after long-range
transport (Masoset al., 1994; Fitzgerald et al., 1998; Ebinghaual., 1999).

This emission and re-emission phenomenon is on@besof the biogeochemical cycles

that control the distribution and fate of mercumythe environment.

Earlier studies of global mercury emissions wereneal primarily to assess the
contributions from anthropogenic sources (Nriagd Bacyna, 1988; Pirroret al., 1996;
Pacynaet al., 2006), particularly from coal, oil and wood comtiois as well as from
solid waste incineration and pyrometallurgical meses. Several studies have estimated
global emissions from volcanoes (Ferraral., 2000; Pyle and Mather, 2003), artisanal
small scale gold mining (Lacerda, 1995; Veayal., 2006), re-emission from oceans and
surface waters (Mason and Sheu, 2002), top soivagdtation (Gustiet al., 2000) and
forest fires (Friedliet al., 2003; Ebinghaus et al., 2007). Recent assessrmoenigrcury
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emissions to the global atmosphere have includeddntribution of the most important
anthropogenic and natural sources (AMAP/UNEP, 2008 ynaet al., 2009; Pirronest
al., 2010). Table 2.2 summarizes the global contrilbutimf the most important

anthropogenic sources.

Table 2.2 Global mercury emissions from anthropagsources
(Pirroneet al., 2010)

Source category Hg emission (Mg yf)
Coal and oil combustion 810
Non-ferrous metal production 310
Pig iron and steel production 43
Cement production 236
Caustic soda production 163
Mercury production 50
Artisanal gold mining production 400
Waste disposal 197
Coal bed fires 32
Vinyl chloride monomer production 24
Other 65
Total 2320

In the last decades a considerable amount of idséas been done to improve mercury
emission inventories at country level (Pirrat@l., 2010), including those countries with
economies in transition (Femgal., 2009; Streetst al., 2009).

In Europe, mercury emissions from anthropogenia@siin the year 2005 (table 2.3)
were near 145 Mg, with the highest contributionnfrgtationary combustion sources
(52%). The total anthropogenic mercury emissiomfidorth America is estimated to be
153 Mg yi. The major sources are known to be coal combusiimhthe incineration of
solid waste for the United States (USEPA, 2005 amelters for non-ferrous metal
production for Canada and Mexico (CEC, 2001; Emment Canada, 2008).

For Russia, the total anthropogenic emissions stimated to be 70 Mg ¥t, with 77%
being the contribution from processes where mersunyobilized as an impurity (ACAP,
2005).
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Table 2.3 Global emissions of total mercury fromjananthropogenic sources in Mg'yr
(after Pirroneet al., 2010). The South African contribution is showrboid

Ref.

SC NFMP PISP CP CSP MP GP WD o] T year
S. Africa 32.6 0.3 1..3 3.8 0.0 0.0 0.3 0.6 1.3 40.2 2004
China 268.0 203.0 8.9 35.0 0.0 275 447 141 7.6 609.1 2003
India 124.6 155 4.6 4.7 6.2 0.0 0.5 774 7.5 240.9 2004
Australia 2.2 11.6 0.8 0.9 0.0 0.0 0.3 0.2 0.6 16.6 2005
Europe 76.6 18.7 0.0 18.8 6.3 0.0 0.0 10.1 14.7 145.2 2005
Russia 46.0 5.2 2.6 3.9 2.8 0.0 4.3 3.5 15 69.8 2005

N. America 65.2 347 128 151 10.3 0.0 0.0 13.0 1.7 152.8 2005
S. America 8.0 13.6 1.8 6.4 2.2 0.0 16.2 0.0 15 49.7 2005

Total 623.2 3022 328 886 278 275 66.3 1189 36.4 13243
Other$ 186.8 7.1 104 1471 1351 225 3337 685 282 9394 2006
Total 810.0 310.0 43.2 2357 162.9 50.0 400.4 187.4 64.6 2319.7

8SC: Stationary combustion; NFMP: Non-ferrous meialduction; PISP: Pig iron and steel production;
CP: Cement production; CSP: Caustic soda productti. Mercury production; GP: Gold production;
WD: Waste disposal; CB: Coal-bed fires; VCM: Vimjlloride monomer production; O: Other; T: Total
®Others: Rest of the world

°This sum considers also CB and VCM estimates, waadount for 32.0 Mg yrand

24 Mgyr?, respectively. Totals for countries do not includese values.

Mercury emissions in China were estimated to be M@9%n 2003, with a large fraction
(44%) due to coal combustion, which in China inelsidhree major subcategories: coal-
fired power plants, industrial boilers and resite@ntises. As China is the largest coal
producer and consumer in the world, mercury emmssia China have been increasing
rapidly in recent years and are receiving incraasittention (Streetat al., 2009; Wang

et al., 2009). By 2007, coal consumption by power genemnaith China increased to 1.49
billion tons, indicating an even higher annual gitowate of 5.9% during 2004-2007 (Wu
et al., 2006).

In India, The highest contributing source categoare coal combustion (52%) and waste
disposal through incineration (32%). Industrial mwey emissions in India have
decreased from 321 Mg in 2000 to 241 Mg in 2004e Ministry of Environment and
Forests in New Delhi has stated that 86% of mercetly chlorine plants have been
converted to membrane technology (Mukherjee et2@l09). This change suggests that
mercury emissions from this sector have decreased 132 Mg in 2000 to 6.2 Mg in
2004.

In Brazil, the amount of mercury entering the earment was estimated to be about 200
Mg yr* (Pirrone et al., 2010). The major source of merqailution in this country is

known to be gold production, especially artisarwalles gold mining (Telmer and Veiga,
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2009). This case will be discussed with more deiaithe following section. An estimate
done in the Alta Floresta area (Brazil) showed th&ypical month’s production of 230
kg of gold emitted 240 kg of mercury to the atmasphas Hgand 60 kg of mercury into
rivers. In addition, emissions of mercury from céie¢dd power plants is about 5.6 Mg
yr' (emission factor 0.2 mg kb with a coal consumption of about 28 Tg yr
(Mukherijee et al., 2009).

In Australia, the total mercury emission from angiwgenic sources is 16.6 Mg ymwith
coal fired power plants (2.2 Mg Vj and non-ferrous metal smelters (11.6 Mg yr
representing the major emission sources (Nelsddif)20

There is limited information available for SA (anther African countries) in terms of
emission sources. Nevertheless most mercury reldagbe environment originates from
coal combustion and gold mining activities (Pacghal., 2006; Dabrowsket al., 2008;
Telmer and Veiga, 2009). Leanet al. (2009) critically revised previous estimates
(Pacynaet al., 2006), giving an estimate for the country of 4Mg yr . Most of the
mercury emissions are related to electric poweegsion facilities that account for 81%
of the total national emission (Dabrowsdti al., 2008). The coal gasification process
accounts for 4% of the total, whereas coal combuosim cement kilns and producing
clinker is the major source of mercury in cememtdpiction, representing 9% of the total
emission. It is of importance to notice, here, tthere is a specific concern about the
uncertainty of anthropogenic emission estimatesnfn@gions that are inadequately
described in terms of point sources, such as Afiité South America, or from regions
that exhibit unusually large uncertainties, assithe case for Asia. These uncertainties
affect model development, environmental policy dndnan welfare (Pirronet al.,
2010).

Estimates presented in table 2.3 show that summipgthe contributions from
anthropogenic sources nearly 2320 Mg of mercuryeisased annually to the global
atmosphere (31% GEb). A comparison of the abovenatts with those previously
reported in the literature suggests that Europe Madh America are reducing their
contribution to the global mercury burden, whereasssions in Asia are increasirbe
latter is primarily driven by the upward trend ofeegy demand that in the last decade has
grown at a rate of 6 to 10% per year (Pirrena., 2010).
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The improvement of the mercury emission inventory a global scale, with special
attention to fossil fuel fired power plants in ctues characterized by fast economic
growth (i.e. China, India) is in agreement withaetenendations and requirements of
major international conventions and programs airteededuce the impact of human

activities on ecosystems and human health (Pirebak, 2010).

2.3 Major anthropogenic sources of mercury

Mercury is released to the atmosphere from a latgeber of man-made sources, which
include fossil-fuel fired power plants, ferrous andn-ferrous metals manufacturing
facilities, caustic soda production plants, orecpssing facilities, incinerators for urban,
medical and industrial wastes, cement plants arthatals production facilities.

The current global atmospheric budget (table 2t@ws that the majority of mercury
emissions originate from combustion of fossil fu€l4% GEDb), followed by artisanal
small scale gold mining (5% GEb). Coal combustiom ayold production are also
believed, by many authors (e.g. Pacghal., 2006; Dabrowsket al., 2008; Pirroneet
al., 2010), to be the major contributors of mercurylygan in SA. That is the reason

why a particular attention is given in this sectiorthese pollution sources.

2.3.1 Coal

Coal is a fossil fuel formed in ecosystems whesmptemains were preserved by water
and mud from oxidization and biodegradation, thagqugstering atmospheric carbon.
Coal is a readily combustible black or brownisheklaock. It is a sedimentary rock, but
the harder forms, such as anthracite coal, careparded as metamorphic rock because
of later exposure to elevated temperature and presk is composed primarily of carbon
and hydrogen along with small quantities of othements, notably sulfur. Coal is
extracted from the ground by coal mining, eithedenground mining or open pit mining
(surface mining) (www.Wikipedia.org; Kroschwitz af&tant, 1993; Selsbo, 1996). Coal

is the largest source of fuel for the generatiorelettricity world-wide, as well as the
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largest world-wide source of carbon dioxide emissjcslightly ahead of petroleum and
about double that of natural gas.

Coal is classified into four main types or rankgnr(ite, subbituminous, bituminous,
anthracite), depending on the amounts and typearbbn it contains and on the amount
of heat energy it can produce. The rank of a démdsioal depends on the pressure and
heat acting on the plant debris as it sank deeptdaeper over millions of years. For the
most part, the higher ranks of coal contain moratdpeoducing energy (EIA, 2008;
Kroschwitz and Grant, 1993).

- Lignite: is the lowest rank of coal with the lowest enecgptent. Lignite coal deposits
tend to be relatively young coal deposits that weoe subjected to extreme heat or
pressure. Lignite is crumbly and has high moistimetent. It is used almost exclusively
as fuel for electric power generation.

- Subbituminous. coal has a higher heating value than lignite. 8ubbnous coal
typically contains 35-45% carbon, compared to 2%36r lignite. Its properties range
from those of lignite to those of bituminous coatiaare used primarily as fuel for steam-
electric power generation. Additionally, it is amportant source of light aromatic
hydrocarbons for the chemical synthesis industry.

- Bituminous coal: contains 45-86% carbon, and has two to three tiime$fieating value
of lignite. Bituminous coal was formed under higtgahand pressure. It is used primarily
as fuel in steam-electric power generation, withssantial quantities also used for heat
and power applications in manufacturing and to naes.

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

bituminous coal. Itis used primarily for residahatnd commercial space heating.

World coal consumption in 2006 was 6.118 billioreng (Pirroneet al., 2010),
representing the primary fuel used in electricalv@o generation facilities (42%) and
accounts for about the 27% of world’s energy corstion (EIA, 2009). Table 2.4 shows
the trend of coal production in different countrieam 2003 to 2006.
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Table 2.4 Production of Coal by Country and yeaitlign 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 3515 366.1 378.8 373.8 .060
RussianFederation 276.7 281.7 298.5 309.2 .050
South Africa 237.9 2434 2444 256.9 .041
Germany 2049 207.8 202.8 197.2 .032
Indonesia 114.3 1324 146.9 1950 .031
Poland 163.8 1624 1595 156.1 .025
Total World 5187.6 5585.3 5886.7 6195.1 1

When coal is used for electricity generation, iissially pulverized and then burned in a
furnace with a boiler. The furnace heat converitebavater to steam, which is then used
to spin turbines which turn generators and credéetrecity. The thermodynamic
efficiency of this process has been improved oweet"Standard" steam turbines have
topped out with some of the most advanced reaclabgut 35% thermodynamic
efficiency for the entire process, which means 6&P4he coal energy is waste heat
released into the surrounding environment (www.\p&kiia.org).

The total known deposits recoverable by currerfintetogies, including highly polluting,
low energy content types of coal (i.e., lignitetuminous), might be sufficient for 300
years' use at current consumption levels, althangkimal production could be reached
within decades (EIA, 2007).

At the end of 2006 the recoverable coal reservesuated around 800 or 900 gigatons.
The US Energy Information Administration gives vebréserves as 998 billion short tons
(= 905 gigatons), approximately half of it beingdh@oal (See also Table 2.5). At the
current production rate, this would last 164 ye#&s.the current global total energy
consumption of 15 terawatt, there is enough coglrtwide 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 888- million tonnes (teragrams)

(www.Wikipedia.org)
Country Bituminous SubBituminous TOTAL Share
and and lignite
anthracite

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 15
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 Mercuryin coal

Depending on the source and quality of the coay, mmmber of naturally occurring
elements can be found. For instance, Huggins (20€§#)rted up to 79 elements in US
coals among these are the 11 inorganic elemerted lisy the U.S. Clean Air Act

Amendments as potentially hazardous air polluta@tstimony, arsenic, beryllium,
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cadmium, chromium, cobalt, lead, manganese, meraiclel and selenium (Finkelman,
1994). Among these metals, mercury is the mostemmec health issues resulting from
its emission because the element is quite voladehat 30—-75% of mercury in coal will
be released to air when coal is burned in coatifpewer plant (lwashitat al., 2004).
Therefore, many studies have been devoted to tht@gmn of mercury in coal such as its
occurrence in coal, its emission behavior, andréaeiction of mercury emission (Feng
and Hong, 1999; Hoffast al., 2006;Toole-O'Neil et al., 1999).

Although it is very difficult to generalize the neery concentration in coal, the literature
indicates that the mercury content in coal variesveen 0.01 and 1.5 mg kdToole-
O’Neil et al., 1999; Pirroneet al., 2010). The concentration of mercury is somewhat
lower in lignite coals than in bituminous and sutwminous coals. However, the lower
heating values of lignite coals relative to bituous and sub-bituminous coals suggest
that the amount of lignite burned per megawattrargy produced is higher compared to
other coal types (Tewalt and Finkelman, 2001). Mue#, concentrations of mercury
within the same mining field may vary by one ordemagnitude or more (Mukherje

al., 2009).

2.3.1.2 Coal in South Africa

Coal is found in SA in 19 coalfields (figure2.1pchted mainly in KwaZulu-Natal,
Mpumalanga, Limpopo, and the Free State, with teassounts in Gauteng, the North
West Province and the Eastern Cape.

The main coal mining areas are presently in theb@vik-Middelburg, Ermelo and
Standerton-Secunda areas of Mpumalanga, aroundb8geg&ereeniging in the Free
State/Gauteng and in northwestern KwaZulu- Nataretsmaller operations are found.
Single, although large, collieries are found neéisias and Tshipise (Jeffrey, 2005).

The South African coal resource and reserve estsnadry widelysince each value of
the reserves was estimated under a different satirofimstances (e.g. deptbeam
thickness and grade cut-offs), different classif@masystems and at different times with
different sets of economic constraints using défercriteria. Recent studies suggest that

the total remaining recoverable reserves are etarat 49 billion tons (table 2.5).
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The Waterberg, Highveld and the Witbank coalfietastain above 70% of the total
reserves. The Witbank coalfield is nearing depfetamd additional sources for coal
supply must soon be identified if the coal indusgyto continue into the 21st century.
The Waterberg coalfield is a likely replacementred Witbank coalfield, simply because
it has the potential to contain the vast majorityh@ country’s remainingn situ virgin
coal resources. The Highveld coalfield reservesim@ortant to the long-term life of
Sasol’'s Sasol Synthetic Fuels (SSF) and Sasol @aémmdustries (SCI), which requires
40 million tons a year. It is likely that produatiavill continue for a considerable number
of years.

The Sasolburg-Vereeniging coalfield is also a seppio SSF and SCI, as well as
supplying coal to Lethabo power station. The remngircoal reserves of the Free State
coalfield are low-grade coal suitable for power gyation and possible liquid fuel
production, while the remaining reserves in thetBdeand Coalfield are classified as
lowgrade bituminous coal with a CV of less than5281J kg' (Bredel| 1987). The
Limpopo (Tuli) coalfield is reported to contain veien 349-517 Mt of mineabia situ
raw bituminous coal with the potential to providéer washing, between 125-243 Mt of
metallurgical coal. South Africa currently produdess than 0.5 Mt of saleable coking
coal (Spalding2003) per annum and therefore the Limpopo (Tulglield will remain a
potentially valuable coking coal resource for theife.

The Highveld coalfield of SA (figure 2.1) is parf the Lower Permian Vryheid
Formation (~280 Ma) in the Karoo Supergroup (Robh&@®8). It is located mainly in
Mpumalanga Province, approximately 130 km southeéstohannesburg and 100 km
south of Witbank (Hagelskamgt al., 1988). There are five coal seams (No. 1 — No. 5)
associated with this formation, however only the Rland No. 4 seams are economically
mined over much of the area. The bituminous coatsewere deposited under cool, wet
conditions with water originating from retreatinglagal activity to the north
(Hagelskampet al., 1988; Hodgson and Krantz, 1998; Wagner and Hlaasow2005).

Coal quality increases from west to east, increpsinvitrinite content and overall rank
(Sullivan, 1995)Coal in Gauteng, for instance, tends to occur ickirshallow deposits

and is of poorer quality than seams in Kwazulu Nathich are deeper and thinner.
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The Highveld Coalfield is the next most productoealfield, after the Witbank coalfield,
with ten operating collieries. In 2001, it accouhfer about 73.65 million tons (24.92 %)
of the total run-of-mine (ROM) production (Jeffré3005). Mining was largely initiated
by the development of the coal-fired Kriel and Mapower stations with collieries
established to feed these power stations. Sinae tie five Sasol mines around the
Secunda area were developed. All the Sasol miredeaticated coal suppliers to the SSF
and SCI where the coal is used as a feedstockenptbduction of liquid fuels and
chemicals (Jeffrey, 2005).
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The coal produced at Forzando and Dorstfonteini€amk is exported, whereas New

Denmark Colliery is a dedicated supplier of coaEgkom’s Tutuka power station.

South African coals, generally categorized as lamkrbituminous with high ash content
(Wagner and Hlatshwayo, 2005), have a heating valu€3,000-30,000 btu Ky
relatively low sulfur content, and when combusiaaduce a low lime (CaO) ash which
does not cement easily with water. Most of thedrawetals are found in the non-coal
interlayers (also known as partings or middlinggttare mined and combusted along
with viable ore, resulting in incomplete combustiand increased ash production.
Nonvolatile trace metals end up in the fly ash ottdm ash, which are then disposed of
in an ash dump (dry) or dam (wet) (Swaine, 2000pda0nziet al., 2008).

Coal is the leading fuel produced and consumedAnv@ere reserves rank fifth, with
production being sixth in the world as shown inlé2b4 (McCarthy and Rubidge, 2005).
SA houses the vast majority of recoverable coatrves in Africa (Table 2.5)Coal
mining in the Highveld region began in the 1890l &y the end of the century, there
were 4 collieries in the Middleburg-Witbank distrisvhich produced coal (~2000
kilotons per year) almost exclusively to suppo# thustling goldfields in Johannesburg
(Roberts, 2008). Production and export increaset®bv due to the installment of a rail
line and continued to increase steadily into thé0k9 at which point a steep demand for
electricity forced the expansion of operations othbcoal mining and power station
construction (Lang, 1995). Since then, demand basiraied to increase. In 2002, 245.3
million tons (Mt) of coal was produced, with 171IV& of that consumed within SA. The
balance was exported to the European Union andASaa} making SA the third largest
coal exporter for that year (EIA, 2005). Eskom, asfethe world’'s largest utility
companies, remains almost completely responsitigpfoviding electricity to SA and
exports power to Botswana, Lesotho, Mozambique, iN@nSwaziland and Zimbabwe
(Roberts, 2008). Coal-fired power stations prodd@e&o of SA’s electricity, consuming
over 90 Mt of coal per year. The most economicahl canining takes place in

MpumalangaProvince where several power stations typicallyehdedicated coal mines
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(Dabrowski et al., 2008). Coal use by Sasol is also significant, antag for
approximately 25 % of the total coal consumptiosa (Dabrowski, 2010).

Coal is transported from the mine to the poweri@tabn conveyor belts where it is
crushed to a fine powder and burned in modern isotle produce high-pressure steam.
This steam turns turbines which results in the potion of electricity. Smoke from the
boilers is filtered to remove all possible emissiobut gases (sulfur dioxide, carbon
dioxide, and nitrogen oxides), extremely fine marf@tes, and highly volatile heavy
metals such as mercury and selenium escape (Goatlatz 2008). The remaining ash,
containing most of the naturally-occurring heavytaigepresent in the coal is “returned to
the ground and isolated from the environment” (Rt#)e2008) in long-term storage
dumps or dams.

Mercury emissions via coal combustion are partityleelevant in the South African
context.Considering the world-wide importance of poweristag as a source of mercury
to the atmosphere, it is likely that the electyigieneration sector may be an important
source of emissions in SA. This was highlightedalyyaper that listed SA as the second
highest source of mercury emissions to the atmaspbie a global scale (Pacysaal.,
2006).

Few studies are available on the mercury contertoaf used in South African power
stations. Mercury levels in South African coalsioade an average concentration that is
equivalent to the global average value of ~0.2 mg. Krevious studies reported an
average mercury content of 0.327 m@-Kgatling and Watling, 1982) for South African
coals, while a more recent study (Wagner and Hbesb, 2005) performed on highveld
coals, reported an average mercury content of g kg". A critical discussion of these
figures was presented in chapter 1. While, the orgrcontent of South African coal
seems to be relatively low, the large quantitiescadl burned every year potentially
results in high annual mercury emissions. In 2@pproximately 110 million tonnes of
coal was consumed for electricity production. A enocgcent estimate for 2007 indicates
an increase to approximately 125 million tonnessdghon coal consumption data,
emission control devices fitted in the stacks @& power stations and estimates of the
mercury content of coal (using an assumed cond@niraf 0.2 mg k), it has been

estimated that SA emits about 10 tonnes (rangingvden 2.6 and 17.6 tonnes) of
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mercury to the atmosphere per year (Dabroweslkal., 2008). The range in estimates is
associated with the uncertainty in the actual nmgrcontent of the coal used and in the
efficiency of the emission contralevices in trapping mercury. While this estimate is
considerably lower than the 50 tonnes estimatedther studies (Pacyra al., 2006),
when expressed as a ratio of the total populaticBduth Africa, the per capita mercury
emissions (0.24 g per person per year) are relgtivggher than other leading
industrialized nations such as Canada (0.15), C{irE3), Russia (0.16) and the USA
(0.2) (Dabrowskiet al., 2010). This would seem to suggest, that whilel totarcury
emissions could be lower than previously expectedouth Africa, the country still
appears to emit high levels in relation to the Igegpulation, suggesting that the potential
for exposure to humans and the environment isivelgthigh.

South African mercury emissions are not likely ezictase in the future. In fact, the exact
opposite is true. South Africa has experiencedceadst growth in demand for electricity
on the back of increased economic development thetast decade. This demand has
put South Africa’s power generation under increapegssure, leading to the recent
energy crisis (2009) experienced across the coufonsequently, demand currently
exceeds available capacity and development of asexd power generation infrastructure
is essential. South Africa’s coal reserves aremedgd at about 50 billion tons, and, based
on the current production rate, are sufficientast lanother 200 years. The current energy
crisis in combination with the lack of developmehtlternative energy sources (such as
nuclear, hydroelectric, wind and solar energy)éatis that the country’s future primary
energy needs will continue to be provided by cBallfrowskiet al., 2010).

Eskom’s expansion programme will result in the congtion of approximately 200
million tons of coal by 2018, which is an increas&0 % over current usage. Therefore,
mercury emissions arising from this source canpeeted to increase significantly to

almost double the current emissions.

2.3.2 Mining

Mining has been and still is a continuing source emivironmental heavy metals

contamination. The modern mining industry is of iderable importance to the world
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economy as it provides a great diversity of mingralducts for industrial and household
consumers (table 2.6). The consequence of the Isimge of the mining and mineral
processing industry is not only the large volumenaterials processed but also the large
volume of wastes produced. The exploitation of maheresources results in the
production of large volumes of waste rocks as thaye to be removed to access the

resource (Lottermoser, 2010).

Table 2.6 World production of selected non-fuel enat commaodities in 1999and 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 6210t 4480t
Chromite 14 Mt 19.7 Mt
Cobalt 29900 t 67500t
Copper 12.6 Mt 15.1 Mt
Gold 2540 t 2460t
Iron ore 990 Mt 1800 Mt
Lead 3.02 Mt 3.47 Mt
Manganese ore 20.4 Mt 33.4 Mt
Mercury 1800t 1480 t
Molybdenum 0.123 Mt 0.185 Mt
Nickel 1.12 Mt 1.58 Mt
Niobium-tantalum concentrate 57100t 67700t
Platinum-group elements 379t 518t
Silver 17700t 20200 t
Tin 0.198 Mt 0.304 Mt
Titanium concentrates 4,17 Mt 6.7 Mt
Tungsten 31000 t 90800 t
Vanadium 42200t 56300t
Zinc 8.04 Mt 10 Mt

For example, only a very small valuable componsrextracted from metalliferous ores
during processing and metallurgical extraction. Tneat majority of the total mined
material is gangue which is generally rejected @xgssing and metallurgical waste.
Therefore, mining operations result in the productof a high volume of unwanted

material.
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2.3.2.1 Important mining concepts

To understand the environmental impact of miningvéies it is of importance to explain
technical concepts of the principal mining openadio Definitions presented in this
section were obtained from Lottermoser (2010), smktated otherwise.

Industrial mining operations include mining, mirem@ocessing, and metallurgical
extraction. Mining is defined as the extractionnaéterial from the ground in order to
recover one or more component parts of the minetenad Mineral processing or
beneficiation aims to physically separate and coimage the ore mineral(s), whereas
"metallurgical extraction” aims to destroy the ¢ajl@graphic bonds in the ore mineral in
order to recover the sought after element or comgou

At mine sites, mining is always associated with enéth processing of some form (e.qg.
crushing; grinding; gravity, magnetic or electrostaseparation; dotation). It is
sometimes accompanied by the metallurgical extractif commodities such as gold,
copper, nickel, uranium or phosphate (e.g. inlsiaching).

All three principal mining activities produce wastéine wastes are defined herein as
solid, liquid or gaseous by-products of mining @tens. They are unwanted, have no
current economic value and accumulate at mine.sifdany mine wastes, especially
those of the metal mining industry, contain metalsd/or metalloids at elevated
concentrations.

In most metal ores, the metals are found in chdngicebination with other elements
forming metal-bearing ore minerals such as oxidesutfides. Ore minerals are defined
as minerals from which elements can be extractad@asonable profit.

In contrast, industrial minerals are defined as ewgk or mineral of economic value
excluding metallic ores, mineral fuels, and gemssonThus, ore is a rock, soil or
sediment that contains economically recoverablelsewf metals or minerals. Mining
results in the extraction of ore/industrial mineradnd gangue minerals. Mineral
processing enriches the ore/industrial mineral egjdcts unwanted gangue minerals.
Finally, metallurgical extraction destroys the ¢ajlographic bonds of minerals and

rejects unwanted elements.
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Mine wastes can be classified as solid mining, g¢gsimg and metallurgical wastes and
mine waters (table 2.7 and figure 2.2).

Mining wastes either do not contain ore mineratglustrial minerals, metals, coal or
mineral fuels, or the concentration of the minerafgetals, coal or mineral fuels is

subeconomic. Mining wastes are heterogeneous gealagaterials and may consist of

sedimentary, metamorphic or igneous rocks, saild,|laose sediments. Nearly all mining

operations generate wastes, often in very largauatso
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Table 2.7 Simplified mining activities whereby aoerce is mined, processed and
metallurgically treated (After Lottermoser, 2010)

Activity generating the mine waste Mine wastes

Open pit mining, underground mining Mining wastey(avaste rocks, overburden,
spoils, mining water, atmospheric
emissions)

Mineral processing, coal washing, mineral Processing wastes (e.g. tailings, sludges,

fuel processing mill water, atmospheric emissions)
Pyrometallurgy, hydrometallurgy, Metallurgical wastes (e.g. slags, roasted
electrometallurgy ores, flue dusts, ashes, leached ores, process

water, atmospheric emissions)

Processing wastes are defined herein as the psrobrthe crushed, milled, ground,
washed or treated resource deemed too poor teaedr further. The definition thereby
includes tailings, sludges and waste water fromenaihprocessing, coal washing, and
mineral fuel processing. Tailings are defined as pnocessing waste from a mill,
washery or concentrator that removed the econonatals) minerals, mineral fuels or
coal from the mined resource.

The physical and chemical characteristics of preiogswastes vary according to the
mineralogy and geochemistry of the treated resoqungee of processing technology,
particle size of the crushed material, and the tyfperocess chemicals. The patrticle size
for processing wastes can range in size from adlosize to fairly coarse, gravel size
particles. Processing wastes can be used for taukimine workings or for reclamation
and rehabilitation of mined areas, but an altemeatnethod of disposal must be found for
most of them. Usually, this disposal simply invawv@umping the wastes at the surface
next to the mine workings. Most processing wastesumulate in solution or as a
sediment slurry. These tailings are generally diégpadsn a tailings dam or pond which
has been constructed using mining or processingewas other earth materials available
on or near the mine site.

Processing of metal and industrial ores producesntrmediate product, a mineral
concentrate, which is the input to extractive metgl. Extractive metallurgy is largely
based on hydrometallurgy (e.g. Au, U, Ni) and pyetetiurgy (e.g. Cu, Pb, Sn, Fe), and
to a lesser degree on electrometallurgy (e.g. A),(Ripleyet al., 1996; Warhurst, 2000).
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Hydrometallurgy involves the use of solvents tosdige the element of interest (e.g.
leaching of the ore at gold mines with a cyanidetsm). In contrast, pyrometallurgy is
based on the breakdown of the crystalline structdirthe ore mineral by heat whereas
electrometallurgy uses electricity. These metaltaigprocesses destroy the chemical
combination of elements and result in the productibvarious waste products including
atmospheric emissions.

Metallurgical wastes are defined as the residueshefleached or smelted resource
deemed too poor to be treated further. Hydrometatlal extraction is performed at
many gold, uranium or phosphate mines, and wastesnaulate on site. In contrast,
electro- and pyrometallurgical processes and thistes are generally not found at
modern mine sites, unless there is cheap fuel adilse available energy for these
extractive processes. At many historical metal mirtee ore or ore mineral concentrate
was smelted or roasted in order to remove sulfut @nproduce a purer marketable
product. Consequently, roasted ore, slag, ash, flaleddust are frequently found at
historical metal mine sites.

In addition to the removal, processing of rock #malproduction/disposal of solid wastes,
mining operations also involve the production, asd disposal of mine water. The term
mine water is collective and includes any watea atine site including surface water and
subsurface ground water (Morin and Hutt, 1997 atet2.8).

Water is needed at a mine site for dust suppressmmeral processing, coal washing,
and hydrometallurgical extraction. Mine water conmiiyacontains process chemicals and
it is generated and disposed of at various staggagimining activities. Water of poor
quality requires remediation as its uncontrollesctarge. Drainage or seepage from the
mine site may be associated with the release df begpended solids, bases, acids, and
dissolved solids including process chemicals, rsetaletalloids, radioactive substances
or salts. Such a release could result in a proredinegative 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

Mining water

Mill water

Process water

Leachate

Effluent

Mine drainage water

Acid mine drainage (AMD) water

Any surface water or ground water present at a mine
site

Water that had contact with any of the mine
workings

Water that is used to crush and size the ore

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

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

Mining, mill or process water that is dischargetbin
surface waters

Surface or ground water thatedly or potentially
flows from the mine site into surrounding areas

Low pH surface oognd water that formed from
the oxidation of sulfide minerals and that actually
potentially flows from the mine site into
surrounding areas

Type of process

Mine seepage

Mine drainage
Acid mine drainage (AMD)

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

Process of water discharge at a mine
Process whereby low pH emwater 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 yeatds ranst of the mercury used
historically by man has been produced through thenm of ore. Mercury can be highly
enriched in certain rocks called ore deposits. T@st common mineral containing

mercury in ore deposits is cinnabar, or mercuryidgl(HgS), but naturally occurring
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elemental mercury, or quicksilver (Bgis also found in some mercury deposits (USGS,
2003). Both cinnabar and elemental mercury arendiste, making their identification
relatively easy. Elemental mercury is a silver-cetb liquid at room temperature;
cinnabar is a distinctive red mineral. Roasting tre in a furnace easily converts
cinnabar to elemental mercury; this ease of commelis another reason why mercury has
been mined for such a long time. Elemental merautle final product obtained through
mining of cinnabar.

Historically, the largest mercury mines have besysé in Spain, Italy, Slovenia, Peru,
China, the former U.S.S.R., Algeria, Mexico, Turkesnd the United States (USGS,
2003), but many other mercury mines are found tjinout the world. Most mercury
mines are presently closed owing to low demandlawdorices for mercury worldwide,
primarily as a result of environmental and heatthaerns surrounding mercury.

Although few mercury mines in the world are pregepperating, closed and inactive

mercury mines are sites of some of the highest mngioncentrations on Earth.

One of the significant mining uses of mercury wailde is the amalgamation of gold by
mercury, a technique used for the extraction o€ipres metals in many mines. The first
known usage of amalgamation in gold mining occuire8pain as early as 700 BC and
the process was subsequently used extensively éyRttmans around 50 BC. The
Spanish also experienced the first documented chseercury pollution (Lacerda and
Salomons, 1998).

In the U.S., Miners used Figp recover gold at both placer (alluvial) and hadttrmines
(Hunerlach and Alpers, 2003). In placer mine openat loss of HQ during gold
recovery was reported to be as much as 30 peraehigber, depending upon the
efficiency of the gold recovery apparatus (Hundrlaad Alpers, 2003). More than
100,000 t of mercury was produced in Californiaeid850, of which more than 10,000 t
was used to extract gold by amalgamation from tbkl-gearing gravels (Churchill,
1999). The South African gold mining case and tlekRted mercury concern was
introduced in the section that stated the reasbtiseeccurrent study (See section 1.2.3)
As a result of the extensive use of mercury forlgaraation during gold recovery and its

subsequent loss, B commonly present in riverbanks, soils, and drgés throughout

38



the region of historic gold mining operations. Merc concentrations in sediments are
generally higher in areas of large-scale gold ngraimd processing activities. In sluice
boxes, where gold was recovered, and in areas wmanang debris is continually
reworked by seasonal runoff, total mercury con@iains can be as much as 1,000 mg
kg™ in tailings. In general, total mercury concentas tend to increase with the amount
of fine-grained material because the amount ofaserfarea available for adsorption
increases with an increase in the amount of firsergd material (Hunerlach and Alpers,
2003).

From the late 19th century onwards, mercury watonger used since cyanide leaching
was invented which allowed large-scale gold miropgrations. Although this practice is
not generally used in developed countries, in tB&0%, the mercury process was
reintroduced in countries like Brazil, Bolivia, Vezuela, Peru, Ecuador, Colombia,
French Guyana, Indonesia, Ghana, and the Philippfhacerda and Salomons, 1998;
Veiga, 1997).

Since 1980, artisanal scale gold mining (AGM or AB&ctivities have been increasing
steadily. The term artisanal mining is preferredéoused as a simple way to encompass
all small, medium, large, informal, legal and ik¢gnining activities that use rudimentary
processes to extract gold from secondary and pyiimra bodies (Veiga, 1997). ASGM is
believed to account for one-quarter of the worlgiidd output and continues to play an
important economic role and provides livelihood d#olarge number of people. However,
research findings from the Brazilian Amazon dem@atstthat the threatening potential
consequence of the modern Amazon “gold rush” is uheontrolled use of mercury
(Donkor et al., 2006).

Mercury amalgamation is used in ASGM because thenigue is cheap, simple, fast,
independent, and reliable. And so in many settiiigs,hard to beat (Telmer and Veiga,
2009; Lacerda and Salomons 1998).

Significant liquid mercury is lost to streams ankers surrounding many gold mining
areas throughout the world as a result of amalgamatactices. In some of these areas,
liquid mercury that was used decades ago remainghése 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 beforerinly and after operation and may
include: vegetation clearance; construction of asa®ads, infrastructure, survey lines,
drill sites, and exploration tracks; creation ofgka voids, piles of wastes, and tailings
dams; surface subsidence; excessive use of wadstrudtion or disturbance of natural
habitats or sites of cultural significance; emiasad heat, radioactivity, and noise; and
the accidental or deliberate release of solid,idigor gaseous contaminants into the
surrounding ecosystems (Lottermoser, 2010).

The major factor that influences contaminant rede@s the geology of the mined
resource. Climate and topography as well as théeapmining and mineral processing
activities also play their role in the type and miagde of contaminant release from a
specific mine site or waste repository (Lottermo2€x10). The geology of a deposit may
influence, for example, the chemistry of local grduand surface waters and the
properties of soils. Also, local soils, sedimermnid avaters can be naturally burdened with
trace elements. This is especially the case whei@hering and erosion have exposed
metallic mineral deposits and have led to the nmddibn of trace elements into the
environment. At such sites, soils, sediments antbnwaare naturally enriched in metals
and metalloids (Kelley and Hudson, 2007).

The natural occurrence of elements varies betwééraht ore deposit and rock types.
Thus, rocks and ores with particular element emnhts cause environmental signatures
in receiving streams, soils and sediments, ancetkesichments may even bring about
adverse effects on local and regional ecosysterhs. dnvironmental signatures and
impacts of mineral deposits may occur naturallycan be caused by improper mining

and mine waste disposal practices (LottermoserQR01

Much of the environmental impacts of mining areocassted with the release of harmful
elements from mine wastes. Mine wastes pose a@rollecause some of them may
impact on local ecosystems. Anthropogenic inputs noétals and metalloids to

atmospheric, terrestrial and aquatic ecosystenasrasult of mining have been estimated
to be at several million kilograms per year (Nriaqud Pacyna, 1988; Smith and Huyck,
1999).
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However, many metals are essential for cellulactions and are required by organisms
at low concentrations (Smith and Huyck, 1999).sltonly when the bioavailable (i.e.
available for uptake into the organism) concendregi of these metals are excessively
high that they have a negative impact on the hedlthe organism and toxicity might be
seen. Processes that cause toxicity, disrupt eicalogrocesses, inflict damage to
infrastructure, or pose a hazard to human heatthreferred to as pollution (Thornten

al., 1995). In contrast, contamination refers to preesswhich do not cause harmful
effects (Thorntoret al., 1995).

Environmental contamination as a result of minimgot new to the industrialized world
and the knowledge that mining and smelting may keadnvironmental impacts is not
new to modern science either. The concern for thalthh of miners has evolved in
parallel with mining development, particularly iaspect to the exposure of humans to
mercury and arsenic. Mercury deposits in the Mediteean were first worked by the
Phoenicians, Carthaginians, Etruscans and Romams,used the ore as a red pigment
for paint and cosmetics (Ferrara, 1999). DuringNhedle Ages, metal contamination of
soils and sediments around mine sites became cornferprHurkampet al., 2009) and in
1540, Biringuccio wrote a book on metallurgy anaculnented the poisonous effect of

arsenic, mercury, zinc and sulfur (Biringuccio, @p4

Today, mines wastes are produced around the worldearly all countries. In many
developing countries, the exploitation of minerdaurces is of considerable importance
for economic growth, employment and infrastructdeselopment. Many of the world's
poorest countries and communities are affectedrbyaaal mining and the associated
uncontrolled release of mine wastes.

Artisanal mining is highly labor intensive and eyd 10-15 million people worldwide,
and up to 100 million people are estimated to ddpam small-scale mining for their
livelihood (Lottermoser, 2010). The largely unreggatd mining practices and associated
uncontrolled release of mine wastes cause envirotahkarm. One example is mercury
which has been used for nearly 3000 years to coraterand extract gold and silver from
geological ores (Lacerda and Salomons, 1998). Heeaf mercury in gold mining is

associated with significant releases of mercurg the environment and with an uptake
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of mercury by humans during the mining and roaspiragesses (Lacerda and Salomons,
1998). Around 2100 years ago, Roman authoritie® waporting mercury from Spain to
be used in gold mining in Italy. Curiously, aftes$ than 100 years, the use of mercury in
gold mining was forbidden in mainland Italy and ttoned in the occupied territories. It
is quite possible that this prohibition was alreadyesponse to environmental health
problems caused by the mercury process (Lacerd&alotnons, 1998).

The unregulated mining practices have caused memmtamination of rivers such as
the Amazon on a massive scale (Lottermoser, 20d@act, artisanal gold mining is one
of the most significant sources of mercury releaststhe global environment (See table
2.2).

Mercury is released to the environment during ani@ gold mining in a variety of ways.
When it is used to amalgamate gold, some escapestlgiinto water bodies as Pig
droplets or as coatings of mercury adsorbed ondorsnt grains (Telmer and Veiga,
2009). The mercury that forms the amalgam with gelemitted to the atmosphere when
the amalgam is heated — if a fume hood or retanbtsused. As well naturally occurring
mercury in soils and sediments that are eroded lbigirsg and dredging becomes
remobilized and bioavailable in receiving watersnally, where a combination of
cyanide and mercury are used, the formation of msdkible cyano-mercuric complexes
enhances transport and bio-availability. Even tiotige fate of mercury in any of these
processes is poorly understood, the interactionsyahide and mercury are the least
understood at this time (Telmer and Veiga, 2009).

The use cyanide during gold extraction dissolveasondy gold but also mercury, forming
cyano-mercury complexes wich are easily mobilizgdréin and often, due to poor
containment practices, quick reach stream watdrs. Water-soluble mercury cyanide is
expected to be either more bioavailable or easieméthylated than Hg Therefore,
mercury from ASGM is first released into surfacdevand soils and later emitted (latent

emissions) to the atmosphere, or exposed in preduct

The following processes are used during mercurylganaation with gold (Telmer and
Veiga, 2009):
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- The “whole ore amalgamation” is the process ahding mercury into contact with
100% of the material being mined. This process usasury very inefficiently (3 and 50
units of mercury are consumed to produce one drgolal) and most of the mercury loss
during the process initially occurs into the solallings which are often discharged
directly into receiving waters and soils. Importgnthis mercury continues to evade into
the environment for centuries. It is also certamatt mercury in tailings that are
subsequently leached with cyanide to recover moté, @ growing trend also observed
in SA (Tutu, 2006), undergoes enhanced aqueousspoain and emission to the
atmosphere. This is because of the complexatiomertury by cyanide since mercury
and cyanide, like gold and cyanide, readily forniuble complexes, and that when
cyano-mercury complexes degrade, mercury readitiiaes.

Immediate emissions to the atmosphere during wb@eamalgamation occur when the
recovered amalgam is heated to produce the goldaentherefore, in the simplest case,
roughly equal to the amount of gold produced.

- In case when only a “gravity concentrate” is ayaatated, losses are normally about 1
to 2 units of mercury for each unit of gold proddicbut can be significantly lower if a
mercury capturing system (e.g. retorts or fume Bpadused when the amalgam is burnt.
Sometimes the tailings are rich in valuable mirerahd will therefore be further
processed. During reprocessing the tailings arenofimalgamated a second time to
recover any residual gold, and further processegaraduce a high grade heavy mineral
concentrate which is contaminated in mercury anéste which is discarded.

Another cause of Hg pollution is the “dirty mercumyhich is the mercury used 3 to 4
times for amalgamation and becomes much less p#eend, therefore, discarded
(Telmer and Veiga, 2009).

The widespread application of amalgamation techesqinas resulted in mercury
contamination of many streams around the world hStantamination has been caused
by historic gold mining operations in the Unite@tes (USGS, 2003), Russia (Laperdina,
2002), South America (Lacerda and Salomons, 1998y (Fenget al., 2009), Europe
(Covelliet al., 2001), and Australia (Churchét al., 2004).
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Much of the mercury used in the gold mining procasds up in the rivers. The elemental
mercury after reaching the rivers is transformedlyp#o the highly toxic methylmercury
form, which process is described in details in ftiwing section. A major proportion
of the mercury is also lost to the atmosphere, astimned above, through burning of the
gold-mercury amalgam or through degassing of metaflercury from tailings, soils,
sediments, and rivers (de Lacerda and Marins, 1Pf#ifferet al., 1993). Nearly 3000 t
of mercury have been released into the Amazon emwvient in the last 15 years. The
annual emission of mercury to the atmosphere in Bhazilian Amazon has been
estimated to be greater than the total annual @misg¥ mercury from industry in the
United Kingdom (Lottermoser, 2010).

Uncontrolled gold mining in the Amazon not only uks in mercury contamination of
air, soils, sediments, rivers, fish and plants aiso in the destruction of rainforests,
increased erosion of riverbanks, and the exposunaireers, gold dealers, fishermen and
residents to toxic mercury concentrations. The minghow symptoms of mercury
poisoning also known as Mad Hatter's or “MinamataeBse” (see section 2.4). They
burn off the gold-mercury amalgam in an open paolased retort to distill the mercury
and to concentrate the gold. Roasting of the amalgammonly takes place in a hut and
on the same fire used to cook food. Miners - eagesee how much gold will remain
once the mercury is burned off - will stand dirgaVer the amalgam as it is burned. The
gold miners end up inhaling the mercury vapor asd gesult, many have been poisoned
(Telmer and Veiga, 2009).

2.4 The biogeochemistry of mercury

There are three prominent processes that releageurpeof mixed natural and
anthropogenic origin to the atmosphere. These time#ede biomass burning (deliberate
and natural) and the evasion of mercury from saild the ocean. The general factors
controlling emission of mercury from these sourbase been discussed by Fitzgerald
and Lamborg (2003).

Due to the chalcophilic nature of its associationercury is found in higher abundances

in intrusive magmatic rocks and locations of suiaheand submarine volcanism with
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peak concentrations as high as several percemnehgrade minerals (e.g., 35% mercury
in sphalerite; Ozerova, 1996). Thus, mercury cotraéons in soils weathered frothis
material can be very high as wébustin et al., 2000) and represent a potentially
significant source of mercury to the atmosphereugh low-temperature volatilization.

As with soils, biomass burning and oceanic evasitso mobilize both natural and
anthropogenic mercury and represent sources ofdroxigin. In this way, these media
act to recycle mercury in the environment, extegdire residence time of mercury at the
Earth’s surface.

On another hand, watersheds are known to be majoceas of mercury to the aquatic
environment. However, and similar to biomass bugrand evasion, the mercury released
from watersheds is of mixed origin with a fairlynp residence time (Fitzegerald and
Lamborg, 2003).

2.4.1 Atmospheric cycling and chemistry of mercury

Mercury exists in the atmosphere in primarily fdarms: gaseous elemental mercury
vapor (Hg) or metallic or zero valent mercury; gaseous @imalmercury Hgf*
(mercurous) or Hg (mercuric-Hg (1I)); particulate-bound mercury (Har particulate
phase mercury-TPM), both @@nd Hg"; and organic mercury (mainly methylmercury
(MeHg) (USEPA, 1997a). The vapor pressure of merasrstrongly dependent on
temperature, and it vaporizes readily under amhgentlitions. Consequently, elemental
mercury (HQ) is not found in nature as a pure, confined liguidt instead exists as a
vapor in the atmosphere. It is insoluble in wated & less chemically active than other
forms of mercury. As a result, its removal ratsl®v and thus can be transported in the
atmosphere thousand of miles from emission souf€essequently, gaseous elemental
mercury vapor (HY is the major component of the global circulat@inatmospheric
mercury (Schroeder and Munthe, 1998).

Gaseous mono and divalent mercury fHigand Hg"), also called reactive gaseous
mercury (RGM), can form many inorganic and orgachiemical compounds; however,
mercurous mercury (Hg) is very unstable under ordinary environmentalditons and

therefore is generally not found in the atmosphéfercuric mercury (Hf) is less
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volatile than Hegf* and more water-soluble than H@lercuric mercury may be found in
the gas phase or bound to airborne particles (T gas-phase and particulate’Hg
are readily removed from the atmosphere by pretipit. Oxidation processes in the
atmosphere and in-cloud water can also convertesieah mercury to Hgj. Because of
its high solubility, gas-phase Bigmay be removed from the atmosphere within a few
tens to a few hundred kilometers from its sourcarti€ular-phase mercury may be
deposited at intermediate distances from the sadepending on the size of the aerosol
(Schroeder and Munthe, 1998). Elemental mercurtherother hand has a relatively long
lifetime of 0.5 to 2 years due to its low solulyilin water and slow removal rate from the
atmosphere via deposition and transformation teemsbluble species (Munthet al.,
2001).

Although a small fraction of the mercury in atmospt deposition is in the form of
organomercury species such as mono and dimethylmertie dominant source of these
species to most aquatic systemsnisitu formation, or formation within the watershed
(Waldronet al., 2000).

Fitzgerald and Lamborg (2003) reported that comeéinhs of total gaseous mercury
(TGM), which includes elemental, ionic and gasealdglated forms, in remote areas are
typically in the range of 1-2 ng i(figure 2.3). Concentrations below 1 ng’ mre to be
found under certain conditions and higher valuesdten observed in urban/suburban
locations.

Basic processes involved in the atmospheric fatett@msport 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 looat{@amborget al., 2002)

In a summary, elemental mercury vapour is not thoug be susceptible to any major
process of direct deposition to the earth’s surf@bere is an indirect pathway, by which
Hg® released into the atmosphere may be removed guusitied to the earth's surface
(figure 2.4).

It was quickly realized that the mercury specied¢ofound in greatest abundance in
precipitation was ionic mercury (e.g. Fogg and dgetald, 1979). The discrepancy
between the dominant gas (Bignd precipitation phase species tHigmplied a process
of oxidation of elemental mercury in the atmosphane its subsequent scavenging as
being a major component of the mercury cycle.

Many mechanisms for elemental mercury oxidationthe atmosphere have been
proposed and a few have been studied in detailugrolaboratory experiments
(Fitzgerald and Lamborg, 2003 and the referencesei). Some of the proposed

mechanisms are shown in figure 2.4.
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Figure 2.4 Summary of some of the important physiod chemical transformation of
mercury in the atmosphere (from Fitzgerald and Largh2003 and the references
therein)

Chemical reactions are thought to occur in the acjydnase (cloud droplets) that both
oxidize Hd to divalent mercury, Hg(ll), and reduce Hg(ll) kg’ (Lindqvist et al.,
1991):

Hg’(g) — Hg"(aq) (2.1)
Hg’(aq) + Q(aq)— Hg(ll)(aq) (2.2)
Hg(ll)(aq) + soot/possible evaporatien Hg(11)(p) (2.3)
Hg(l1)(ag) +SQ%(ag)— Hd(aq) (2.4)

With (g) = gas phase molecule; (aq) = agueous phaslecule and (p) = particulate
phase molecule.

The Hg(ll) produced would then be susceptible toaspheric removal via wet
deposition.

There is still an inconsistency between experimaetated to the mechanisms for
mercury removal. Many lab, field, and model effaridicate that the lifetime of mercury
in the atmosphere must be one to two years (Figgjend Lamborg, 2003), but there is
a number of plausible removal mechanisms that sigge flux from the atmosphere is
more consistent with lifetimes that are less thayear. The likely resolution of this
problem lies in the observation that majority oé tharth’s surface is covered by areas
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that are not temperate or boreal forests, includitegopen ocean and tropical regions
(Fitzgerald and Lamborg, 2003).

2.4.2 Aquatic biogeochemistry of mercury

There is an interesting mechanistic scheme thatdeased from the Mercury Cycling
Model developed by Hudson and colleagues (1994)clwhsummarizes the
biogeochemistry of mercury in the aquatic environtr{@gure 2.5).

Although organic and inorganic ligands and orgasisdiffer in fresh and salty
environments, it is believed that much of the bafemical processing and movement
of mercury are expected to be similar to the mad®mve mentioned (Fitzgerald and
Lamborg, 2003).

Based on existing distribution and speciation dfa mercury in natural waters,
important features associated with mercury cyclmgatural waters are highlighted in
the following summary:

(i) The speciation of mercury in water is dependamta number of factors such as the
dissolved solid phase partition coefficienizjor mercury in water (Hurlewgt al., 1994;
Babiarz et al., 2001), the pH, pE and compositibthe water matrix (Lusilao, 2009 and
the references therein).

(i) The total mercury (Hgbt) in water, which is defined as the BrCl oxidizedction of
mercury, can be partition into dissolved (filterspiing) and particulate phases (Hagtis
al., 2007).

(i) For the dissolved phase, current analyticalbgedures only allow for the
measurement of total mercury, methylated mercudy elamental mercury (e.g. Watras
et al., 1994; Fitzgeraldt al., 1991). The latter two mercury species generalbpant for
up to a few percent of the dissolved total meréanyater (Wienegt al., 2003).

Therefore, most researchers currently rely on tbdymamic modeling in order to
provide insights into the speciation of the majoribf the mercury in aquatic
environments, and to relate speciation to importamsiderations like cycling and
bioavailability (Benoitet al. 2003).
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Figure 2.5 Generalised view of mercury biogeocls¢ényin the aquatic environment.
(Hudsonet al., 1994)

(iv) In aerobic natural waters, the most importamdrganic ligands are Chnd OH
while dissolved organic carbon (DOC) is the mogtamant organic ligand.

(v) In freshwater, where concentrations from 3 @rg L are common, DOC is the
most important ligand for mercury. Simple organgahds such as carboxylic acid have
weak binding constants for mercury, whereas thialge very strong binding constants
and will dominate the inorganic mercury speciedriiistion under most environmental
conditions (Haitzeet al., 2002).

(vi) In anoxic waters, reduced sulfur species (mustably sulfide) are the strongest
inorganic ligands for mercury. As sulfide concetitnas increase, HgS is favored
followed by HgH$ then Hg$? and finally Hg(HS) (Benoitet al. 1999a).

The formation of a neutral HgS complex is dominantow concentrations of sulfide
(Benoitet al. 1999b). However, at low sulfide levels, thiols ntagn become competitive

for mercury binding.
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Moreover, in discussing the various reactions ofameg/, another important process that
needs to be addressed is the issue of photochgniyice deposited in natural waters,
mercury undergoes an aquatic redox cycling betveeadized Hg*, dissolved gaseous
Hg” (DGM), and methylmercury. Diel changes of DGM thaack solar radiation
(typically, highest DGM levels around noon and Istv@uring night) have been observed
in natural freshwaters. These findings implicaterdnnsic role of sunlight in controlling
aquatic DGM dynamics. This is of significance faguatic mercury biogeochemical
cycling and its environmental impacts because tapetition of this sunlight-driven
pathway for H§" substrate with the methylation pathway would redugercury toxic
hazards in local aquatic ecosystems through renafudtf* as a result of its reduction to
Hg® and its subsequent evasion (Zhang and Lindberg,1)20¥et, mechanistic
understanding of the phenomena has remained limited

2.5 Mercury methylation

While inorganic mercury (Hg or IHg) is the major source of mercury to mostatigu
systems, it is methylmercury (GHg", MHg, MMHg or MeHg) that bioconcentrates in
aquatic food webs and is the source of health adeis worldwide that caution against
the consumption of fish containing elevated MHgr{@ieet al., 2003; Lindqvistet al.,
1991; USEPA, 1997).

Two large-scale poisonings, in Minamata, Japan iankag, between 1950 and 1975,
focused attention on the health risks associatéd mvercury consumption, especially in
its methylated form (Mason and Benoit, 2003 andr#éferences therein). In Minamata,
MHg from a vinyl chloride-acetic acid plant was thaurce of contamination (Fujiki and
Tajima, 1992). IHg, used as a catalyst, was prigpmanethylated to MHg within the plant
and subsequently discharged in the wastewaterotitiatly, fish levels as high as 20 mg
kg and sediment levels above 500 md'kf mercury were reported (Fujiki and Tajima,
1992).

Patient hair concentrations were similarly elevatas! high as 700 mg KgHg). More
than 1000 people have died, and mercury poisontngiaw often referred to as

“Minamata disease”.
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The poisoning incident in Iraq was the result & dtonsumption of seed grain preserved
with MHg, a commonly used preservative at the t(Mason and Benoit, 2003 and the
reference therein).

In many direct discharge incidents, contrary to &mata, elevated levels of mercury in

fish, as MHg, have resulted from methylation of thercury in the aquatic environment.

Although a small fraction of the mercury in atmospbt deposition is MHg, the dominant
source of MHg to most aquatic systemdrissitu formation, or formation within the
watershed (Krabbenhofet al., 1995).The current consensus, based mainly on
temperature-dependency of mercury methylation emesponse to biological substrates
(Compeau and Bartha, 1985; Berman and Bartha, 18886)at biological methylation of
IHg to MHg is more important than abiotic procesgesatural systems. Biological
methylation was first demonstrated by Jensen amélts/ (1969) and it is now generally
accepted that sulfate reducing bacteria (SRB)led&ey mercury methylators (Compeau
and Bartha, 1985; Gilmour and Riedel, 1995), altfioa number of organisms besides
SRBs have been shown to produce MHg in pure cuftora added IHg (Robinson and
Tuovinen, 1984)lt is generally accepted that MHg is produced inaacidental side
reaction of a metabolic pathway involving methylatamin (Choiet al., 1994), although
this pathway has only been demonstrated in one SRB.

The ability of methylcobalamin to spontaneously myktte mercuryin vitro (Compeau
and Bartha, 1983) prompted investigations into riethyl carrier in sulfate reducers.
Berman et al. (1990) suggested, based on the isel@chibition of mercury methylation
in D. desulfuricans LS, that methylation was mediated by a cobalt pgriphcompound

in this organism. Their continued work (Choi andtBa, 1993) identified this corrinoid
to be cobalamin (vitamin B-12), and they suggedtet mercury methylation is an
enzymatically catalyzed proceissvivo.

The following sequence and reaction have been gep(Rodriguez Martin-Doimeadios
et al., 2004) to explain the mercury methylation:

Hg’ —Hg"* —CHzHg" — (CHy)2Hg (2.5)

HgCl, + CH;CoB,, — CH;HgCl +CoB.Cl (2.6)
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Cobalamin also has been identified in some acetogad methanogens (Stupperath
al., 1990). Therefore, not all organisms that contaipatamin are capable of methylating
mercury. Diffusion across the cell membrane has lpgeposed as the important uptake
mechanism (Benoiét al., 1999a). This hypothesis is consistent with studed have
demonstrated diffusion of neutral mercury compleXebkloride complexes) across
artificial membranes and into diatom cells (Masbal., 1995 and 1996).

It has also been noted in many field studies thatrate of mercury methylation, and the
MeHg concentration in sediments, decrease as tkhémsent sulfide concentration
increases (Benoit et al., 1999a, Choi and Bart@g4 )L

A number of mercury complexes exist in solutiorthe presence of dissolved sulfide,
including HgS, Hg(SH)’, Hg(SH), HgS* and HgHS (Benoitet al., 2003) and it is
possible that inorganic mercury uptake by SRB axaoua diffusion of the dissolved
neutral mercury complexes, such as PidBso, then the bioavailability of mercury to the
bacteria would be a function of sulfide levels,tlais is the ligand controlling mercury
speciation in solution in low oxygen zones whereBS&e activelt has been shown
through chemical complexation modeling that thecgg®mn of mercury tends to shift
toward charged complexes as sulfide levels incré@aeoitet al., 1999b), decreasing the
fraction of mercury as uncharged complexes, anda assult, the bioavailability of
mercury to methylating bacteria.

The primary site of methylation is just below theoganoxic interface, which is often
near the sediment surface in aquatic systems (lraimdt et al., 1995; Korthals and
Winfrey, 1987). It should be noted, however, thatid/ican be produced in environments
where sulfate reduction is low, such as uplandss@here other bacteria and fungi may
be important methylators. However, studies haveded on environments within aquatic
ecosystems where the MHg produced has greateBhéke of entering the aquatic food
chain, and where sulfate reduction is a dominagtatiation pathway for organic matter
in sediments.

One obvious mediator of mercury methylation ratéhes concentration of IHg substrate,
and its chemical form. Although there is a sigmifit relationship between mercury and
MHg across ecosystems, mercury does not appeag targpest source of variability in

MHg production among ecosystems. The relationshepwéen mercury and MHg
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concentrations in surface lake, river and estuadynsents and wetland soils across many
ecosystems is weak but there is, on average, dféudf the total mercury (Hgr) as
MHg for the lower concentration (<500 nghgsites, which represent the range in
mercury concentration of natural, unimpacted emrirents. The measured concentration
at any time point is an integration of the impattlh the processes influencing MHg,
such as differing loading rates (Allan and Heye99& Allan et al., 2001) and
methylation and demethylation rates (Korthals andfi&y, 1987), which vary spatially
and temporarily (with season and temperature).

Overall, within single rivers or wetlands, or evefusters of similar ecosystems,
significant relationships can exist, but the relaships currently have no predictive
power, given the importance of other parameterscudised below, in influencing
methylation rate by controlling the availability ohercury to, and activity of, the
methylating bacteria, and given our current lealrderstanding.

Effective regulation of mercury pollution requirtee ability to predict the relationship
between mercury and MHg among ecosystems, a gaalrésearchers and modelers
seem to be slowly approaching. Clearly, while matiyer factors influence mercury
methylation, the supply and availability of mercisya key parameter.

In addition to the effect of sulfide, other chentifzectors influencing methylation include
the supply of labile carbon (Miskimmin, 1991) altigtn the role of dissolved organic
carbon (DOC) is complex. The distribution of me#tidn activity is tied to the
distribution of biodegradable organic matter buinptexation of mercury by DOC may
influence mercury bioavailability. Maximal net mgkition is often observed in surface
sediments (Korthals and Winfrey, 1987) where mi@abhbctivity is greatest due to the
input of fresh organic matter. As a result, systemith high levels of organic matter
production, such as wetlands, recently floodedrveses, or periodically flooded river
plains, may exhibit extremely high rates of methgtoury production (Benoigt al.,
2003).

The impact of organic content on mercury methylatppears to be complex (Korthals
and Winfrey, 1987; Miskimmin, 1991). While merclbinds strongly to DOC, laboratory
complexation studies using DOC suggest that tmslibg is not sufficient for Hg-DOC

complexation to be important in systems where delis present (Benodt al., 2001,
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Reddy et al., 2000). Thus, while DOC has been shown to be thetnmportant
complexing ligand in surface waters in the absesfcaulfide (Reddyet al., 2000), it is
likely to be unimportant in mercury complexationsadiment porewaters under typical
DOC concentrations and >0.QM sulfide (Benoitet al., 2001; Reddt al., 2000).
However, binding of mercury to organic matter isportant in the solid phase.
Laboratory studies suggest that in oxic regionganic complexation is much more
important than binding of mercury to metal oxideapés in all except very low organic
matter sediments (Miller and Mason, 2001).

It has been suggested that Fe-S formation scavengesury in anoxic regions of the
sediment (Mikacet al., 1989) and that mercury binds strongly to pyritersthat, even
when only small amounts are present, it is the danti solid phase binding mercury in
sediments (Huerta-Diaz and Morse, 1992). Theseiestulbhcused on regions of low
organic content and, in contrast, sediment secplegkiraction studies done by Benoit et
al. (Miller and Mason, 2001) show that mercury ssaciated with the organic fraction
even in the presence of significant solid sulfithages. Furthermore, it has been shown
that the sediment particle-dissolved distributi@eféicient (Kd) is a strong function of
organic carbon (Bloonet al., 1999). In the environment, concentrations of irsalfur
and carbon typically co-vary in sediments, andbékn correlate with mercury, andist
therefore difficult to ascertain from field data iain is the ultimate controlling phase
(Mason and Lawrence, 1999). Laboratory and fieldliss (Miller and Mason, 2001)
suggest that the binding of mercury to organic emattvolves interaction with the thiol
groups of the organic molecules and thus, in aeseife complexation of mercury to
inorganic sulfide phases or to organic matter asenparable as both involve the

interaction between mercury and a reduced sulfecisp.

The conflicting influences of sulfate and sulfide the extent of mercury methylation are
well illustrated by the studies in the Florida Eylades (Gilmouret al., 1998) which
showed that the highest methylation rates, andidpeest %MHg in the sediment, were
at sites of intermediate sulfate-reduction ratessrifide concentration.

As the sulfide concentration decreases, the relationcentration of predicted HYS

concentration increases. The peak in methylatitenesults from the combination of the
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increasing availability of mercury to the SRB cagplwith the decreasing sulfate
reduction rate. These results confirm the impoeant both mercury speciation, and
bacterial activity, in controlling mercury methytat rate. Overall, the sites with the
highest mercury methylation are those that alsoehde highest fish MeHg
concentrations (Mason et Benoit, 2003), confirnting direct link between the extent of
mercury methylation and fish MeHg levels.

Experiments performed in Everglades sediments iw&abwith sulfate or sulfide showed
that in cores taken from a relatively low sulfaiée,saddition of sulfate stimulated
methylation, and sulfate reduction, even thougfidailevels increased slightly whereas
the addition of sulfide alone resulted in inhibitiof methylation. This demonstrates that
inhibition occurs at lonuM sulfide concentrations in Everglades sedimentwéier,
high rates of mercury methylation have been dennatest in highly sulfidic saltmarsh
sediments (Kinggt al., 2000). Benoitt al. (2003) suggested that the high rates of sulfate-
reduction in these sediments could make up forvény low percentage of dissolved
mercury that would exist as neutral species. Fagr@lades sites with higher ambient
sulfate, addition of sulfate did not increase mkttign but addition of more sulfide led to
an inhibition of mercury methylation.

Overall, the results of the field and laboratoryds¢és show that the balance between
sulfate availability, which controls SRB activityand sulfide production and
accumulation, which control mercury bioavailabiligre critical in modeling methylation
rates.

Since the complexation of mercury with sulfide dhiwls involves acid-base chemistry,
the role of pH needs to be considered. An inveoseetation between lake water pH and
mercury in fish tissues has been observed in a ruwibstudies (Benoit et al., 2003 and
references therein) suggesting that pH influenceshytation and demethylation in
aquatic ecosystems. In some freshwater studiesyagbn was reduced with decreasing
pH (Winfrey and Rudd, 1990) while the impact on @é#mylation was small. In other
studies, increasing rates of mercury methylatiorepilimnetic lake waters and at the
sediment surface were found with lowered pH (Migkiim et al., 1992; Ramlalkt al.,
1985; Xunet al., 1987). Winfrey and Rudd (1990) reviewed potentredchanisms for

low pH effects on mercury methylation and suggesied changes in mercury binding
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could account for the seemingly conflicting resudeen in all of these studies. They
pointed out that lowering pH may lead to increaasdociation of mercury with solid
phases, decreased dissolved pore water mercury(paeslimably) to lower availability
of IHg to bacteria. Considering the reaction of cuey with the solid phase (RSH + Hg

= RSHJ + H"), and the dissolved speciation, the following @llereaction can be
postulated (Mason et Benoit, 2003):

RSHg + H0 + HS = HgS + RSH + H TR

In the pH range of 7-10 (pKa7 for H.S and assuming the pK for RSH is around 10), an
increase in pH, at constant sulfide, will resultaim increase in HJSelative to RSHY
([HS)/[RSH] is essentially constant) and thus methglatshould increase with pH.
Below a pH of 7, decreasing pH (increasing]jHeads to decreasing [HSand as a
result, Hg$ will decrease relative to RSHgwith pH i.e., methylation rate should
decrease (Mason et Benoit, 2003). This theoreticasideration supports the notions put
forward by Winfrey and Rudd (1990) and suggests ghdecrease in pH will lead to a
decrease in methylation rate in sediments becatigdanges in the concentration of
bioavailable mercury in porewaters. The magnitutithe effect will depend on the pH
range as the impact of pH is more marked at low @Merall, these considerations
suggest that sulfide concentration will have thesmsignificant impact on mercury
bioavailability in porewater but that other fact@sch as organic matter content, pH,
temperature and the presence or absence of inorgatfide phases all play a role in
controlling mercury bioavailability to methylatirgacteria.

Temperature is another important variable as thgpégature responses of methylation
and demethylation have been reported to differ {fikasand Winfrey, 1987). However,
seasonal changes in mercury complexation that taffexthylation and demethylation
differently could account for these observations.

Demethylation of MeHg can occur via a number of In@gsms, including microbial
demethylation and reduction byer operon-mediated pathways, and by .oxidative
demethylation processes (Marvin-Dipasquale and man 1998; Marvin-DiPasquale et
al., 2000).Microbial degradation of MeHg occurs through theaslage of the carbon-
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mercury bond by the enzyme organomercurial lyafleied by reduction of HJ by
mercuric reductase to yield methane and fRpbinson and Tuovinen, 1984).

As many as half of the bacteria from mercury comated sites may contain thmaer
operon (Liebert.et al., 1999However, another mechanism also appears to mediate
MeHg degradation. While methane and’Hge the primary products ofier-mediated
mercury demethylation, GChas also been observed as a major MeHg demethylati
product by Marvin-Dipasquale and co-workers (Masbipasquale and Oremland, 1998;
Marvin-DiPasqualeet al., 2000). These authors suggested that MeHg degoade&in
occur through biochemical pathways used to demezgy from single carbon substrates,

and they termed this process “oxidative demetropétii.e.:

ACHgHG" + 2H,0 + 4H = 3CH, + CO, + 4HJ " + 4H, (2.8)

A variety of aerobes and anaerobes (including sulfaducers and methanogens) have
been implicated in carrying out oxidative demethigla, and oxidative demethylation has
been observed in freshwater, estuarine and alkbhlpersaline sediments (Marvin-
Dipasquale and Oremland, 1998;). However, the itjeot the organisms responsible for
oxidative demethylation in the environment remapworly understood. Further, no
organism has been isolated that carries out thisazey.

In addition, photochemical MHg degradation in tyeter column has been demonstrated
(Sellerset al., 1996). Themer-based pathway is an inducible detoxification medra,
while oxidative demethylation is thought to be @dayof C1 metabolism. Numerous
researches suggest that oxidative demethylationthie dominant process in
uncontaminated surface sediments (Marvin-Dipasqaal@ Oremland, 1998; Marvin-
DiPasqualest al., 2000) whereas in highly contaminated environmehtsmer operon is
more prevalent among the microbial community, ad'Heduction activity is enhanced
(Liebertet al., 1999).
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2.6 Transport and deposition of mercury from gold nine drainage and tailings in

watersheds

The fate of mercury in water, sediments and sailgald mining areas has been studied
mostly in large surveys at a great number of mirsitgs such as the Amazon region,
Mindanao Island in the Philippines and a few lasttary USA gold rush sites (Lacerda
and Salomons, 1998).

The different mining processes using mercury anmaégen result in different wastes,
mercury dispersal mechanisms, degree of mercurylitypland biological availability in
terrestrial and aquatic ecosystems. Figure 2.6rifbescthe transport and fate of mercury
in environments impacted by gold mining.

In areas where gold is mined from active bottommeedts from rivers, mercury is lost to
the environment as elemental Hijrectly into rivers whereas while the mining cgtésn
involves grinding of gold-rich soils, Hds concentrated in tailings and can eventually be
mobilized through leaching and particle transpourirty rains. The insoluble and
practically unreactive Hgremainspresent in most surface environments, at least for
many decades (Fitzgerale al., 1991) and also displays very low availability to
biological uptake (Taysayev, 1991).

Moreover, while fluvial transport can move mercdrgm river mining operations at
considerable distances in a few years, mercuryedssp from tailings, on another hand,
can be a very slow process, sometimes involvingrdmesport of the tailings themselves
through erosion (Millert al., 1993) and migration through groundwater (Prokogployi
1984). These releasing processes may last throimgh, tposing an environmental
contamination risk even after mining activity haased for centuries (Fugeal., 1992).

In both mining situations, an important proporti@inmercury is lost to the atmosphere
either through burning of the Au-Hg amalgam or tiyio volatilization of Hf from soils,

sediments and rivers.
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Figure 2.6 Schematic diagram showing transport and fate ofcargrand potentially
contaminated sediments from hydraulic and drift enienvironment through rivers,
reservoirs, and the flood plain, and into an estuArsimplified mercury cycle is shown
(Modified after Hunerlach and Alpers, 2003)

The fate of mercury once introduced into the aguativironment will depend on the
characteristics (limnology) of the receiving watemsd mercury will be transformed
(partly) into the highly toxic methylmercury forras described in the previous section.
Limnological classification divides tropical riveigto the following classes based on
their major hydrochemical properties (Lacestial., 1990; Furchet al., 1982): “white”,
“black” and “clean” rivers.

« White Water rivers, which are rich in suspendaattar (>200 mgt) have a neutral pH
and moderate electric conductivity (>405 cmi'), and mean dissolved element
concentrations similar to the mean of world riveffie Amazon River is a typical

representative of this class of rivers.
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» "Black water" rivers, which drain weathered, sambpical soils and floodplains, are
rich in dissolved organic substances, are acidit<b.0) and have low concentrations of
dissolved constituents (electric conductivity < d® cm®). Many rivers of the Congo
basin fit into this category.

 "Clear water" rivers present acidic to neutral, pd¥ organic and inorganic dissolved
constituents and are relatively rich in iron oxidiesn weathered laterite soils where they

originate.

Attempts have been made to study the influencéaefiifferent tropical river types upon
the distribution of mercury, since such river tyfesite, black and clear water rivers)
present different hydrochemistries which strongifjuence various other constituents of
river systems in the tropics, including sedimerdgaemistry, trace metal distribution and
aquatic biota (Furchkt al., 1982; Lacerdat al., 1990).

Preliminary results obtained from the study donetlon distribution of mercury in the
sediments of ten rivers of the Madeira River balselpnging to the three different classes
mentioned above (Lacer@hal., 1990) showed that black water rivers are enrichigd
mercury when compared to other river classes. Tinelement of mercury in black water
rivers may be related to the high organic matterteat typical of this river class and to
their acidity. Mercury would form relatively refracy compounds with organic matter,
facilitating its accumulation in river sedimentslsd, acidity would accelerate the
oxidation of Hg° to H§', enhancing the possibility of mercury binding tganic matter
(Lindgvist et al., 1984; see also figure 2.6). Similar results hagenbfound for other
trace metals in the same rivers and were also a$sdowith the higher organic matter
content of black water river sediments.

Moreover, it was suggested that mercury could dlsotransported associated with
particulate organic carbon (POC) derived from tkeainposition of plant litter brought
into tropical rivers during the flooding period @exdaet al., 1990). Researchers also
demonstrated experimentally the increasing solybdnd decreasing adsorption onto
sediments of HYin the presence of humic acids in waters drairailings in central

Brazil (Lacerdaet al., 1998 and the reference therein).
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Another study done in five remote lakes locatedhimitBrazilian gold mining areas
(Lacerdaet al., 1991) also demonstrated a significant positivextrehship between
mercury and organic matter in surface sediments 82; P < 0.01) which shows that
organic matter content of sediments may also cbntescury accumulation in freshwater
sediments. These findings seem to corroborate tfoas®l in black water rivers in the
Madeira River basin described above.

However, the relationship between mercury and acganatter has not been detected in
partitioning studies of white water river sedimergseiving H{ directly from dredges
(Pfeiffer et al., 1993) or in rivers receiving elemental Hifom riverbank mining.
Therefore, organic matter seems to be an imporsaibistrate for mercury only in
sediments receiving indirect input of mercury ag Hgither from leaching of tailings or
from the atmosphere.

Another important factor that needs to be highkghtoncerning the mercury transport
and fate is that the mercury dispersal mechanidrosld vary according to the season,
either through intensive erosion during the raiags®on or through the effect of dilution
on the existing mercury content in rivers (Lacesdal., 1998).

Finally, the difference in mining procedure seem&é a key factor controlling mercury
dispersal. In areas where gold is mined from spitagks, during the rainy season the
leaching and erosion of contaminated particles lregu higher total mercury
concentrations in rivers, while in areas where mgras mined from river bottom
sediments, mercury concentrations in water are dauseing the rainy season owing to
dilution and the decrease in the mining activisglf (Lacerdaet al., 1998).
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Chapter 3
A review of analytical procedures for mercury detemination

3.1 Introduction

Technology capable of highly precise analysis af-level mercury and its species are of
importance in order to conduct proper risk assessn@btaining reliable analytical data
for mercury requires the following: appropriate gdencollection; pre-treatment for
analysis; the selection of a measurement methoceemhration method for sample test
solutions suited to the samples; experience i the; and confirmation of the reliability
of one's own analytical data (Suzekial., 2004).

On another hand, there is an increase attentidnhéma been paid to mercury and other
trace elements in coal due to their toxicity amb to the fact that these hazardous trace
elements are released to the environment during loeaeficiation and combustion
resulting in serious environmental and healthy eone (Zhenget al., 2008a and
references therein). Therefore, methods have beselaped in order to study the
occurrence of these elements and understand tle&iviior during industrial processes.
This chapter will first provide an overview of salimg and analytical methods for total
mercury and mercury species (especially inorgamitraethylmercury) determination for
specific target samples and will briefly discussnsoimportantanalytical methods used

for the determination of inorganic constituenteaal.
3.2 Sampling and samples storage

Sampling, the first step in trace element analysisst ensure the representativity of the
sample in the context studied. For this reason #lsepresents the most potential source
of errors. If the sampling is not based on the olappropriate tools with particular
cautions, both systematic and random errors mayrpettaining in some cases several
orders of magnitude (Hoenig, 2001). In additionewtperforming a mercury analysis,
one must regularly pay attention to preventing aomhation of the samples by keeping
the laboratory clean; providing appropriate vetibla and adequately washing
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glassware, tools, and containers. Therefore, numbeorks were dedicated on the topic
(e.g. Suzukiet al., 2004; Parker and Bloom, 2005 and Stoicleeal., 2006) and a
discussion on sampling and samples storage conglitior mercury analysis was
presented in our previous work (Lusilao, 2009).Tisatvhy the following section only
presents a summary of the current knowledge on lsagnfechniques and appropriate

storage conditions for mercury analysis.

3.2.1 Storage and preservation of samples

Most experienced researchers recognize the follgwih) low-level mercury samples
should not be stored in polyethylene bottles (Bethand Robertson, 1975; Bloom,
1994); (2) methylated species are degraded by [(§ktlerset al., 1996); (3) volatile
mercury speciation is too unstable to preserves ttlatile species must be separated in
the field (Fitzgerald, 1986; Mason and Fitzgerdl@i91); (4) Tefloff bottles are best for
low-level mercury samples, and lids must be wredaobe tightly (Gill and Fitzgerald,
1985; Stoichet al., 2006); (5) freezing/thawing preserves monomethytongy (MHQ),
but may alter the inorganic mercury (IHg) speciat{ifarker and Bloom, 2005); and (6)
hydrochloric acid is a superior preservative tainiacid because the chloride helps to
complex the HY (Parker and Bloom, 2005).

Table 3.1 provides a summary of recommended staragditions for mercury species.
Mercury may be lost to the walls regardless of ification; therefore, it is necessary to
add an oxidizer to the original sample bottle prior analysis for total mercury
determination (Parker and Bloom, 2005).

Rigorous cleaning procedures must be used foahtiratory ware and other equipment
that comes into contact with samples. There aferéifit cleaning procedures, but usually
cleaning for several days in acid baths is inclu@edkson, 1988).

After such treatments, the material is usuallyethsith mercury free deionized water or
double distilled water and stored in mercury freeaapreferably sealed in clean plastic
bags. Some authors recommend storage of labonatimgyin dilute nitric or hydrochloric
acids until use (Stojcheat al., 2006).

64



Table 3.1 Summary of recommended bottle typesepraion, and storage for mercury
species (Parker and Bloom, 2005)

Species Bottle type Preservation Storage Estimated stability
Glass (with
Total mercury Teflon-lined lid) BrCl in original not critical >1 year
or Teflon bottle
Glass (with 0.4% HCI
Methylmercury Teflon-lined lid)  freshwater, 0.2% refrigerate, dark 6—12 months
or Teflon H,SO, seawater
Glass (with
Hg® Teflon-lined lid) no headspace refrigerate, dark 1 day
Glass (with
Dimethylmercury Teflon-lined lid) no headspace refrigerate, dark 1 day
Glass (with
Hg(ll) Teflon-lined lid) none refrigerate, dark 2-5 days
Glass (with
Dissolved/suspended Teflon-lined lid) none refrigerate, dark 2-5 days
ratio or Teflon

3.2.2Water samples

To adopt a sampling strategy it is necessary tgiden the nature of the studied sites and
the heterogeneity due to mixing of different watexrsses (Quevauviller, 2001).

The sampling and storage bottles have to be ringiidthe site water immediately before
sampling. Surface waters can be sampled with puognasg polytetrafluoroethylene
(PTFE or Tefloff) tubes but in many cases surface waters are thiemand” directly in
the sampling bottle using long polyethylene glovése bottle has to be opened and
closed under water to avoid mixing with the surfawirolayer or oxidation of the
sample (Stojcheet al., 2006).

The porewaters are collected by direct filtratidrihee wet sediments or centrifugation of
the samples followed by filtration (Gilmour et al998; Bloom et al., 1999). After
sampling, the porewaters are treated in the sarmmenas the surface waters (Baeyens,
1992).

For the analysis of volatile mercury forms (Hmd (CH).Hg), large volume of samples
are recommended (10 to 20 L) and the samples shmilde acidified to avoid the

oxidation of the volatile species. If samples cano® purged and trapped in the field,
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they should be collected in completely full glasdtles with Teflon-lined caps, as those
species are lost rapidly from Teflon and polyethgl®ottles (Parker and Bloom, 2005).
When only total mercury is of interest, a simpleqadure may be employed that allows
long-term storage with full recovery and littlekisf contamination. The sample should
be collected into a Teflon or glass bottle withl®eflined lid and then preserved with a
strong oxidizer such as acidic bromine monochlo(BiCl) or chromic acid. Nitric acid

is not oxidizing under dilute conditions and s@mwa# a considerable equilibrium of Hg
concentration in solution. BrCl is preferred, owtagts lower mercury blanks and lower
degree of toxicity for waste disposal. This applodestroys all speciation information,
but also disaggregates organic matter sufficietotlgliminate wall losses.

If speciation information is desired, then the sE®mpnust be preserved less aggressively,
at least until all other species have been detethi®nce the other species have been
determined, BrCl can then be added to the origiaaiple bottle to ensure that any Hg on

the walls is resolubilized prior to analysis (Paréed Bloom, 2005).

In brief, the choice of material is critical to pegve the speciation of mercury in water
samples. Several studies investigated the stabdftymercury species in standard
solutions depending on the storage material améh& found that the solutions of MHg
are stable in glass bottles dC4but the best storage material is PTFE. It isrgjvihe
lowest contamination. This fact is very importaheatremely low concentrations found
in real samples. For the determination of mercumymf the best choice is “on-site”
analysis to preserve the speciation. If it is nmdgible to analyze the sample immediately
it has to be stored at special conditions. The mgaenples are stored normally 8€4in
the dark after the addition of a small volume dfaupure concentrated acid (0.1 to 1%
v/v). The losses depend on the sample matrix aed hether investigation (Parker and
Bloom, 2005).

3.2.3 Solid samples

The contamination risk for sediments is less imgarthan for waters but the technical

problems can be very complicated. The samplingegfyadepends on the objective of the
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study. For the investigation of the temporal vaoias it is necessary to collect the
samples from the same site using Global Positio@ggtem (GPS). For stratigraphic
studies it is obligatory not to mix sedimentarydes/(Stojcheet al., 2006).

The sediments can be sieved with Nylosieves to eliminate stones and other gross
particles. They are transferred in acid-cleaneds\éad immediately frozen (-T) to
increase the stability of MHg (Parker and BloomQ2p0 Later in the laboratory the
sediments can be dried either with clean air flRodriguez Martin-Doimeadiost al.,
2000) or freeze-dried (Varekanepal., 2000).

3.2.4 Biological samples

To adopt a sampling strategy for biological samglésnecessary to consider the trophic
level of the studied organisms (Zooplankton, plab&nthic organisms, macroorganisms,
etc.) (Horvatet al., 1999; Heller and Weber, 1998).

In general, the samples are frozen immediately #ifie preliminary treatment. Later in
the laboratory they are analyzed directly or afteeze-drying (Stojcheet al., 2006).
The biotissues should be stored in the dark todaybiotodegradation (Yu and Yan,
2003).

3.2.5Air samples

Sampling for mercury from air can be difficult basa of the normally low ambient
concentrations and the potential for contaminafadifacts. Advances in sampling and
measurement techniques have led to more reliableumyedata in recent years. There are
currently two basic approaches for sampling of mereapor from air: (1) use of a pump
to pass a known volume of air through a trap desidgior collection of mercury, and (2)
passive diffusive sampling onto a gold film or Halite adsorbent (Brumbaugd al.,
2000 and references therein). Passive methodseaeraly limited to the sampling of
gaseous Hywhereas pump methods can utilize various trappjgroaches in order to
differentiate among particulate-sorbed and gaseeersury species. For pump and trap

methods, the analysis can be performed in a sentiremus manner (on site) or by a
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static sampling approach whereby the trapped mercurtaken to a laboratory for

analysis. With either approach, the trapped merautypically thermally desorbed and
then quantified by spectrometric methods. CommkEanrasite mercury vapor analyzers
which contain the pump, trap, and analyzer in amegrated unit are also available
(Amyotet al., 1997).

Although the pump and trap approach is generallyenpoecise and allows for sampling
integration of relatively short time intervals, pa® sampling is useful for screening
applications and longer-term integrative samplingegks to months). It may also be more
practical in certain instances, such as for therd@hation of mercury at remote locations

or for the monitoring of time-averaged occupatiosgbosure.

3.3 Analytical procedures for mercury determination

A number of methods can be employed to determinecumg concentrations in
environmental media. The concentrations of totatcomgy, elemental mercury, organic
mercury compounds (especially methylmercury) andntbal properties of various
mercuric compounds can be measured, although $jpecemong mercuric compounds
is not usually attempted. In addition, while itpgssible to speciate the mercuric fraction
further into reactive, non-reactive and particlessd components (Munthet al., 2001),

it is generally not possible to determine which coeic species (e.g. HgS or HgTIs
present in environmental media.

The purpose of this section is to describe theyéinal methods that are available for
detecting, and/or measuring mercury. Rather thamige an exhaustive list of analytical
methods, the intention here is to identify welladdished methods that are used as the
standard methods of analysis. A more detailed dEon on the subject was also
presented in our work on the development and opétian of analytical methods for
mercury speciation (Lusilao, 2009).

Many of the analytical methods used for environraesamples are those approved by
organizations such as the USEPA. Other methodstharge that are developed by
research groups or are modified versions of prehoused methods in order to obtain

lower detection limits, and/or to improve accuracyl precision.
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3.3.1 Total mercury determination

One of the significant advances in mercury anadytinethods has been in the accurate
detection of mercury at low levels (less than 1 kgd). Over the past four decades
mercury determinations have progressed from deteadf microgram levels of total
mercury (Hgot) to picogram (Horvaét al., 1993) or even femtogram levels (Stoicleev
al., 2006) of particular mercury species. In the lastadie, investigations of mercury in
natural waters have established that concentratbnsercury species are in the level of
ng L* (Stoichevet al., 2006). Clearly, sensitive techniques avoiding amgmory effect
or carry over problems are required to analyze orgrat these low concentrations.
Mercury contamination of samples has been showbet@ significant problem in the
precedent section. The use of ultra-clean samgkegniques is critical for the more
precise measurements required for detection ofléeels of mercury.

Analytical techniques mostly employed for +dg determination in natural waters at
picogram levels are based on Cold Vapor Atomic Apison Spectrometry (CVAAS),
Inductively Coupled Plasma Mass Spectrometry (ICE;MPlasma Atomic Emission
Spectrometry (ICP-AES) and Cold Vapor Atomic Flismence Spectrometry (CVAFS)
detection, after decomposition of all mercury spednto HG". After a digestion step,
reduction of the sample with SnQir NaBH, is usually employed (Logaet al., 2002).
Other methods such as Anodic Stripping Voltamméa$V) and Neutron Activation
Analysis (NAA) have been used to determine meréenvgls in aqueous media (ATSDR,
1999).

Mercury levels have been determined in numeroug@mwental matrices, including air,
water (surface water, drinking water, groundwasera water, and industrial effluents),
soils and sediments, fish and shellfish, hair, 8)doods, pharmaceuticals, and pesticides
(ATSDR, 1999).

The advantage of ICP-AES and ICP-MS over otherydical techniques is undoubtedly
their multi-element capability and the potential affupling to various separation and
sample preparation techniques. There is a commaep#on that, while ICP-AES is
reliable, robust and suitable for routine analyl$?-MS is superior in terms of detection

limit and therefore a more appropriate research 1@#-MS is routinely used in many
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diverse research fields such as earth, environhdiieaand forensic sciences and in
food, material, chemical, semiconductor and nuciedustries (Linge, 2006). The high
ion density and the high temperatures in the plasmake it an ideal atomizer and
element ionizer (figure 3.1) for all types of saggphnd matrices introduced by a variety
of specialized devices. Outstanding properties sschigh sensitivity (with LOD as low
as 10° to 10° mg LY, relative salt tolerance, compound-independeseht response
and highest quantization accuracy lead to the ulerigeed performance of ICP-MS in
efficiently detecting, identifying and reliably quiying trace elements (Montaser, 1998;
Lusilao, 2009). ICP-MS is also capable of corregtihe artifacts during analysis. The

main inconveniences are the high instrumental gedational costs.
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Figure 3.1 Schematic of a quadrupole ICP-MS. A fizbd sample is atomized in a high

temperature plasma (~10,000K) and the ion beancisstal, through the cones and ionic

lenses, to the quadrupole where the target isota@eselected, or “filtered”, according to
their mass to charge ratio and quantified by an@pyate detector

On the other hand, it is very desirable to takeaatlhge of the unique capabilities of the
ICP-MS detector. Only this technique allows the sueament of individual isotopes of
mercury with sufficient sensitivity, which is essiah if one wants to apply enriched
mercury isotopes in any kind of stable isotopeitig@@xperiment or carry out isotope
dilution analyses. Several methods using ICP-MSaasetector are developed to
accomplish this goal. Different approaches alsstetd achieve the ultra low levels of

detection necessary for determining mercury spegipsstine environments.
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The AFS detector is also very sensitive for mercwignple and much lower priced.
Coupled systems with AFS could be used in situ veraome the sample storage
problems. The limitations are scatter and backgioievels of impurities. Atomic
absorption, on the other hand, although it has les&mnsively used, suffers from the fact
that it is non-linear and measurements at loweglteare extremely difficult (Stockwell,
and Corns, 1993). CVAAS is an alternative of chdaremercury determination in water.
This method is very sensitive and has been pravée teliable. Water samples generally
do not require digestion, but mercury in the samdeusually reduced to the elemental
state and preconcentrated prior to analysis (Legar, 2002).

Electrochemical techniques, in particular differainpulse anodic stripping voltammetry
(DPASV), are also extensively used for metal iomlgsis (Zejliet al., 2005). Many
papers on trace determination of mercury by ASMnaidifferent types of working
electrode, have been published. This method hasdfau wide application in trace
analysis because it requires inexpensive instruatient and it is possible to determine
trace elements in various matrices such as wateiment or even biological samples
with very low detection limits (Diederickt al., 1994). The main inconvenient of this
method is that it is time consuming.

Spectrophotometry has often been used to determmieecury in aqueous matrices.
Sample preparation methods vary and have includegaration by thin-layer
chromatography (TLC) or column chromatography, cale extraction, and ligand
formation. While recoveries were good, spectropimatioy iS not as sensitive as
techniques mentioned above (ATSDR, 1999).

3.3.2 Mercury species analysis

As it was mentioned previously, mercury exists ila@e number of different chemical
and physical forms with a wide range of propertas] its ecological and toxicological
effects are strongly dependent on the chemical foresent. Inorganic mercury species
may be transformed by biotic and/or abiotic proess® much more toxic organic,
methylated forms, such as methylmercury. Therefibve total concentration of mercury
alone is of little value for toxicological and biegchemical studies without knowledge of

its chemical forms.
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The recognition of the fact that, in environmentddemistry, occupational health,
nutrition and medicine, the chemical, biologicaldatoxicological properties of an
element are critically dependent on the form inalihthe element occurs in the sample
has spurred a rapid development of an area of @eallychemistry referred to as
speciation analysis (Templetehal., 2000). The International Union of Pure and Applied
Chemistry (IUPAC) defines a chemical species ageciic and unique molecular,
electronic, or nuclear structure of an element (fletonet al., 2000). Speciation of an
individual element refers to its occurrence in @tribution among different species.
Speciation analysis is the analytical activity démtifying and quantifying one or more
chemical species of an element present in a saffipfapletonet al., 2000).

A succession of analytical stages is required pecstion analysis (figure 3.2). The main
steps to “speciated” mercury, particularly inorgaand methylmercury are extraction,

preconcentration, separation and specific dete¢Bomichevet al., 2006).
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Figure 3.2 Analytical steps for speciation (AftéoiShevet al., 2006)

72



The combination of a chromatographic separatiohrtiggie, that ensures that the analyte
compound leaves the column unaccompanied by ofpexies of the analyte element,

with atomic spectrometry, permitting a sensitived apecific detection of the target

element, has become a fundamental tool for spenianalysis, as discussed in many
review (e.g. Caruset al., 2000; Corneli€t al., 2003).

Recent advances in the application of these hygbedn@oupled) techniques allow the

species-selective determination of volatile orgaetattic (Sn, Hg, Pb) contaminants,

non-volatile organometalloid (As, Se) compounds drehvy metal complexes in

environmental matrices.

3.3.3 Hyphenated techniques in speciation analysis

A suitable analytical technique for speciation gs@ should mainly address the
following issues:

(i) Selectivity of the separation technique allogvthhe target analyte species to reach the
detector well separated from potential matrix ifgesnts and from each other,

(ii) Sensitivity of the element or molecular seleetdetection technique since the already
low concentrations of trace elements in environmlesamples are usually distributed
among several species,

(i) Species identification. Retention time matofpi usually employed requires the
availability of standards. When standards are nealable, the use of a molecule-
specific detection technique is mandatory.

The above challenges can be addressed by hyphematbdiques such as those
schematically shown in figure 3.3. In the most rext case a separation technique using
chromatography (gas or liquidjStojchev et al., 2006), electrochromatography or
capillary electrophoresis (EC or CE) (Kubenal., 2007; Ali et al., 2005).is combined
with ICP MS. The coupling is realized directly (f&C), via a nebulizer (for column
liquid separation techniques) or by laser ablafflen planar techniques). A review of
application papers highlights trends in elemenpaicgtion analysis using ICP-MS since
2000 and describes developments in speciation u&fg LC, CE and field flow
fractionation (FFF) (Linge, 2006 and referencesdim.
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LC: Liquid chromatography; EC: Electrophoresis chromatography; SFC: Supercritical fluid chromatography.

Figure 3.3 General Scheme of analytical techniqisesl for speciation
(Amouroux, 2007)

The separation component of the coupled systemnibesof particular concern when the
targeted species have similar physicochemical ptiege Gas chromatography should be
chosen wherever possible because of the high depamfficiency and the very low
achievable detection limits because of the absefhd¢ke condensed mobile phase (Liu
and Lee, 1999). For non-volatile species columuidigphase separation techniques, such
as HPLC and CE, are the usual choice because d@ade of on-line coupling and the
variety of separation mechanisms and mobile phagasable allowing the preservation
of the species identity.

For element-specific detection in gas chromatograph number of dedicated
spectrometric detection techniques can be used f(gaee3.3), for example, quartz
furnace atomic absorption or atomic fluorescence rfeercury, microwave induced
plasma atomic emission for lead or tin, but it &PtMS that has been establishing its

position as the versatile detector of choice. IC8-M virtually the only technique
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capable of coping, in on-line mode, with the trat@ment concentrations even in LC and
CE effluents. The femtogram level absolute detectimnits may turn out to be
insufficient if an element present at the ng'rvel is split into a number of species, or
when the actual sample amount analyzed is limiesketeral nanolitres as in the case for
CE.

The isotope specificity of ICP-MS offers a stillderexploited potential for tracer studies
and for improved accuracy in quantification via thee of isotope dilution techniques
which are discussed further.

3.3.4 Element selective detection in gas chromataphy

The practical applications to volatile organométatipecies are dominated by the three
techniques GC — MIP-AED, GC - ICP-MS and GC - El;Nt& only exception being
the determination of methylmercury in the enviromin@here the position of GC-AAS
and GC-AFS (Liangt al., 2004 and references therein) is still remarkallgng. An
AFS detector coupled with a gas chromatographdasnamercially available hyphenated
system allowing speciation of mercury (Armstrai@l., 1999). GC-AFS is a convenient
method for mercury speciation in environmental mea# but the risk of artefacts due to
the presence of hydrocarbons prevents this techniglbe successfully used for more
complex matrices.

Flame AAS initially used was quickly abandoned heseaof insufficient sensitivity
preventing applications to real-world samples anclectrothermally heated silica tube
is usually used as the atomization cell (Forsytid Marshall, 1985; Diederichkt al.,
1994).

Mass spectrometry of molecular ions, which is a wmm detection technique in GC of
organic compounds, is relatively seldom used incigpien analysis. For quantitative
analysis the widest popularity was enjoyed by etecimpact mass spectrometers (El-
MS) operated in the single ion monitoring mode fehich detection limits are
two orders of magnitude lower than in the full scaade for structure elucidation. For
most organometallic compounds detection limits ke tow picograrn level can be

achieved in the single ion monitoring mode (Fi983).
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Plasma detectors compare favorably with spectramétted above. The use of different
plasmas for element-specific detection in GC efftaavas critically reviewed (Lobinski
and Adams, 1997). The practical significance ofsthetudies in terms of applications is
almost non existent with the exception of the maawe induced plasma.

The coupling of GC — MIP-AED has been extremelyap in speciation analysis of
anthropogenic environmental contaminants and ptsdud their degradation with
detection limits that could be matched only by IS (Lobinski and Adams, 1997).
Another factor contributing considerably to the plapity of GC — MIP-AED has been
the commercial availability of an instrument.

GC - MIP AED offers sufficiently attractive figurexf merit to be applied on a routine
basis to speciation of organotin and organoleadpoamds in the environment and
methylmercury in biological tissues. It is beingaduwally replaced by GC — ICP-MS
whose lower detection limits allow a simpler sampteparation procedure, work with
more dilute extracts, and especially a sensitiverispion analysis of complex matrices.
The position of ICP-MS has recently become strorayeing to the availability of the
commercial interface and this detection technigudiscussed in section 3.2.7.

The combination of capillary GC (CGC) with ICP-M&shbecome an ideal methodology
for speciation analysis for organometallic compauma complex environmental and
industrial samples because of the high resolvingggnoof GC and the sensitivity and
specificity of ICP-MS. Indeed, the features of I®FS such as low detection limits
reaching the one femtograrn (1 fg) level, high matolerance allowing the direct
analysis of complex samples, such as gas condensatethe capability of the
measurement of isotope ratios enabling accuratentdjeation by isotope dilution,
position ICP-MS at the lead of the GC element dmedetectors.

The ICP quadrupole MS ((Q) ICP-MS), which is scheoadly shown in figure 3.1, is
undergoing a constant improvement leading to a madailability of more sensitive, less
interference prone, smaller in size and cheapdruments which favors their use as
chromatographic detectors. The introduction of @@Re-of-flight (TOF) MS increased
the speed of data acquisition allowing multiisotapeasurement of millisecond-wide
chromatographic peaks and improving precision aftoige ratios determination

(Heisterkamp and Adams, 2001; Hatal., 2001). An even better precision was reported
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for magnetic sector multicollector (MC ICP-MS) inshents used as on-line GC
detectors (Kruppet al., 2001a). These instrumental developments go inllpavath the
miniaturization of GC hardware, allowing the tinmesolved introduction of gaseous
analytes into an ICP, based on microcolumn multileap GC, and sample preparation
methods including microwave-assisted, solid phaseromextraction or purge and
capillary trap automated sample introduction systélnobinskiet al., 1998).

The basic requirement for an interface is thatahalytes should be maintained in the
gaseous form during transport from the GC columnth® ICP, in a way that any
condensation is prevented. This can be achievéxrelty an efficient heating of the
transferline avoiding the cold spots, or by usimgagrosol carrier. This results in two
basic types of designs of the GC — ICP-MS interfiigeire 3.4):

() The “dry plasma” which is based on the direochicection of the transferline to the
torch (Rodriguezet al., 1999) and where the spray chamber is removed had t
transferline inserted part of the way up the cémtnannel of the torch;

(1) The “wet plasma” which is based on mixing G6€ effluent with the aqueous aerosol
in the spray chamber prior to introduction into gh@sma detectors and allows, therefore,
the mass bias correction via internal standardafpget al., 2001a).

Regardless of the type of the interface an addaforxygen to the plasma gas is essential
to prevent carbon deposition (and sometimes matehgment) and to reduce the solvent
peak.

Nowadays, GC — ICP-MS interfaces are commerciallgilable, having proven the

recognition of the maturity of this coupling by taealytical instrumentation industry.
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3.3.5 Advances in gas chromatography prior to elenmé selective detection

Packed column GC used in the early studies on GCP-MS coupling (Vanlooret al.,
1986) has practically given way to capillary GC dne coupling of the latter to ICP-MS
was first described by Kiret al. (1992).

Although packed columns can, by design, handle figg rates and large sample sizes,
their efficiency and resolution properties are coonised because of the high dispersion
of the analytes on the column. The large colummwa negatively affects the sensitivity
in the peak height mode and the detection limitgee Ppacking itself may be chemically
active toward many organometallic species, whiclkenasilanization necessary and
worsens the reliability of results. It should beteth however, that still a considerable

number of works, especially those using hydrideegation purge and trap are carried out
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with packed column chromatography because of ehamling of highly volatile species
at temperatures below 100°C (Amouraaial., 1998).

Capillary GC offers improved resolving power ovecked column GC — ICP-MS which
is of importance for the separation of complex nmigs of organometallic compounds
found in many environmental samples. Capillary G@ cope with the co-elution of the
solvent and the volatile compounds, such aszjét), and thus to avoid or to minimize
the plasma quenching. A drawback in the use oflleapiGC is the loss of sensitivity due
to the reduced sample size and the high diluti@tofawith the detector's makeup gas
necessary to match the spectrometer's optimumrbev

Number of papers has also appeared on multicap(IMC) GC which employs columns
that consist of a bundle of 900 - 2000 capillanés small (20-4Qum) internal diameter
(for a review see Lobinsket al., 1999). Multicapillary GC features high flow rates
which minimize the dilution factor and facilitateet transport of the analytes to the
plasma. The hyphenation of MC GC with ICP-MS usingon-heated interface offered
0.08 pg detection limits for mercury speciationagdbet al., 1999).

3.3.6 Purge and trap using capillary cryofocussing

A semi-automated compact interface for time-resblvgroduction of gaseous analytes
from aqueous solutions into an ICP MS without tleed for a full-size GC-oven was
described (Wasilet al., 1998). The working principle was based on purdhmggaseous
analytes with an inert gas, drying the gas stresimgua 30 cm tubular Nation membrane
and trapping the compounds in a thick film-coategbiltary tube followed by their
isothermal separation on a multicapillary columoufne detection limits of 0.5 + 10 pg
(as metal) for water samples were achieved forstected alkyl-metal(loid) species of
arsenic, germanium, mercury and tin (Tsebhgl., 2000). Recoveries were reported to be

quantitative up to a volume of 50 ml (Wastkal., 1998).
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3.3.7 ICP MS detection in gas chromatography

Quadrupole mass analyzers have predominantly beed since their sensitivity has
improved by a factor of 10 during the past two diesa Of other types of analyzers,
TOF-MS has been extensively studied as a GC detettoing the last decade
(Hasterkamp and Adams, 2001). Applications of geftdd analyzers, also with
multicollectors, have appeared (Krugpal., 2001a and b).

The use of enriched isotopes with ICP-MS detectoas been of benefit for the
development of speciation methodology. The isotgmecificity of ICP-MS opens the
way to the use of stable isotopes or stable isotmeched species for studies of
transformations and of artifact formation duringragtion and derivatization processes
and for the wider implementation of the isotopautiiin quantification. The latter had
until recently been limited by the non-availability organometallic species with the
isotopically enriched element. However, standacdste isotopically enriched GHg?™*
(Demuth and Heumann, 2001), mono, di and tributylEncinaret al., 2001) have been
synthesized and applications are being developkd.prerequisite of the use of stable
dilution techniques is the precise and accuratesnreaent of the isotopic ratios.

In GC- ICP-MS the isotope ratio determinations ra@e precise if the intensities of the
isotopes are integrated over the whole chromattirgpeak instead of only measuring
the isotope ratio at a single point of the peakujdannet al., 1998). A precision of 1%
was reported for the mercury isotope ratios deteechi for methylethylmercury
(MeEtHQ) eluted from a packed column by GC — ICP-{(fihtelrnannet al., 1995).

3.3.8 Speciated isotope dilution analysis (SIDMS)

Isotope dilution (ID) MS is a method of proven higkcuracy. The sources of systematic
errors are well understood and can be controlleiciwimakes IDMS accepted as a
definitive method of analysis.

Isotope dilution is based on the addition of a knoammount of enriched isotope to a
sample. Equilibration of the spike isotope with tfaural element, molecule or species in

the sample alters the isotope ratio that is medsWath the known isotopic abundance
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of both spike and sample, the amount of the spikizd to the known amount of sample,
concentration of the spike added, and the altegetbpe ratio, the concentration of the

element/molecule/species in the sample can belagduW(USEPA, 2007a).

IDMS has proven to be a technique of high accufacyhe determination of total metals
in various matrices (Fasset and Paulsen, 1989; Bodveet al., 1993; Moore et al., 1984).
IDMS has several advantages over conventional regidm methodologies, namely
external calibration and standards addition, bezaertial loss of the analyte, after
equilibration of the spike and the sample, will nofluence the accuracy of the
determination. Fewer physical and chemical interfees influence the determination as
they have similar effects on each isotope of theesalement. The isotope ratio to be
measured for quantification in IDMS can be measuwvied very high precision, typically
RSD <0.25% (USEPA, 2007a). Quantification is a directhmanatical calculation from
determined isotopic ratios and known constants @omes not depend on a calibration
curve or sample recovery. An example of calculafirthe determination 6f*Hg using
an enriched spike 6f°Hg is given below:

g;\mple: Cx I\/Ix (3-1)
G Cspike/Ms (3.2)

2

CwW, Az — R.QDD .rzc-h; Az
W, Ry00/202 A% —*"Ax

C

X

(3.3)

where, G and & are the concentrations of the isotope-enrichekiespnd the sample in
umole g', respectively. M and My are the average atomic weights of the isotope
enriched spike and the sample in g ripleespectively?®As and?®Ax are the atomic
fractions of °“Hg for the isotope-enriched spike and sample, amdy. 2°°As and
2027, are the atomic fractions df?Hg for the isotope-enriched spike and sample,
respectively. Cspike is the concentration of tlwope-enriched spike ing g*. Ro0/202iS

the isotope ratic®®Hg /2°Hg).
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SIDMS takes a unique approach to speciated anatpsis differs from traditional
methods. Traditional speciation methods attempiold each species static while making
the measurement. Unfortunately, speciation extvaciind analysis methods inherently
measure the species after species conversionsocauvered. SIDMS has been developed
to address the correction for the species conveslI0SEPA, 2007a). In SIDMS (figure
3.5), each species is “labeled” with a differenbtipe-enriched spike in the
corresponding species form. Thus, the interconeessithat occur after spiking are
traceable and can be corrected. While SIDMS maist#he advantages of IDMS, it is
capable of correcting for the degradation of thecgs or the interconversion between
the species (Kingston, 1995; Huo and Kingston, 26gstonet al., 1998; Meijaet al.,
2006). SIDMS is also a diagnostic tool that perntiits evaluation of species-altering
procedures and permits evaluation and validatiorotber more traditional speciation
analysis methods. SIDMS is applicable to be usedomunction with other methods

when knowledge of species concentration, convemsiwhstability is necessary.

Isotope 1

Abce Abce Abce
() (%) () L
Isotope 2
_I_ —
1
Matural sample |satopically enriched standard Misxture

Figure 3.5 The isotope dilution principle: a knoarmount of the analyte containing an
“abnormal” isotopic composition (Isotope 2) is adde the sample

Fundamentals of ID GC — ICP-MS for species-specditalysis were extensively
discussed by Gallus and Heuman (1996). They whrstrited by the determination of
Se(lV) in water after conversion of the analytecsg® into piazselenol. In ID GC — ICP-
MS (or more generally SIDMS) the sample is spiketthwhe species to be determined in
which one of the isotopes of the metal or metallaigs enriched (e.g. GF'Hg" or

9Hg?"; see also figure 3.5). After equilibration of tepike, the sample preparation

procedure, GC — ICP-MS is run and the isotopiorafithe metal(loid) in the species of
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interest is measured. The analysis principle isitidal as in classical ID ICP-MS;
however, some fundamental differences occur.

Both IDMS and SIDMS require the equilibration otthpike isotope(s) and the natural
isotope(s). For IDMS, the spike and sample camlabfferent chemical forms; only total
elemental concentrations will result. In gener@MIS equilibration of the spike and
sample isotopes occurs as a result of decompositviich also destroys all species-
specific information when the isotopes of an elenae all oxidized or reduced to the
same oxidation state. For SIDMS, spikes and samplest be in the same speciated
form. This requires the chemical conversion of ¢l@ments in spikes to be in the same
molecular form as those in the sample.

For solution or liquid samples, spiking and equdion procedures can be as simple as
mixing the known amount of the sample and the spikeéor to analysis. Efforts are taken
to keep the species in their original species foafter spiking. Aqueous samples such as
drinking water, ground water, and others may beatly spiked and analyzed.

Solid samples such as soils, sludges, sedimemts, &nhd other samples containing solid
matrices require spiking before or after extradtdayestion in order to solubilize and
equilibrate the species prior to introduction te thass spectrometer.

This method has also been used to certify referenaterials and for environmental
forensic analysis (USEPA, 2007a). The inconvenieiscéhat usually a long time is
needed for equilibration between the sample andphies.

The speciated isotope dilution analysis is onlysgae for element species well defined
in their structure and composition. The speciestmmag undergo intercoversion and
isotope exchange prior to separation. The equtlimaof the spike and analyte,
attainable in classical ID thermal ionization M® (TIMS) cannot be guaranteed to be
achieved for speciated ID analysis in solid sampBesmsequently, the prerequisite of the
ID method, that the spike is added in the identioam as the analyte, is extremely
difficult, not to say impossible, to attain. Neverless, some advantages, such as the
inherent corrections for the loss of analyte dusagiple preparation, for the incomplete
derivatization yield, and for the intensity suppies/enhancement in the plasma are

evident. In particular, ID quantification seemsh® attractive in speciation analysis of
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complex matrices when the different organic constits of the sample modify
continuously the conditions in the plasma and thessensitivity (Snekt al., 2000).
Isotopically enriched species should representuthmate means for specific accurate
and precise instrumental calibration. Not only they useful for routine determination by
speeding analysis, but they also assist in théentesind diagnostics of new analytical
methods and techniques.

The determination of dibutyltin in sediment wasrigat out by ID analysis using an
183n-enriched spike. No recovery corrections for agseethylation or extraction into
hexane were necessary and no rearrangement reagtene evident from the isotope
ratios (Encinaret al., 2000). A mixed spike containing®sn enriched mono-, di- and
tributyltin was prepared by direct butylation’dfSn metal and characterized by reversed
isotope dilution analysis by means of natural momd- and tnbutyltm standards. The
spike characterized in this way was used for theukaneous determination of the three
butyltin compounds in sediment certified referemnaterials (Encinart al., 2001).
Isotopically labelled (Ck).Hg, CHsHgCIl and HgCJ species were prepared and used for
the determination of the relevant species in gaslensates with detection limits in the
low pg range (Snekt al., 2000). The use of SIDMS has proven to be a powesl to
check whether any interconversion is taking placgtwben Hg(ll) and MeHg
(methylation/demethylation) and to discover theoemf the specific steps of sample
preparation and their contribution to the overadinsformations of a known species
(Hintelmann, 1999; Monperries al., 2003).

3.3.9 Liquid chromatography with ICP-MS detection

Many element species of interest in environmenpaicgtion analysis are non volatile
and cannot be converted into such by means of ateration. They include virtually all
the coordination complexes of trace metals but aisany truly organometallic
(containing a covalently bound metal or metalloadmpounds. For all these species
HPLC is the principal separation technique prioelement selective detection.

The various possibilities of on-line coupling a aegion technique with an element

(species) specific detector for species-selectimalygis of metallo compounds of
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biological origin include different modes of HPLQO electrophoresis in terms of
separation, and atomic spectrometry (or molecul&) NMh terms of detection. The
presence of a metal bound to the biomacromolecube sample is considered to be the
prerequisite of using an element-specific detector.

The choice of the detector component becomes drudian the amount of analyte
species is very small and a high sensitivity isessary. That is the reason why ICP-MS
is the most popular. An important problem is oftiea interface between chromatography
and spectrometry (figure 3.6) as the separatioditions may be not compatible in terms
of flow rate and mobile phase composition with thosquired by the detector.

Interface Mass Spectrometer
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Figure 3.6 Scheme of the coupling between HPLCIGRIMS

For the analysis of mercury forms in natural watessng HPLC for separation, it is
necessary to preconcentrate them before the iajedti the chromatographic column
(Shade and Hudson, 2005). Direct coupling of HPLi@ whe detector is not sensitive
enough to analyze real water samples. For thisomegsost-column vapor generation is
used to improve the sensitivity and decrease theimaffects (Shade and Hudson,
2005). However, generation of cold vapor from omgarrcury species requires an extra
step for conversion to Hf otherwise, the efficiency of cold vapor genenatitepends
on the species present. The conversion is usualyoqmmed online by different
approaches such as chemical oxidation witlCiO; at ambient temperature which
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requires a long reaction time for efficient convens(Wu, 1991). Thus, UV radiation,
microwave heating, or an external heating sourasséel to facilitate the decomposition

of organomercury species (Falter and Scholer, 1994)

In brief, gas chromatography with ICP-MS detectibas reached maturity as the
analytical technique for speciation of organometadpecies in a variety of matrices. It
shows comparable figures of merit with that of GBIHP-AED for standard applications
including speciation of organomercury, organolead arganotin in the environment but
offers a number of advantages in cases where eglydow sensitivity, multielemental
screening, precise isotope ratios measurementseoarnalysis of complex matrices are

required.

3.4 Sample preparation for mercury determination

The sample preparation varies with the complexityth® matrix, but most complex
samples require decomposition of the matrix anductdn of the mercury to its
elemental formlt should be noted that, for mercury analysis ifledent sample matrices
a careful quality control/qualitgssurance of the obtained data should be practiceder
to validate the result which should include simué#teus determination of suitable
certified reference materials (CRMs).

Currently, the CRMs prepared for the quality coldpeality assurance of analytical
values for mercury as well as methylmercury in easi biological and environmental
matrices are commercially available from severaaaizations, including the 1AEA
(International Atomic Energy Agency, Analytical Qitya Control Services) (IAEA,
2003), NIST (National Institute of Standards andchrelogy, Office of Standard
Reference Materials, USA) (Klobes al., 2006), NRCC (National Research Council of
Canada) (Barcelo, 1993) NIES (National Institute Environmental Studies, Japan)
(Suzuki et al., 2004), IRMM (Institute for Reference Materials aiMkasurements,
European Commission) (IRMM, 2010) and SABS (Southican 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 determimgdselective reduction with tin
chloride (SnGJ), which forms H§. The stable complexes of Hg(ll) and the
organomercurials are not reduced (Stoickeul., 2006). For measuring Hgr by this
method it is necessary to oxidize all chemical frmh mercury in the water before the
reduction step. The oxidation can be done in acdiemwith permanganate or bromate
(Logar et al., 2001). If preconcentration of gs used, lower LODs are obtained (Puk
and Weber, 1994).

Environmental solid samples are generally made atsolution with wet digestion
methods and analyzed by compatible instrumentahigaes.

Most of the conventional digestion procedures aod only laborious and time-
consuming, but also lack sufficient efficiency amdiability. Other extraction methods,
such as sonication, distillation or soxhlet exi@gttalso have the above drawbacks, even
though reliable results are usually achieved (Tstab, 1998).

Innovative techniques such as supercritical fluttaction (SFE) and microwave-assisted
extraction (MAE) have been developed and are ataotisl advance. However, SFE
potentially has technological limitations and showvsufficient extraction efficiency,
usually depending on sample matrix and analyterppl@l'senget al., 1998). Besides,
the expensive equipment required increases theotdse analysis.

Two different approaches in microwave extractioncpdures are the use of a closed
system (pressurized with a closed vessel) or am gystem (non-pressurized with an
open vessel) (Stoichewt al., 2006, also see figure 3.7). They have different
characteristics and application. The main advastajehe MAE technique are absence
of inertia, rapidity of heating, reduction of exit@n time, better reproducibility and
reliability, ease of automation, and good ability elective leaching and total digestion
in a wide array of sample matrices. Thus, the appbn of this technique to sample
preparation has been widely investigated in varibekls of the environmental and
analytical chemistry (Tserg al., 1998).
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Figure 3.7 Closed and open microwave assistedaidanesystems (Amouroux, 2007)

The extraction of Hgyr from sediments is performed with concentrated HiEOacid
mixtures under efficient reflux or bomb decompasiti Sometimes additional oxidants
are added, such as®h, KMnQ,, etc. (Varekamget al., 2000).

3.4.2 Advances in sample preparation for GC-basedyphenated techniques

In order to extract the mercury species intactessvtypes of milder are used, such as
citrate buffer and extraction with dithizone/chifmon, KBr/CuSQ/H,SO, (Lambertsson
et al., 2001), HCI/HNQ@ mixtures (Stoichewet al., 2006), etc.

Solid sample preparation by acid or alkaline exiomcwith different heating sources
(sonication, stream distillation, etc.) requiresnir2 to 24 hours for complete recovery of
mercury species whereas the microwave extractionthef mercury species is an
extremely fast method (2-10 min) (Rodriguez Maibioimeadioset al., 2003). Both
open and closed systems are used for alkalineidreatractions of mercury species from
the sediments. This method should, however, be wstd caution since it may also
suffer, as for other techniques such as distillabased methods, from artifact formation
of CHsHg" (Stoichewet al., 2006; Bloomet al., 1997); Lianget al., 2004).
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The increased use of microwave-assisted extrat#icmiques in speciation analysis has
been also reflected with regard to GC —ICP-MS (heki et al., 1998; Slaetst al.,
1999).

Volatile forms such as Hgnd MeHg can be directly analyzed after fast desorptiomf
the sampling traps (gold trap, carbotrap or Tenawr§l preconcentration without
derivatization. But, in most of the cases, it i€essary to derivatize the ionic mercury
species in order to convert them to volatile formvkjch are then separated by GC and
detected by specific atomic detectors.

During the hydride generation (HG) with sodium Wordride (NaBH), the Hd" is
transformed to HYy while MeHg forms MeHgH. The derivatization shote applied in
inert atmosphere and should start at pH 1-2 becatimewise MeHg is reduced to Hg
The HG can therefore be directly applied for sed astuarine waters (Tseng et al.,
1998).

The most important recent advances in sample préparincluded the introduction of
NaBPy, for the derivatization of organometallic specie® (Bmaelest al., 1998), and the
use of headspace solid-phase micro extraction (SRME& Smaelest al., 1999; Aguerre

et al., 2000; Mestert al., 2001), stir bar sorptive extraction (Vercauteetrml., 2001)
and purge and capillary trapping for analyte recpwand preconcentration (Wasikal.,
1998).

3.4.3 Derivatization techniques

The position of tetraalkylborates allowing the @atization in the aqueous phase, such as
sodium tetraethylborate (NaBfktfor organomercury and organotin speciation aialy
and the latest introduced sodium tetrapropylboffdeBPy) for organolead has been well
established. Synthesis of NaBRwas described in detail and the possibility of the
simultaneous determination of Sn, Hg and Pb folhgvithe propylation was
demonstrated (De Smaedeal., 1998).

Two careful comparison studies are worth-noting.oire of them three derivatization
approaches, namely anhydrous butylation using gn@rd reagent, aqueous butylation

by means of NaBEgtand aqueous propylation with NaBRvere compared for mercury

89



speciation (Kotrebaet al., 1999). The absence of transmethylation duringstaple
preparation was checked using a 97% enricdiadg inorganic standard (Fernandez
al., 2000).

During the ethylation with NaBgthe Hg" is transformed to Hgkt while MeHg forms
MeHgEt as follow:.

Hg”"+ 2NaB(GHs)s — Hg(CHs)z + 2N + 2"B(CoHs)s” (3.4)
CHsHg" + NaB(GHs)s — CHHgCHs + Na + “B(C2Hs)s" (3.5)

The ethylation is motivated by the higher stabibfyMeHgEt compared to MeHgH. In
salty water one part of MeHg is reduced to’Hiyuring the ethylation. Thus, this
procedure can be directly applied only to freshemsaa{Ceulemans and Adams, 1996). As
mentioned above, isotope dilution ICP-MS is a neaswerful approach to solve the
problems with the matrix and non-quantitative datization. A drawback of the
ethylation procedure is the impossibility to digtiish between Hg and EtHd, both
species that often coexist in the environment @al., 1997). An alternative is the use
of the propylation as a derivatization techniquéhvaBPy as derivatizing agent which
is more tolerant to interferences from chloridesrfiith and Heumann, 2001). However,
it was found that the propylation of extracts framil samples suffers also from artifact
formation of MeHg and especially of ethylmercuryridg the derivatization (Huang,
2005). Derivatization techniques for GC were revadviLiu and Lee, 1999).

3.4.4 Solid-phase micro-extraction

Solid-phase micro-extraction (SPME) is a preconegion technique based on the
sorption of analytes present in a liquid phasenwore often, in a headspace gaseous
phase, on a microfiber coated with a chromatogagbrbent and incorporated in a
microsyringe. The analytes sorbed in the coatingrassferred to a GC injector for
thermal desorption. SPME is an emerging analytioal for elemental speciation in

environmental and biological samples (Mesdeal., 2001). This solvent-free technique
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offers numerous advantages such as simplicityusleeof a small amount of liquid phase,
low cost and the compatibility with an on-line aytedal procedure.

SPME is based on the equilibrium between the amalghcentrations in the headspace
and in the solid phase fiber coating. Low extractafficiencies are hence sufficient for
quantification but the amount of the analyte alddanay be very small. Therefore, it is
of interest to combine SPME with the high sendiiaf GC — ICP-MS.

The first work SPME - GC — ICP-MS concerned spémmabf organomercury, -lead and -
tin compounds ethylated in-situ with NaBEand sorbed from the headspace on a
poly(dimethylsiloxane)-coated fused silica fiberq@hset al., 1997).

A detection limit of 2 pgt was reported for an aqueous standard but a v&li25opg 1*
was given for the sample extract corresponding @Lain the low ng @ range (dry
weight) (Vercauterest al., 2000).

3.5. Analytical methods for inorganic constituents in cal

Most technical and environmental problems assatiaith coal utilization arise because
of the mostly non-combustible, inorganic componeémtsoal. But, since the organic and
inorganic fractions are intimately associated iralca complete separation of these
components cannot be achieved and even a welledleaoal will contain a significant
fraction of inorganics. Consequently, in order tenimize environmental problems
related to coal-utilization it is important to umsi&nd the behavior of its inorganic
components (Huggins, 2002).

Moreover, the determination of elemental conceiainat alone is not enough to
understand how a particular inorganic componeni wdhave. Thus, it has been
recognized that the mode of occurrence and thecaswmm of an element are often as
important as its concentration in determining iehdwvior during coal cleaning, coal
combustion, and other coal utilization processes@R, 1985; Swaine, 1990; Finkelman,
1994).

Methods for analysis of inorganic components inl be divided into the following
categories (figure 3.8): (i) methods that measigmental concentrations in the coal (or

ash); (i) methods that determine mineralogical ponents; and (iii) methods that
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determine elemental modes of occurrence. Thesgaréte are briefly described in the
following sections. Each of these three types @lysis provides different information
about inorganic components in coal and to undedstally the behavior of a specific

entity in coal utilization may require data fronthdype of analysis.

Analysis Techniques
for inorganics in coal

Elemental analysis methods
-A-rayly-ray

- Oiptical emissionfabsorption
-Mass spectrometry
-Mliscellaneous

Methods for coal mineralogy

-#-ray diffraction

-Infrared spectroscopy
-Mormative calculation
-CCEEMSEM-AlA/ et

Inorganic speciation methods
-Float/Sink {organic affinity)
-Leaching schermes

-Electran, ion or ¥-ray
MWicroprobes

-XAFS spetroscopy
-Other -Other

Figure 3.8 Subdivision of analytical techniquesifmrganics in coal
(After Huggins, 2002)

It should be noted, although this is not within #mpe of this section, that many other
methods exist for determining specific entitiescoal that could be considered to be in
the inorganic realm (See, for example, ASTM, 200@ese methods include wt.% ash in
coal, forms-of-sulfur analysis, total sulfur in ¢ototal chlorine in coal and S0n ash

from coal (Huggins, 2002 and references therein).
3.5.1 Analytical methods for elemental concentratias

There are many methods available for determiniegcttncentrations of major and trace
inorganic elements in coal. Such methods vary fthose that are applicable to just one
element in a particular matrix to instrumental t@ges that are, in principle, capable of
determining all elements in the periodic table my amatrix. Elemental analytical
techniques can be divided into four broad groupsy@is, 2002):

* Instrumental x-raytray techniques: Instrumental Neutron Activationafysis

(INAA), Radiochemical Neutron Activation Analysis RNAA), X-ray
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Fluorescence (XRF), Synchrotron XRF (SXRF) andi€lartnduced X-ray-ray
Emission (PIXE/PIGE).

» Optical absorption/emission techniques: AAS, OE®& I&P-OES.

* Mass spectrometric (MS) methods: Glow-Discharge (®MS), Spark-Source
MS (SSMS), ICP-MS, etc.

* Miscellaneous techniques: such techniques genedatgrmine one or a few
elements that, for one reason or another, cannaadeguately determined by
other more general methods; such techniques incketechemical and various
electroanalytical methods such as lon SelectivectiElde (ISE) and lon
Chromatography (IC).

In this section,emphasis will be given to determinations of the enaritical trace
elements, such as the 15 trace elements (As, CHE NI, Pb, Se, Be, Co, Mn, Sb, F,
Cl, Th and U) defined as hazardous air pollutahtdRs) by the US CAAA, (U.S.
Congress, 1990). This list of elements includeseaht of the elements of “prime
environmental interest” defined by Swaine (19%)¢ch as mercury, and also most of the
14 others listed by him “that could be of enviroamtal interest”.

The elemental analysis methods described in tlusosecan be performed on the whole
coal directly or may be done on high-temperatuie @$TA), prepared by controlled
combustion at a temperature between 400 and 8@0°@) low-temperature ash (LTA),
prepared by oxidizing away the carbonaceous maitefer an oxygen plasma at
temperatures that normally do not exceed 200°Cs@her, 1965; Shirazi and Lindqvist,
1993).

Generally, working directly on the coal allows ader and simpler sample preparation
and one that is least likely to result in loss ofatile elements, such as As, Se, Hg, B,
halogens, etc. However, whether working with asltaal, most techniques yield their
best results on samples that are finely pulveraetiwell homogenized.

The advantage of ashing is that it can signifigamtiprove the sensitivity and precision
of the determination of a trace element, althounghrhatrix corrections required by some
techniques (e.g., XRF) are also significantly larfr ash than for coal, which can
somewhat offset the advantage. Furthermore, higipéeature ashing will cause easily

volatilized trace elements to be released from stple and completely lost for the
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analysis. Sample preparation by low-temperaturéngstGluskoter, 1965; Shirazi and
Lindgvist, 1993) offers a good compromise betweemkimg on coal or HTA for trace
element determinations, but unfortunately is leestinely practiced. One further
advantage of the ashing is the easier dissolufidimecinorganics.

Spectrometric techniques discussed in the prevseaetions (AAS, ICP-AES and ICP-
MS) offer better performance and quantitative @ieci when the elements are
introduced into these instruments in solution quid form, rather than in solid form.
Hence, ashing is often considered a necessaryrstgpparing suitable analytes for these
techniques. However, in the last decade or morectdcoal digestion has been explored
as a means of preparing suitable liquids for thes@niques, while at the same time
avoiding both LTA and HTA. Such digestion methodsitde a solution of coal and its
components to be obtained that is suitable foryarsaby techniques such as AAS, ICP-
AES or ICP-MS. Methods for direct digestion of coatlude microwave-oven acid
digestion (Faddat al., 1995; Laban and Atkin, 1999), and a two-step dwestion in a
PFA bomb (Queroét al., 2001). These coal digestion methods have beenrstmyield
analytical results that agree well with data f@nstard reference coals obtained by more

conventional methods (Querlal., 2001).

3.5.1.1 Instrumental X-ray/g-ray techniques

INAA and XRF became accepted for elemental analykisoal in the late 1960s (Kiss,
1966) and early 1970s (Kulahal., 1975).

Major advantages of INAA are (Huggins, 2002): @rgle preparation and, therefore,
potential for contamination are minimized; (i) &p 40 elements can be determined
simultaneously; (iii) capability of determining semelements at sub-mg kg
concentrations; and (iv) the adjustment for magfifects is generally much less critical
than for the other techniques in this group.

Major disadvantages of the technique are (Hugg2®€2): (i) for best precision, a
neutron reactor should be used as the source dhénmal neutron flux, which of course
is a serious limitation on the availability of ttechnique; (i) some elements, notably B,
Be, Cd, Cu, F, Hg, Mo, Ni, Pb and TI, are not saaihalyzed by INAA because their
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cross-sections for thermal neutron capture are dow hence, these elements have
relatively large detection limits; and (iii) thectenique tends to have a long turnaround
time because it is typical practice to performay counting immediately after irradiation
and then again some weeks or months later so tiatfarences from short-lived
radioactive species are eliminated and better gietican be obtained on longer-lived
species. Despite these limitations, it is likelgtthNAA has been the most widely used
method for obtaining concentration data on traegnehts in coal and other fossil fuel
materials (Bettinellet al., 1992).

XRF methods have been used for chemical analysisabr elements in geological
materials, including coals and other fossil fudls, many years (e.g., Kiss, 1966).
Subsequently, XRF techniques have been extendagetéominations of trace elements in
coal as well (e.g. Kuha al., 1975; Evangt al., 1990).

The major advantages of XRF are: (i) it is widelaigable; (ii) modern instruments are
often fully automated for unattended operation wigh to 50 samples; (iii) sample
preparation is relatively easy and usually involves more than pulverization and
pelletization; (iv) it covers the concentration ganfrom <1 mg kg to 100 wt.%
(Huggins, 2002).

The main disadvantages appear to be: (i) its seibgito trace elements is comparatively
low and hence detection limits and the precisioth atcuracy of the technique are not as
good as for other methods; (i) matrix correctioakhough generally predictable, are
needed for the best precision; and (iii) the esaggh for the fluorescent radiation is
variable from less than 5 Am to as much as 200 Aepending on the energy of the
radiation (Huggins, 2002)..

3.5.1.2 Optical absorption/emission techniques
These techniques were the first multi-element teghes applied to trace element
determinationgn fossil fuels (see, for example, Brown and Swairt64).

ICP-AES is the technique that is largely supersgdiher OES techniques because of the
superior properties of an ICP as an excitation@(Bwaine, 1990).
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The latest developments with ICP and trace eleraealysis of coal appear to be moving
in the direction of combining ICP with mass spectetry (See section 3.2).

The main disadvantage of optical absorption/emmsstechniques for elemental
determination in coal is that the analysis is lkste on solutions of coal ash or on acid-
digested coal rather than on coal directly. Howgeéprts have been made to introduce
coal directly into a graphite furnace (GFAAS), atglieous suspensions of finely ground
coal, in particular, have been tried with limitedceess (O’Reilly and Hicks, 1979).
Ikavalko et al. (1999) have successfully developed microwave-skigcid digestion of
coal as a means of introducing solubilized coakdly into the AA spectrometer.
Standard solutions for each element to be detedrane a necessity for development of
in-house calibration curves for the most precisterdeinations; however, the use of
reference standard materials, such as NIST SRMgensrally not necessary as matrix
effects are negligible (Huggins, 2002)..

Mercury was determined by the cold-vapor AAS prarced (Doughten and Gillison,
1990) and amalgamation of mercury on gold follovibgdflameless AAS has also been
developed for the determination of mercury (Swair890).

A related method that is in use in some laboragp@as an alternative to AAS techniques,
for the determination of arsenic, mercury and galanis atomic fluorescence
spectroscopy (Swaine, 1990; Queszél., 2001).

Mass spectrometric (MS) detection is being inveséid and appended to many different
volatilization methods for elemental analysis. Fssil fuel analysis, ICP-MS appears to
be the most promising “new” technique; however,rehare other promising MS
techniques, such as Secondary lon Mass Spectror(feiiyS), and Accelerator Mass
Spectrometry (AMS), both of which have not beenligdpextensively to fossil fuels
(Huggins, 2002 and references therein)..

As for other MS techniques used for trace-elemeatysis, an important question to be
addressed is whether or not such techniques cde\mtoped for direct measurements on
the coal rather than ash, so that the problem s &f volatile elements during ashing
may be avoided. One attempt to address this probieolves combining laser ablation

(LA) processes on coal with an ICP-MS system (la¢tit992).The LA process forms
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very fine particles that are then swept by an argioeam into the ICP, where they are
vaporized and ionized for the MS determination.

Other methods have been reported which vary franhdascribed by Lichte (1992) in the
means used to prepare the coal prior to its inttda into the ICP by using a microwave
oven acid digestion (Faddet al., 1995), a solution nebulization and laser ablation
(Rodushkinet al., 2000), or a two-step acid digestion in a PFA-bof@uoierol et al.,
2001). Up to 67 elements, ranging from lithium t@nium, and including such major
elements as carbocan be analyzed by ICP-MS (Conrad and Krofchecl@2)Qvith
detection limits for in the range of 5-100 ng. d\ccuracy and precision appear to be
limited principally by sample homogenization asitgtly less than 5 mg of coal is
consumed in the analysis (Lachasal., 1999). However, the precision, typically of the
order of £20% for a single scan, can be improveddybining multiple determinations
as a single determination generally takes lessdamute.

The ICP-MS variations described above appear tstitate a powerful new technique

for quantitative trace element determinations ssibfuels.
3.5.1.3 Miscellaneous methods

For certain of the HAP trace elements, notably hlaébbgens, none of the techniques
discussed above is sufficiently sensitive for acusate determination and/or the element
is highly volatile so that it cannot be trappedagintly by ashing and, hence, can only be
determined on a whole coal basis. For these eleameatious individualized analytical
methods have been developed. These methods ineleckeoanalytical methods, such as
ion-selective electrode (ISE) and ion chromatogyaglC), and chemical analysis
methods.

ISE methods are generally applied to those elentbatsform stable anions in aqueous
solutions, e.g. - CI, where an anion selective electrode can be uselktermine the
concentration of the desired anionic spedi&=nerally, pretreatment techniques are used
to separate and/or concentrate the anionic spetiggerest prior to the determination.
Such methods include alkali fusion, oxygen bombeslign, and pyrohydrolysis

(Huggins, 2002 and references therein).
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On another handhe field of IC was established by efforts to c@upl conductivity
detector to separations performed on an ion-exahahgomatographic column and this
technique has become the method of choice for étermlination of anions in a wide
range of samples (Coxt al., 1992). As alternatives to conductivity detectors,
amperometric and indirect photometric detectorsehalso been used with IC. For
determinations of anionic species in coal, the majmblem is to ensure complete
extraction of all the anionic species from the caald total coal digestion methods are
generally preferred. Fluorine, chlorine, and sultan be readily determined by IC
methods after oxygen bomb digestion (Gaxal., 1992) and other additional species,
namely bromine, phosphorus, and nitrogen, may hksadetermined by this method
(Huggins, 2002).

3.5.2 Determination of coal mineralogy

The determination of the mineralogy of a coal pdeg valuable information about the
inorganics in coal that cannot be obtained fronm@nucal analysis alone. For example,
geologists interested in following the origin andpdsitional history of coal forming
peats and transformations of such peats into coadlification), can gain much
information from the mineralogical and geochemiassemblages present in coal (e.qg.,
Rimmer and Davis, 1986). In addition, researchetsrested in how critical elements
behave during coal combustion and cleaning prosessed to know what minerals are
present in the coal, what their size distributiomight be, and how such minerals control
or interact with critical elements during utilizati. In order to do this, there is a need of
obtaining as complete a mineralogical descriptibthe coal as possible.

Unfortunately, it is not as easy to determine theemalogy of coal as of other geological
materials. Traditional petrographic methods are enatbre difficult because of the
intimate admixture of inorganic matter and maceialscoal (Huggins, 2002). It is,
therefore, of interest to develop new methods wilitallow the accurate and reliable
determination of mineral matter. Such methods shquieferably be used without
separation of the mineral matter from the coal Isat tassociation of minerals with

macerals and of minerals with other minerals mabso be determined.
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The following four methods can be used for detemgnthe mineral matter in coal
(Jenkins and Walker, 1978): (i) X-ray diffractiodRD); (ii) infrared (IR) spectroscopy;
(i) chemical analysis (normative calculation);dafiv) optical and scanning electron
microscopy (SEM) methods.

3.6 Specific methods for the determination of modesf occurrence of trace elements

Concentration is not the only factor of importartbat needs to be considered when
assessing the behavior of trace elements in cdaatiopn and related environmental
concerns. Another factor of equal and, sometimiesyarve importance that should also be
included in such assessments is information om¢cearrence of trace elements in coal or
ash. Numerous indirect methods have been triedhfdetermination of trace-element
modes of occurrence in coal. The concept of orgaffinities, defined by how a trace
element partitions among float and sink gravitycfiens, has been used to classify trace
element occurrences in coal (Gluskogeral., 1977) with some success. More recent
variations on these procedures have also beennpeels@.g. Queradt al., 2001).

However, questions regarding the association of dlnent, meaning whether an
element is present in solid solution in a major endth or forms its own mineral, are
usually not answered by this indirect method. M@eently, attention has shifted away
from float-sink methods to leaching methods aspiti@e indirect method of determining
elemental modes of occurrence. However, leachihgrees are based on an assumed
limited set of elemental occurrences. There is mwipion in such tests for unanticipated
occurrences. Consequently, there remains consideualoertainty regarding the validity
of the data obtained in such tests, unless theyarked by direct observational methods
(Finkelman, 1994).

Various electron and ion probe techniques have hmsed to examine trace element
modes of occurrence directly on coal. Scanningtelacmicroscopic and micro-X-ray
diffraction techniques have been used to directlyestigate the occurrence and
association of many trace elements in coals (Fm&al and Stanton, 1978 and

Finkelman, 1981; 1982; 1988). However, such obgiemal microscopic techniques are
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very time-consuming, even for semi-quantitativeorniation, and tend to favor the
occurrences of trace elements in discrete minevaing rather than the dispersed
occurrences of the element in macerals in the @tadgins, 2002).

Another direct approach is to establish spectréhderprints” for some standard
occurrences of an element and then employ the spaewroscopic technigque to measure
the spectra from the element in a coal or coatifstacHence, by comparing the spectrum
from the coal with spectra in the database of staigl and employing spectra
deconvolution or simulation methods where needdd,possible to determine the major
modes of occurrence of an element in a particuleal Huggins, 2002). One
spectroscopic technique that has been extensivghyoged for investigating the forms of
occurrence of trace elements in coal and ash iayXabsorption fine structure (XAFS)
spectroscopy.

Microscopic and/or spectroscopic methods can bebowed with indirect methods of
determining modes of occurrence, such as float-siekhods (Hugginst al., 1997) or
sequential leaching methods (Kolket al., 2000) and the net result is better
understanding of both the modes of occurrence @fetements and of the assumptions

inherent in the indirect methods.

3.6.1Indirect methods

The organic affinity of the element can be detesdilby performing float/sink tests at
different specific gravities and then determinirge ttrace element contents in the
different fractions. The higher the organic affinihe more the element reports to light
specific gravity fractions, and hence, the moiis @ssociated with the organic fraction of
the coal. This method was exhaustively used imtbhgr trace element study performed
by Gluskoteret al. (1977).

The efficiency of float/sink processes with respiect given trace element in a specific
form may vary greatly from coal to coal, merely axonsequence of how the host
mineral or maceral distributes between the floak/dractions. These different pieces of
information cannot be separated. Hence, differaties of organic affinity for a given

element among different coals have little or nosigance. In addition, the knowledge
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that the effective organic affinity for a traceralent in a coal is low still does not provide
any insight into whether the trace element is disge in a major mineral or forms its
own mineral (Huggins, 2002).

Despite these limitations, however, the conceporghnic affinity may still be a useful

parameter in the absence of other information.

Leaching methods have a major advantage over slo&t-methods in that specific
elemental forms are anticipated to be either ptesenabsent in different fractions
depending on their solubility behavior in the vasoreagents used for the different
leaching stages. A number of sequential leachinthods have also been proposed for
understanding elemental modes of occurrence andatigseach laboratory has their own
leaching scheme. Davidson (2000) compares methadisiata from sequential leaching
schemes developed in three research laboratoreedelb in the United States, in the
United Kingdom and in Australia. These three scheare compared and contrasted in
figure3.9.

In all three schemes, the idea is to leach spegifaups of inorganics or minerals
progressively from the coal. After each stage @& lgaching scheme, a multi-element
chemical analysis is performed on the residue anthle leachate to determine the
amounts of trace elements removed by that partidelching reagent. The different
fractions of an element removed by the variousHe®r reagents are then assumed to
have occurred in the coal in different forms, atidated in figure 3.9.

The main problem with sequential leaching protocwisthat the classification is
principally based on the expectation of how certainerals will behave in a suite of
increasingly stronger reagents and there is |lébleommodation of any variation in

leaching behavior due to variations in compositgnajn-size, association, etc.

101



none

1 N Ammonium acetate

removes org. assoc ions, ions
on clays and some carbonates

Deionized water

remeves agueos soluble minerals

4.3 M HCI
BO C for 2 hours
removes oxides,
carbonates and monosulfides

3N HCI

removes carbonates and
monosulfides

Dilute HCI
up to 12 hours
removes calcite, exchangeable
cations and monosulfides

Residue

‘organic matter'

Figure 3.9 Comparison of sequential leaching sclsamed in the IEA speciation study

Dilute HNO3
up to 12 hours
removes other carbonates
and some pyrite

Residue

‘organic + shielded minerals'

conc. HNO3 in microwave

remaves organic matter

(Huggins, 2002 and the reference therein)

For example, “carbonate minerals” are expectedligsolve in HCI, but depending on
the strength of the solution, the solution tempemtthe grain-sizes of the carbonate
minerals, and the time of exposure of the coahtleachant, such procedures may be
effective for calcite, but less effective or evameffective for other, less-common
carbonates, such as siderite, magnesite, rhodsterar dolomite (Huggins, 2002).
Querolet al. (2001) list a number of other specific deficieisca leaching methods. It
must also be re-emphasized that leaching protoedlsnever identify an unusual or

unexpected elemental occurrence.

Both sequential leaching and float/sink separatibage difficulty dealing with fine

mineral matter that is highly dispersed and endapsid in macerals by organic matter.
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For float/sink methods, the highly dispersed natfrsuch fine mineral matter generally
causes them to be associated with the lightestifspgcavity fractions; consequently,
such inorganic components are typically referrecaso“organically associated”. For
leaching methods, the encapsulation of inorganicoidganic matter can make them
impregnable to attack by the leaching agents amttéhesuch inorganics are always
incorrectly assigned.

There are ways to avoid this complication An alatire approach might be to conduct
sequential leaching schemes on low-temperature iashich all the encapsulating
organic matter has been oxidized away. Such amapprdoes not appear to have been
explored significantly (Huggins, 2002).

In order to establish better trace element occaegnvarious approaches have been
attempted that combine two indirect methods. Fangde, Finkelmaret al. (1990)
employed sequential leaching complemented by dataelement volatility from
sequential combustion (ashing) tests at differentperatures. Queret al. (2001) used
results from both sequential leaching and floak-sseparation. However, the results
obtained by these indirect techniques, even whembawed, still often remain
inconclusive and they need to be complemented anfirmed by data from more direct

methods.

3.6.2 Direct microscopic methods

A scanning electron microscope (SEM), equipped véth energy-dispersive X-ray
(EDX) detector and a back-scattered electron (B&#¢ctor, can be used to determine
trace element occurrences in polished or fracturlases of coal specimens. The reason
why the SEM is capable of finding many trace eleimeccurrences is because the
brightness of the backscattered electron image (BiSEletermined in large part by the
average atomic number of the material under thetrele beam (Huggins, 2002). As a
result, phases rich in heavy trace elements appaah brighter than normal silicate and
sulfide minerals in the coal and can be readilyaled for standard EDX analysis in the
SEM. The main advantage of the SEM-EDX techniqu&as information is obtained on

the chemical association of the trace element, framtch the mineral occurrence can
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often be deduced. On occasion, the individual naingrain containing the trace element
can sometimes be removed and subjected to micrg-Xitiraction to confirm its
mineralogical identity.

Unfortunately, as mentioned previously, the methedvery time-consuming and
demanding of the microscopist. SEM-EDX is also a®t{powerful for determining trace
element occurrences that are dispersed at low almgedevels, either in major minerals
or in macerals in the coal.

Further, the lower the atomic number of the trdeenent, the more difficult it becomes
to locate, regardless of whether it is presentisordte or dispersed form. Therefore, this
technique is likely to be biased towards the discend exotic forms of occurrence of
heavy trace elements, unless the investigator trermely systematic in his sampling
(Huggins, 2002).

XAFS spectroscopy, on the other hand, appears tthdenly spectroscopic method,
currently available, that is capable of obtainimgngicant information on trace element
forms of occurrence in fossil fuels and relatedamats. Unlike the microscopic methods
described above, the XAFS spectrum derived fronvengelement is a weighted average
of all forms of occurrence of the element in thalcor coal fraction, regardless of
whether the element forms a discrete mineral odispersed in major minerals or
macerals. Indeed, if there is a bias with this négpiee, it is likely to be towards dispersed
forms-of-occurrence rather than discrete minerauoences of a trace element, as has
been demonstrated for the major element, sulfurgffiis et al., 1992). Moreover, in
addition to being a direct probe of an element’slenof occurrence in coal or ash, the
technigue is also nondestructive.

The major inconveniences of the XAFS are thatrt @aly be performed at a synchrotron
source and, consequently, the availability of thethad is limited; and only a single
spectrum is obtained that is a weighted averaghepectra of the different forms of
occurrence of the element in the coal or ash (Hhgydl002).

In theory, XAFS spectroscopy is applicable to \attyiall elements in the periodic table.

In practice, however, the technique is currenttyittd experimentally to trace elements
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with atomic numbers above 20 that occur in coapess of about 5 mg kKqHuggins,
2002).

In conclusion, environmental issues associated eatl utilization, especially the release
of particulate matter and HAPs to the atmosphevenfcoal combustion, are placing
increased emphasis on accurate and reliable arelytiethods for inorganics in coal. At
the current time, it would appear that elementalcenmtrations can be reliably determined
using techniques such as X-ray fluorescence forntiagor inorganics in coal and a
combination of various methods (e.g., INAA, PIXEHH or polarized XRF combined
with ICP-MS or ICP-AES and AAS methods) for the dibso trace elements listed as
HAPs in the 1990 Amendments to the Clean Air Act.

Various methods for determining the mode of ocawreeof trace elements in coal were
presented. There appears to be a significant nesal for the combined application of
both direct and indirect methods for elemental gtien. Data based solely on inferences
from indirect methods are fraught with uncertaibgcause such methods are based on
unverified assumptions. Use of electron or ion protethods to obtain information on
the elemental associations of the trace elemert hvellp resolve such uncertainties.
Similarly, although XAFS spectroscopy can be usedi¢termine elemental modes of
occurrence directly, this method suffers a highecidn limit and would appear to be
more powerful when combined with leaching or othedirect speciation methods,
because it can also test the assumptions and hdipre possible, resolve the
uncertainties inherent in the indirect methods.

Finally, as summarized by Davidson (2000), agre¢raemong the methods for element
speciation may vary from reasonable (e.g. for Ma, Cd, Se, and Hg) to poor (e.g. Co,
Ni, Be, Sb), with the remainder intermediate (&g, Pb).
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Chapter 4
Objectives of the study

Based on the different aspects highlighted in ttublem statement, namely the need of
the development of analytical techniques for gasenarcury measurements, the limited
data on the mercury content in South African coalduding the lack of information on
its chemical and physical associations, and alstéhenneed of a better assessment of
mercury pollution and fate in the country ecosyste(biological, geological and
atmospheric systems) impacted by gold mining omerat the main objectives of this
project were divided into three different sectiassfollows:
- The development and optimization of procedures fbe sampling and
determination of gaseous mercury;
- The determination of total mercury and the charazgon of its speciation in
South African coals and;
- The quantitative assessment of mercury pollutiod #re determination of the
mercury distribution, transformation, transport dai in some selected goldfield

areas within the Witwatersrand Basin.

The following questions were addressed in orderctoeve this aim:

* How can locally made materials contribute in depglg a simple and cost
effective trapping technique for the sampling aretednination of ultratrace
mercury and how can their performance be comparedriventional traps?

* What is the average mercury concentration of S@dtican coals that can be
used for reliable inventories of the atmosphericauey emission from local coal
fired power stations?

* What are the modes of occurrence of mercury intgéitican coals and what is
the efficiency of solvents extraction proceduressitucing the mercury content in
the study coals? Does the toxic methylmercurymadijuoccur in South African

coals and at which extent?
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What is the impact of current as well as histontdgmining activities in terms of
mercury pollution in the local environmental syss&m

What are the biogeochemical interactions (i.e. \mdability, distribution,
mobility and fate) of mercury in the South Africaemi arid environment?

What are the principal factors that control the ecney speciation in the study
systems?

How do climatic and seasonal changes affect tlied&ral mercury cycling?

To answer these questions, the following specifiectives were addressed:

To use nano-structured gold supported on metal esxithaterials for the
preconcentration of mercury in its gaseous form &mdoptimize analytical
parameters of the nanogold traps using atomicdlsmance spectrometry.

To apply the developed and optimized methodologiesnvironmental samples.
To characterize coal and ash samples collected fome South African coal-
fired power stations and/or coalfields, to detemnihe total mercury content in
these samples and compare the average concentvatiothe literature data for
local and world coals.

To identify and quantify inorganic and organic mayc species in local coals
using speciation techniques and also to providermétion on modes of
occurrence of mercury in the study coals using eetijal extraction procedures.
To identify potential sources of mercury pollutiom goldfields and to make
quantitative assessments of geochemical parametaprtant anions, total
mercury and other heavy metals through field samymind laboratory analysis by
using a wide range of analytical techniques inelgdispectroscopic, and
electroanalytical measurements and to use thisfdateochemical modeling.

To study the speciation and distribution of merciloy the coupling of gas
chromatography and inductively coupled plasma nsmsctrometry (GC-ICP-
MS) in water systems distal and proximate to miniraglings storage facilities
(TSFs) and to map the trends using GIS techniques.

To assess the impact of long term pollution and@ea changes on the spread of

mercury in watersheds.
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* To determine factors controlling the methylationneércury in the study waters
and sediment profiles by correlating analytical adétom spectrometric and
electroanalytical measurements with geochemicald)fi data such as pH and
redox measurements.

* To determine the bioavailability of mercury and thent of its accumulation in

plants (that is, biological systems).
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Chapter 5
Sampling procedures and optimization of analyticamethods

51 Introduction

This chapter focuses on the sampling techniquessdimple preparation procedures and
the analytical techniques used. Details about tmalyical methodologies and
instrumental parameters used before their appbicab real environmental samples are

provided. Further details for the various sampBitgs are given in each case study.
5.2 Cleaning protocol

Working under clean conditions is one of the masipartant considerations for
successful analysis at very low concentration Ev8pecial attention was paid to the
procedure for cleaning all vessels used for sargmimd sample preparation. The aim of
the rigorous cleaning procedure used was to ernbatanalysis will be performed with a
minimum risk of contamination. The following cleagi protocol, adapted after
Monperruset al. (2005), was used for all experiments in this study
= All vessels were first cleaned with a biocide dgeat (1 or 2% in hot tap water)
and stored for half an hour, rinsed thoroughly witip water and then with
deionized water with an electrical resistivity &2 MQ cm(Millipore, USA).
= All vessels were then soaked in a 10% (v/v) HN&Dalytical grade (Merck)
solution for 3 days (or for an hour in ultrasonith). Bottles were then rinsed
with deionized water.
= All vessels were finally soaked in 10% (v/v) HCla#ytical grade (Merck)
solution as described above for HN®ottles were then dried in a laminar flow
hood or in an oven after being rinsed with copiausount of de-ionised water

and stored in double sealed polyethylene bags wsil
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5.3 Sampling

The different sampling techniques used for wateediments, tailings and plants
collection are presented below including their peatment and storage conditions prior

sample preparation stepa.situ measurements conditions are also discussed.

5.3.1 Water sampling

The water samples were collected according to comfyraxccepted sampling procedures
(Tutu, 2004 and references therein; USEPA, 200U=&v@uviller, 2001). Water samples
were collected as duplicate samples at each site anid-washed and conditioned
polypropylene (PP) one litre bottles. The recomneendclean hands—dirty hands”
procedure was used during sampling in order toridiscate the contamination risk
(Montgomeryet al., 1995).

Surface waters were collected in dams and wetldmg$iand” directly in the sampling
bottle using nitrile gloves. The bottle had to lpewed and closed under water to avoid
mixing with the surface microlayer or oxidation sdmple (Stoichewt al., 2006). In
streams, samples were taken in the main streamdloay from the banks and a point
sampler consisting of an aluminium rod and a PPwapused to collect the sample.

The sampling bottles were rinsed with the site wiaenediately before sampling and the
rinsed water was discarded away from the samplamgtpThe goal of this procedure was
to condition or equilibrate the sampling equipmienthe sample environment and to help
ensure that all cleaning-solution residues had besved before sampling (Tutu, 2006;
Stoichevet al., 2006).

The PP bottles were filled with water leaving nospace and the field parameters such
as temperature (T), pH, electrical conductivity J(EBsnxd redox potential (Eh) were
measuredn situ before tightly closing the containers to prevamy keakage (figure 5.1).
Each bottle was then marked with the date of salgpind sample description, placed
into cooler boxes and transported to the laboratGipbal Positioning System (GPS)

coordinates were also taken at each sampling poitdtwere used for mapping with the
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Geographic Information System (GIS) software (Ar8@.x, USA). Quality control, or
blank, samples were used to assess the level dhroamation and to quantify any
background concentrations.

Field parameters measurements were carried out aithortable kit (WTW multi-
parameter instrument pH/Cond 340i and ORP, Germaqgyipped with a pH electrode,
an integrated temperature probe, a standard cauatiyatell and an oxidation-reduction
potential probe. The meters were calibrated anedesrior to sampling using standard
buffer solutions according to the manufacturer&ructions.

Redox potentials were obtained from Pt electrodesus Ag/AgCl and all reported

potentials were corrected relative to the stantigctogen electrode (SHE).

Figure 5.1n Stu measurements of physico-chemical parameters @tarvgample

Once in the laboratory, each sample was divided ino parts: the one was filtered
under vacuum with 0.45 um filter papers (Millipor@)d used for the anions {CF,
NOs, NO,, PQ¥ and S@) determination by ion chromatography; the others wa
unfiltered and acidified with 1% (v/v) HCI suprapu(37%, Sigma Aldrichand then
analysed for mercury and other metals using ICFhnigoes. The samples were
transferred in PTFE (or TeflGh bottles or in borosilicate bottles with PTFE-kheaps

and stored at°€ until analysis.
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5.3.2 Sediment sampling

Sediment (surficial and bulk) samples were coliéctkeom adjacent to gold tailings
facilities, and from dams, streams and wetlandsk&aund samples were also collected
in order to determine the contrast between backgtomercury concentrations and
contamination.

For stratigraphic (profile) studies, piston corauder) or Polyvinylchloride (PVC) cores
of 50 cm height were used for sample collectiora flew cases, pits were excavated to a
maximum depth of 3 m and samples were collecte@0acm depth intervals after
scrapping off the outer layers of the sedimentifgoGeochemical (field) parameters of
the sediments were also determined, mainly by imgethe appropriate probe into the
slurry in situ. Where the slurry was not immediately availableyas made by mixing a
portion of the sediment (about 50 g) to about 50 ahldeionised water and the
measurements taken of the resulting slurry (Tu@iQ62. The GPS coordinates of the
sampling points were also measured. Collected ssswpére then stored in double plastic
bags in the dark within cold boxes.

In the laboratory, samples were first frozen at°’€18 increase the stability of MeHg
(Parker and Bloom, 2005) and PVC cores were siiti@dportions of 2 to 5 cm thickness
using a saw equipped with a clean stainless stadebThe sediments were sieved, when
necessary, with Nylon sieves to eliminate stoned ather gross particles. After
homogenization, a representative portion of eachptawas freeze-dried (Varekamp et
al., 2000) in a lyophilizer (Labconco, USA) at 2@for 24 to 48 hours and the dried
samples were pulverised with acid-washed pestldsvartars and then stored &C4in

acid-cleaned polystyrene bottles for further prapan (figure 5.2).
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Figure 5.2 Sediment core sampling (1) and pre-¢ammiing steps which included:
dissection of the PVC core (2), sample drying Inaphilizer (3) and storage in acid-
washed polystyrene bottles (4)

5.3.3 Tailings sampling

Tailings samples were collected both vertically #atdrally. Near surface samples were
collected by means of shovels (after scrapping tb# oxidised layers) while the

subsurface samples were collected by means of RW€s dfigure 5.3). The methods
used depended largely on the accessibility of @mepdéing 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 lg@awese collected randomly from
wetlands, creeks, ponds or from plants growing loa tailings dumps and tailings
footprints for phytoremediation purposes. To mirdenthe risk of contamination, plastic
gloves were used to collect the samples (figurg¢ &l hand separation of the plant
tissues from other material. Samples were rinsék @eionized water to remove eventual
metals attached at the surface and were kept yephopllene plastic bag, then frozen and
dry-frozen at -40°C (Cabanerg al., 2002) within hours of collection. After being
ground to a homogeneous powder with the help afidiquitrogen (Heller and Weber,
1998), the samples were stored in the dark, to dauhotodegradation, 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 analyas not only matrix dependent but
also depended whether total mercury or mercuryigpeanalysis had to be performed.
An analytical balance (Precisa 180A, Switzerlarwdjh a precision of 10 g, was used
for all the weightings.
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5.3.1 Total mercury determination

The procedure used for the sediment samples treatwas adapted from an existing
method developed by the US Environmental Protecthagency (USEPA, 1996;
Mangum,2009).

Briefly, 0.1 + 0.005 g of sediment was digestea iclosed microwave assisted extraction
(MAE) system (Multiwave 3000, Anton Paar) equippeith PTFE-TFM liners (figure
5.5) at 800 W and for 45 minutes using 6 ml HNMerck), 2 ml HCI (Merck), 1 ml HF
(Merck) and 1 ml HO, (Merck). The average temperature within the eximgcvessels
was about 17AT.

Screw Cap ~ \ /‘_ Exhaust Port
- for directed gas release
<= - for gas loading
Safety Disk & Holder — N Vit Sota

Lip-type Seal ~— Safaty release grooves

Vessel Jacket Liner (PTFE-TFM)
reinforced PEEK

oF ceramics

Figure 5.5 The Multiwave 3000 MAE system and theset design

The microwave programme is presented in the table elow. Six millilitres of
concentrated gBO; (Merck) were added to each sample to neutralize damaging
effect of HF for glass made materials such as @t torch. The digested samples were

then diluted with deionized water and kept &€ 4n Teflon bottles until analysis.
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Table 5.1 Microwave programme for sample extraction
Phase Power (Wanf (min) Hold (min) Fan
1 800 10:00 20:00 1
2 0 5:00 10:00 3
Sample weight: 0.1g; Reagent: HN@mI); HCI (2ml); HF (1ml); HO, (1 ml)

5.3.2 Analysis of mercury species

For the extraction of Hj (IHg) and CHHg" (MHg) species in solid samples (Dietz et
al., 2001; Tseng et al., 1997a) an aliquot of 0g26f dry sample was placed in the
extraction tube of an open-microwave (figure 5.6¢mo (CEM, USA) and 5 ml of 6M
HNO; (Sigma Aldrich) for sediments or 25% tetramethylaomium hydroxide (TMAH,
Sigma Aldrich) for plants were added and then egdde microwave radiation at 70 W
for 4 min.

(1) )

Figure 5.6 The CEM apparatus (1) with an automaéssel introduction system into the
microwave oven (2)

The extraction of mercury compounds in plants byrowave systems has been
performed using TMAH since this reagent was fougdlbenget al. (1997b) to allow
complete alkaline hydrolysis of biomaterials (i@oteins, lipids, and sugars). Extraction
using TMAH appeared to be efficient for mercury@ps in biological tissues.
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After centrifugation, the extract was transferretbia 22-ml Pyrex vial with Teflon-lined
cap and, in the case of isotope dilution (ID) asslyall the extracts were spiked prior to
derivatization with a specific amount of isotoplga¢nriched standard solutions of g
(Hg"® and CHHg" (CHsHg?®) obtained from CNRS-LCABIE-IPREM (France). The
spiking step was not necessary when the analysspedormed by external calibration.
During the derivatization of mercury compounds fBC-ICP-MS analysismixed
standards solutions of different mercury compounpdiant and sediment extracts were
buffered to pH 3.9 - 4.1 with 5 ml of a 0.1 M gEDOH-CHCOONa buffer. The pH
was adjusted, when needed, by addition of suprag@ieor NH; (Sigma Aldrich). Then,
0.2 ml of 1% (w/w) high purity NaBEgt(Sigma Aldrich) was added together with 1 to 2
ml of isooctane (2,2,4-Trimethylpentane, CHROMASGL®us, 99.5%, Sigma Aldrich)
to derivatize and extract the alkylated compoumdsiéd. After 5 min of manual shaking
and 5 min of further centrifugation (2500 rpm), thkganic layer was transferred to a
glass vial and stored at -18°C until measureméitsamples were measured on the day
of their derivatization.

In the case of water analysis, 100 ml of samplau@ately weighed in a flask were
directly submitted to the spiking (for ID analysis)lowed by derivatization with NaBRr
(instead of NaBR) in order to see the eventual occurrence of etagdory species but
also to minimize the effect of chloride contentttaffects the ethylation procedure, as
demonstrated by Monperresal. (2005).

5.4 Optimization of analytical instruments for merairy determination

An ICP-MS (SPECTROMASS 2000, Germany) instrumehgva in figure 5.7, was
used for Hgot determination. Acid-washed torch and spray chamisee used in order
to minimize contamination. The nebulizer was alssed with deionized water and
silicosteell tubings (Restek) were used to reduarcary adsorption in the sample

introduction system.
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Figure 5.7 Image of the ICP-MS used forfdgdetermination

ICP-MS parameters such as ion optics voltages, s@s8s time scan, pump speed, argon
flow were optimized for a better resolution and lgtgabackground intensity ratio. An
example of optimized instrument conditions is pnésé in table 5.2. The software used
for data analysis was Smart analyzer provided dyCGHRO.

A range of mercury standards in 5% HN&ere prepared on a day of analysis from a
stock solution of 10 mg 't (De Bruyn Spectroscopic Solutions, SA) for thetimsient
calibration and analyses were performed on tripti€aResults were reported as means of
7 measurements.

GC-ICP-MS coupling was achieved using the X-SeBeP-MS (Thermo Scientific,

USA) and all electrical and analytical connectiamsre 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 1350 W
Nebulizer gas flow 1000 ml min'
Coolant gas flow 3 scale units
Auxiliairy gas flow 1 scale units
Pump speed 2

Nebulizer step 1

Default dwell time 1s

Isotope monitored 199Hg, 2%Hg, ***Hg
Sampler Nickel
Skimmer Nickel

p Interface 2.013 mbar

p Quadrupole 5.46 x 10° mbar
Detection mode SEM

The X-Series 2 ICP-MS is configured with a dual m@hmple introduction system to

enable simultaneous introduction and analysisgefidi and gaseous samples.

Figure 5.8 Hyphenated GC-ICP-MS X-Series 2

The GC, equipped with an automatic injector, imthennected to the X-Series 2 using
the temperature controlled GC Transfer Line and détoBupply Unit. The key
components of this sample introduction system uhelthe facility for simultaneous

119



connection of both the temperature controlled Gabgfer line and the nebulizer/impact

bead spray chamber configuration.

The dual mode sample introduction system allowdyarsaof aqueous multielement

solutions for X-Series 2 tuning and optimizationilsthoperating in the GC-ICP-MS

configuration.

This configuration enabled continuous aspirationtérnal standard (10g L™ of 2°°Tl)

and allowed optimization of the instrument perfonte and simultaneous measurement

of ?%Tl (Sigma Aldrich) for mass bias correction duritige chromatographic run.

Operating conditions and instrumentation are listetdble 5.3.

Table 5.3 Operating conditions of the hyphenatedlG&-MS

GC conditions
Column

Injection port

Injection port temperature

Injection volume
Carrier gas flow
Make-up gas flow

Oven program
Initial temperature
Final temperature
Ramp time

Transfer line
Temperature
Length

Inner

Outer

ICP-MS conditions
Rf power

Plasma gas flow
Auxillary gas flow
Nebulizer flow
Isotopes/Dwell times

MXT Silicosteel 30 m; i.d. 0.53 mm; d.f. 1
pum
Splitless
250°C
ul
He 25 ml mih
Ar 300 ml mih

60°C
250°C
60°C min?

280°C
0.5m
Silicosteel i.d. 0.28 mm; o0.d. 0.53 mm
Silicosteel i.d. 1.0 mm; O.d. 1/16 inch

1250 W

15 L min

0.9 L mift

0.6 L mift

Hg (202, 201, 200, 199, 198)i%s; TI
(205)/5 ms
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GC separation parameters (temperature programastlayv) were optimized in order to
obtain symmetrical peaks and to minimize peak natiégn errors. The raw data of the
transient isotope signals for the different speciesre further processed using
“Traitement des Signaux Transitoires” (TST) softevdeveloped by the CNRS-LCABIE
research unit (France) in order to obtain the pa&as and the corresponding isotope
ratios.

Working standard solutions of inorganic and metlgioary (IHg and MHg) were
prepared on the day of analyses by appropriatéahlwf the stock standard solutions of
HgCl, (Sigma Aldrich) in 1% HN@ and CHHgCI (Sigma Aldrich) in 1% CEDH
(Merck) respectively and then stored in the refiager. Enriched standards abundances
(IHg'® and MHG®) were determined experimentally and concentratiohsspiked
enriched standards were determined by reverseatilut

5.5 Figures of merit

An excellent linearity was obtained with the ICP-MStrument for Hgor standards and
the calibration range was about 0.1 to 50 ng fok all the isotopes analyzed as it is
shown in table 5.4 and figure 5.9. The limit ofetion (LOD) for***Hg isotope was

then 0.06ug L™.

Table 5.4 ICP-MS calibration parameters

Parameter Hg g “Hg

Range fig L) 0.093 - 50.000 0.107 - 50.000 0.067 - 50.000
LOD (ug L™ 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 mercusptopes

The capillary column chromatograms were obtainedid® of the settings given in table
5.3 above. An example of chromatogram obtainecuogdtimal GC-ICP-MS conditions

for IHg/MeHg standard solution is presented in fegg.10.
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Figure 5.10 GC-ICP-MS chromatogram of IHgy@ L™ and MHg (0.1ug LY
standards
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It can be seen from this chromatogram that a deparation of the different species has
been achieved and good peaks were obtained. Measore of mass separation (isotope
specific detection) were also successfully achigligdre 5.11) which allowed the use of
ID technique.
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Figure 5.11 Hg isotope peaks for a AglL* MHg standard

Figure 5.12 presents the result of the externaldstal calibration obtained for both IHg

and MHg species. It shows the excellent linearityhe GC-ICP-MS coupling system

over a range of more than 3 orders of magnitude.eAeellent repeatability was also

obtained for the retention time as shown in figbE3 with MHg peaks always appearing
after 107.5 £ 0.5 s (RSD = 0.5%) and IHg comingratt52.4 + 0.2 s (RSD = 0.1%).

The peaks obtained during the calibration corredgorconcentrations in the ng and sub-
ng ranges. The instrumental detection limits weséneated as 3 times the standard
deviation of 6 blanks (deionized water) measurenmBmse limits depend only to a small

extent on the individual species.
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Figure 5.12 GC-ICP-MS calibration of IHg and MHgeses

The detection limit was 0.039 (0.017 in SIDMS) ng for IHg and 0.0094 (0.0069 in
SIDMS) ng L* for MHg which makes the method suitable for theamification of

mercury species in natural water systems.
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Figure 5.13 Overlapped chromatograms of succesgeetions of MHg standards
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5.6 Validation of analytical methods used for mercry determination

Reference materials (CRMs) of sediment (RTCO015-&5@ IAEA 405) and fish (BCR
463 and 464 Tuna fish) certified for kg, IHg and MHg were analyzed in order to
validate the methodologies used in this study. EG&M was prepared in triplicate
following exactly the above mentioned sample prafian procedures. Blanks were also
prepared in the same way as for CRMs to verifyiitamination occurred during sample
preparation and/or analysis.

Results obtained for total mercury analysis of CRivispresented in table 5.5.

Table 5.5 Total mercury concentration in CRMs bPdRIS

CRM Certified Measured
Type Name Heor (g kgh) Hgror * SD (n=3;ug kg") RSD Recovery
(%) (%)
Sediment RTCO015-050 100 + 20 99 +7 7.1 99
Tuna BCR 463 2850 + 160 2874 + 152 5.3 101

Fish

Concentrations of mercury species obtained with ise¢ope dilution technique were
calculated using the equation below:

b a
my, M, R,A4d —A,

(1'7 ] T SE

e Tw M AT—R_A? (5.1)

Where:

Csis the concentration of mercury in the samplegr™,

Csp is the concentration of mercury in the spike dateed by reverse isotope dilution in
ng I,

ms is the mass of the sampleyig,

Msp IS the mass of the spike jigy,

Ms is the atomic weight of the sample,

Mg is the atomic weight of the spike,
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A% andA®; are the isotopic abundance (in %) of isotopesdabein the sample,
respectively,

A%, andAbSp are the isotopic abundance (in %) of isotopesdabain the spike,
respectively, and

R is the isotopic ratio of isotopes “a” and “b”.

The isotopic abundance was calculated as follow:
Ai (%) = (Xi/>.X) x 100 (5.2)

Where:
A is the isotopic abundance of the isotope “i” ia #tandard, Xs the peak area of the

isotope i and_X the sum of peak areas of all the analyzed isatope

Concentration of stock solutions of “natural” stards used for the reverse isotope
dilution analysis were determined every time aredysad to be performed in order to
minimize errors related to analyte loss or degiadaduring storage.
The measured concentrations for IHg and MHg spdaigSRMs are reported in table
5.6.

Table 5.6 IHg and MeHg in CRMs by ID GC-ICP-MS

CRM Certifiedy(g kg") Measured * SD (n=3ig kg")
Type Name IHg MHg IHg RSD MHg RSD Recovery
(%) (%) (%)
Sediment |AEA 810+140 55+05 820+25 3.0 55+04 7.3 101
405
Tuna BCR 120+60 5120+160 1774 23 4953+20 04 98
Fish 464

(*) The recovery is calculated for IHg + MHg

It can be seen from the above tables that excgblestision and accuracy were obtained
for both total mercury and mercury species deteation since all the measurements fell
within certified ranges with relative standard @gmvns (RSD) always below 10% and a
percentage recovery close to 100%. These resultsniy confirmed the performance of
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the used analytical techniques but also demondttaeefficiency of sample preparation
procedures since no important loss or contaminatfonercury was observed. Speciation
analysis also has shown no significant interconearsetween IHg and MHg species.
The ID technique for speciation analysis appeatset@n analytical approach of choice
especially for the precise quantification of thevltevel of mercury species in natural
environmental systems.

5.7 Determination of total metals concentration

Total metal concentrations in water and digestetinsent samples were obtained by
ICP-OES (Spectro Genesis, Germany). The instrurheotaditions were optimized to

obtain sufficient sensitivity and precision. A pbotaphic 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 tableeser used and each element was
determined at various wavelengths. Wavelengths teptesent a good compromise
between maximum sensitivity and the ability to enpass 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 miit
Auxiliary flow 1 ml min*
Nebulizer flow 1 ml mift

Total preflush time 45s
Measure time 45 s

Figure 5.15 shows selected scans for iron and nsagmeat 259.941 nm and 279.553
nm, respectively which exhibited good sensitivityigh peak intensity for a given
concentration) and signal-background ratio i.etdvatetection limit.

Sometimes a different wavelength from that whichn@mally used may be used
particularly in instances where self-absorptionusscfor example, when analyzing very
concentrated samples.

Results were reported for the wavelength that skailve best reproducibility compared
to CRM certified concentrations. Multielementalratards of 10 mg tin 1% HNG; (De
Bruyn Spectroscopic Solutions, SA) were diluteantake daily working standards of 0.1

to 1 mg L* for the instrument calibration.

Blank
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1ppm
< <Betive s>

Blank hig 270.553
04ppm  Counts[ops] <Active Sample: 1 ppm>
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Figure 5.15 ICP-OES scans of Fe (left) and Mg figh
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The instrumental limit of detection (LOD) was cdited for each analyte using results

from standard calibrations. An example of calitmatcurves for some metals at specific

wavelengths is given in figure 5.16

300000 -
Cu 324.754
Fe 259.941
200000 - Al 396.152
3
O
100000 -

mg |

Figure 5.16 ICP-OES calibration of some elementekdcted wavelengths

Calibration parameters obtained for some selecdimare shown in table 5.8.

Table 5.8 Example of calibration parameters obthinigh the ICP-OES

Element Al Cu Fe Mg Mn
Wavelength (nm) 396.152 324.754 259.941 279.553 .6437

Range (mg 0.0030- 0.0030- 0.0020- 8.86E-06- 0.0004 -

1.2000 1.2000 1.2000 1.2000 1.2000
LOD (mg ') 0.0030 0.0030 0.0020 8.86 E-06 0.0004
Regression 0.999 1.000 1.000 1.000 0.999
coefficient
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5.8 lon chromatography

Anions in water and leachate samples were analipgenbn chromatography (IC), as
shown in figure 5.17, using a compact IC systemt(en, Switzerland) equipped with
a separation center (733 IC), a detector (732 #D),jnterface (762 IC), a suppressor
module (753 IC) and a pump (709 IC). Data weretégkaising IC Net 2.3 software
(Metrohm). Analyses were performed using the patarag@resented in table 5.9.

The eluent was a solution of 1.0 mM NaHCEd 3.2 mM NgCOs. The solution was
sonicated and filtrated under vacuum through a Qudbfilter paper. A 50 mM solution
of H,SO, was used as a conductivity suppressor regenesariiosn (USEPA, 2007c). A
5 ml syringe equipped with a male pressure fitting waesdu®r sample injection.

A 1000 mg 1 standard stock solution of ,FCI, NO,, NOs, PQ®, and S@ was
prepared by diluting an accurately weighed amodirih@ir corresponding salts, namely
NaF (Merck), NaCl (Merck), NaN©(Merck), NaNQ (Merck), KH,PO, (Merck), and
Na&SO, (Merck), respectively in 1 L of deionized water illjdore, USA). The stock
solution was then filtered with a 0.45 um filteppa and kept at°€.

Suppressor
Detector Module

SEE uo IERE
g con Bus B8

Analytical

Injection o
Valve QMR Guard
Column

Figure 5.17 The compact IC system and its compaeneithin the separation center
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Table 5.9 IC parameters for anions determination

Guard column Metrosep A suppA/5 (6 1006 500) (Matnd

Analytical column Metrosep A supp 5 (6 1006 5200/850 mm (Metrohm)
Flow rate 0.7 ml mitt

Temperature +25°C

Injection volume 50l

System back pressure 12 MPa

Run time 17 min

Working standards of 1, 5 and 10 and 20 thevére prepared from the stock solution on
the day of analysis and used for calibrating tistrinrment. Environmental samples (water
or leachate) were first filtered as for the stodkuson to avoid the clogging of the
working column and diluted before analysis in orttefit them in the calibration curve
and to avoid detector saturation. Figure 5.18 shdwsmatogram peaks obtained with a
standard solution whereas an example of calibratimves obtained for the different

anions is shown in figure 5.19.
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Figure 5.18 IC chromatogram showing peaks of a 3.thgtandard solution of FCI,
NO,, NOs, PQ* and SG*
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Figure 5.19 Example of IC calibration curves off€ = 1.000), CI(R? = 0.996), NGQ
(R*=0.999), N@ (R? = 0.999), PG¥(R? = 0.998), and S£ (R* = 0.999)

5.9 CHNS analyser

The CHNS analyser (Leco-932, USA) used in thisystuds calibrated with standards of
Sulfamethazine and Corn Gluten (Leco) and the tesaile given in table 5.10. A
Sartorius CP2P micro balance (Gottingen, Germarity) avprecision of 18 g was used
to weigh samples. The samples were weighed interstlapsules and introduced into the
oxidation furnace by means of a carousel.

The above standards were chosen because theiiiecesalues are reported for all 4
elements (carbon, hydrogen, nitrogen and sulfanpalgh our components of interest for

the study were only carbon and sulfur.
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Table 5.10 Standards calibration of the CHNS amalys

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 20,03.1® 11,52 £ 0.05
Corn Gluten 52.29 + 0.39 7.13+£0.07 11.35+0.07 .938+0.041

Measured (n=3) 52.17 +0.28 7.21+0.03 11.74.40 0.969 +0.110

5. 10 Computer modeling

Computer modeling techniques are widely used inrenmental sciences to represent,
explain, predict or estimate natural phenomena.

Quantitative models, for instance, are used tordete contaminant migration from
mine tailings and toxic waste sites (Tutu, 2006)ctsmodels are based on the premise
that they follow the laws of chemistry, physics dmology.

The transport, mobility, bioavailability and toxigiof metals in fresh water can depend to
a large extent upon their chemical speciatiorg therefore desirable to have a model that
can predict metal speciation in natural systems.

A geochemical assessment model for environmensiésys, namely the USEPA Visual
Minteq version 2.32, was used in this work to cltaithe equilibrium concentrations of
dissolved and solid mercury species for the stugstesns. Chemical equilibrium
diagrams were also established using the Medusa@&| or based on existing Eh-pH
diagrams for mercury species. The models were Lisefunderstand the distribution and
availability of mercury, and to explain its migi@ti and fate in the study environmental

compartments.

5.11 Summary

Sampling protocols, samples conditioning and s®@mnditions were followed with care

in order to minimize loss or contamination and asqreserve the integrity of target

species within the collected samples. Analyticathodologies were optimized for total
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mercury and mercury species determination for diffe sample matrices using an ICP-
MS and the coupling of GC with ICP-MS. The optindzmethodologies were sensitive
and specific enough even for the identification godntification of mercury species at
ng L. A sample preparation procedure was also develdpatbnstrating the efficiency
of the microwave assisted extraction techniquesgland open) with recovery close to
100% for reference materials.

In brief, the analytical procedures used in thigdgtwere suitable for a fast, sensitive,
accurate, and precise g determination and simultaneous determination ofcorg
species in water, sediment and biota. These proesdecan be used for background
mercury species determination. The procedures @feoed the possibility of reducing
sample preparation time, especially for speciatoalysis since only 4 minutes were
required for sample extraction with a low-powerdsed microwave field.

A significant improvement in the precision of merngcuspecies determination was
obtained using the isotope dilution technique whatko contributed in minimizing
analytical errors related to analyte loss or astifaethylation/demethylation of mercury

that might occur during sample preparation.

Finally, Field measurements together with total atset concentration, anions
determination and CHNS results were obtained fraiibiated meters and optimized
instruments, and were later used as comparative fdata better understanding of the

mercury chemistry in the different environmentaids¢s.
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Chapter 6
The use of nano-structured gold supported on metaixides
sorbents for the trapping and preconcentration of gseous mercury

6.1 Introduction

One of the most important environmental concernsi@fcury is not only its toxicity but
also its persistence and long-life in the atmosphiglercury from point source emissions
may remain localized in the environment, or mayttamsported regionally and even
globally (USEPA, 1997) Thus, simple, rapid, semsitiand selective detection of
atmospheric mercury is of great significance foviemmental science and medicine for
reliable mercury emission estimations and in otdeachieve the goal of assessing the
potential human health risks from exposure to magr¢ilianget al., 2009).

It was previously mentioned (see chapter 3) thatpdiag and analysis of atmospheric
mercury is mostly made as total gaseous mercunM)T@hich mainly consists of Hg
(Schroeder and Munthe, 1998) and which is colleatadgold, or other collection
material (Muntheet al., 2001). Gold and other precious metals are wellkméor their
high efficiency in trapping mercury traces from gady forming amalgams. Therefore,
gold based collectors play an important role in pineconcentration and separation of
mercury species from, for example, air, stack gabgas condensate4 prior to detection
(Zierhutet al., 2009 and references therein).

Many commercially available mercury detection syseaise gold in different forms such
as sand, wool, gauze, foil, wire or deposits ofecdint supports and packed into quartz
tubes (e.g. Schroeder et al.,, 1995a and b; LabankleSchlemmer, 2004). In recent
years, the catalytic properties of finely dispergeltl particles on oxide support materials
have attracted much attention. Gold was recenttggeized to be an extremely unique
and highly active metal when prepared as supporded-particle$Bond and Thompson,
1999; Gong and Mullins, 2009). This is mainly dadhe reduced dimensions of the gold
particles and a strong interaction with the supf@imbu et al., 2004; Risse et al., 2008).
Gold catalysts are, therefore, believed to extpbiential applications of both industrial

and environmental importance.
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In this chapter, three nano-structured gold suggonetal oxides materials, namely Au-
TiO,, Au-ZnO and Au-AdOs; were used for the preconcentration and deternoinati
gaseous mercury and their respective analyticébpeance were compared to the one of
commercially available pure gold wool trap. The masrforming “nano-trap” was later
on used as a sampling trap and its performancecarapared with the one obtained with

the traditionally used gold-coated sand sorbent.

6.2 Sorbents origin

Nano-gold sorbents were provided by Project AuTEigufe 6.1) which is a joint
venture formed between Mintek, a science counakdan South Africa, and the three
major South African gold mining houses, namely Agglld Ashanti, Gold Fields and
Harmony Gold Mining Company Ltd. The main focusRybject AUTEK is to research
and develop novel industrial applications for gafaich involves research in the fields of
catalysis, nanotechnology and biomedical scieneex(mnintek.co.za).

Details concerning the synthesis conditions ofrtiaerials were not provided except that

each sorbent was reported to contain only 1% (wifvgold.

Figure 6.1 Au-AjOs, Au-ZnO and Au-TiQ materials used in the study

6.3 Analytical Method

Gaseous mercury analysis was performed by doublgamation cold vapor atomic

fluorescence spectrometry (DA-CVAFS) which is shawfigure 6.2.
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Figure 6.2 The DA-CVAFS setup

Mercury is an ideal element for determination hyofescence because it is atomic at
room temperature and also absorbs and fluorest¢hs aame wavelength (Stockwell and
Corns, 1993). The double amalgamation techniqudgasloped by Bloom (Bloom. and
Crecelius, 1983), consists on trapping gaseous unergpecies in a first trap called
sampling column and desorbing them by heating rdye at 550-600°C to a second trap
known as the analytical column (figure 6.3).

This latest usually contains pure gold that alleavenore efficient thermal desorption
(900°C) of the analyte to the detector. A transighal is obtained with an increased
signal/noise ratio which lowers the detection liamid, therefore, improves the sensitivity
of the method. Another advantage of the double gamaétion is also in the
preconcentration that occurs in the second trapiratite reduction of interferences such

as water vapor and organic compounds during teethermal desorption.
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Figure 6.3 Schematic of the DA-CVAFS system

The CVAFS detector used in this study was a TeR&00 (USA) which is very sensitive
and specific for mercury. Ultra pure argon (99.99p&6ity) was used as a carrier gas
which allowed detection limits in the pg range. Haenple was carried through a flow of
argon into a quartz cell irradiated with a low vagmessure mercury lamp at a
wavelength of 253.7 nm. Elemental mercury atomseweherefore, excited and
fluoresced in all directions and the emitted phetowere then detected by a
photomultiplier tube (PMT) which is positioned ght-angle to the fluorescence lamp.

A signal measuring the emitted radiation (in mVysus time was obtained which
intensity was directly proportional to the amouhi@absorbing mercury atoms i.e. to the
concentration of injected mercury vapor.

It has to be noticed that AFS detectors can beitsenso negative or positive

interferences which cause the diminution or enhawece of the analytical signal,

respectively. Negative interferences are mainly doethe phenomenon known as
guenching i.e. the collision between excited atams other molecules in the atomization

sources (Cai, 2000). To avoid this problem, the o$eargon as carrier gas is
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recommended instead of nitrogen, oxygen or air,clvtare reported to decrease the
instrument sensitivity (Cai, 200).
Positive interferences are due to the presence a$ture and organic solvents. Very

broad peaks with high baseline are mostly obseirvétis case.

6.4 Instrument setup

Columns used in this study were quartz tubes otrh2length each with an internal
diameter of 6 mm. The analytical columns were dila@ther with approximately 0.1 g of
pure gold or with the same amount of the above imeatl nano-gold (1% wt Au)
supported on metals oxide (figure 6.4) and thepirap material was held securely with

guartz wool, as shown in figure 6.5.

Figure 6.4 SEM image of gold particles (small bldcks) dispersed on T{O
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The sampling column, on another hand, was fillethvd.1 g of the commercial gold
coated sand (Brooks Rand, USA) or with 0.1 g of TMD5. The choice of Au/TiQas
sampling trap will be discussed further.

PTFE Sleeve Glass Wool

Chuartz Tube Mano-gold

Figure 6.5 Schematic of the mercury trap
low

and were hermetically sealed until use. Both colsirtemalytical and sampling) were
mounted in series and connected by Teflon tubebeJwere chosen with the smallest
diameter possible to minimize the dead volume ef glagstem, especially between the
detector and the analytical trap. All connectiond &eflon tubes were decontaminated in
acid baths, rinsed with deionized water and driedlen a laminar flow hood. An
optimized argon flow of 60 ml mithwas used to carry the analyte to the detectore Th
argon flow was frequently controlled by connectiagflowmeter at the exit of the
analytical column. The optimized flow allowed aeradi residential time of the gas flow in
the measuring cell and a maximum sensitivity ofitfsérument.

The thermal desorption of the sampling column wasfgpmed at 600°C within a
temperature controlled ceramic oven. The analytit@lp was heated with a
Nickel/Chromium coil of resistance (Gilphy RW 8@upplied with a current of 5.5 A
and a potential of 7 V. This setup allowed the terafure to increase to 900°C within 30
seconds. The measured signal was transmittedamputer (figure 6.6) and the transient

signals were treated as chromatographic peaks tlse§yZUR software (Jasco, France).
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Figure 6.6 Example of signal obtained with theatin of 10ul of Hg?

6.5 Analytical methodology

The calibration was done by injecting gaseous migrétg’) standards directly to the
analytical trap (gold wool or nano-gold traps). Bmirce of Hywas a drop of liquid

mercury contained in a headspace bottle (figurk 6.7

septum

Water

T*C

Hg

Figure 6.7 Source of Hgtandards
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The mercury drop was then in equilibrium with thesgous phase. A known volume of
gas was collected with a syringe through a sepfline concentration of Hgat the
equilibrium was, therefore, temperature dependent only and mveasured with a
thermocouple. The relationship between the vapesgure of HYand the temperature is
available in the literaturge.g. CRC Handbook of Chemistry and Physics, 200Bs,
the amount of injected mercury could be accuradetgrmined.

Repeated injections of known amounts of Higpwed the obtention of a calibration line.
Due to the high volatility of HYy care was taken during the successive injections t
obtain measurements with good repeatability. Sysngith removable needles (RN) and
of different capacity (i.e; 10, 50 and 1Q0, respectively) were used during the
optimization. It was found that the 1@Q RN syringe exhibited the best calibration line
in terms of regression coefficient and slope (feg@r8). For this reason, this syringe was

used for all standards injections.
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m10RN
2 100 RN
o100 RMb
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Figure 6.8 Calibration lines obtained with differegringes

Analytical performances of nano-gold materials wérst evaluated by injecting Hg
standards and by comparing the obtained instrurhamatibration lines to the one

obtained with pure gold. The most performing naotdgnaterial (Au/TiQ) was, later
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on, used for the collection of TGM at different &ions in our research laboratory
(LCABIE-IPREM Pau, France). The TGM determinatiomasaalso performed by DA-
CVAFS and the performance of nano-traps was condgaréhe one of commercial gold-
coated sand traps. A summary of the analyticalsstefowed for both experiments is

illustrated in figure 6.9.
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Figure 6.9 Analytical protocols for mercury stardtacalibration and

TGM analysis
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6.6 Air sampling for TGM determination

Simultaneous collection of air for TGM measurememés done, as described in figure
6.10, with Au/TiQ and gold-coated sand traps in different laboratwoynpartments
using a peristaltic pump (ASF THOMAS, Germany).

E— )

Air‘ Commercial Au Sand —
[%_ Flowmeter
e —
Filter Au/'noz S

\0.1 pm —_— Pump /

Figure 6.10 Schematic of sampling setup

The flow was controlled with a flowmeter (BronkotdtTech B.V. E-7000, Netherland)
in order to get an accurate measurement of the Isamgtume. Two parallel sampling
lines were used with an air sampling flow of 600 min™. A 0.1 um quartz filter

(Whatman) was used to prevent the introductionust dnd aerosols in the traps.

6.7 Optimization of sampling conditions

Air samples were collected at the ground floor (Lfirst floor (L2), second floor (L3),
and from the roof (R) of the laboratory buildingé¢sexample in figure 6.11).

A volume gradient was established in order to opgnthe sampling time (i.e. the sample

volume) and, therefore, to ensure samples reprasatyt.
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o B ST A ﬂ
Figure 6.11 Collection of air samples in the robfr® laboratory. The simultaneous
sampling setup with both commercial and nano-treygfiown in the right picture

Short collection times of 10, 20 and 40 minutesevesed at a flow of 600 ml min

which corresponded to sample volumes of 6, 12 @nld, 2espectively (figure 6.12).

Volume gradient

concertration (pg.l ')
= —_ (2% (o) o h (=] =l oo

G L 12 L 24 L
Collected volume

Figure 6.12 Concentrations of Hgs a function of sample volume

The obtained mercury concentrations (mean vall+®.5 ng rit) were all beyond the

method detection limits (see section 6.8 beld)e to sample variability caused by the
air circulation in the building, the difference mercury concentration (x 8%) for the
different sampling volumes was not significant. Tdmimized sampling time were, thus,
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chosen to be 20 minutes i.e. 12 L in volume. Evayy@arly in the morning, the sampler
was conditioned, prior sampling, by sucking thefairabout twenty minutes in order to
stabilize it and to minimize mercury adsorption tbe walls. After sampling, all traps

were hermetically sealed, stored in a double gdsig and immediately analyzed in the

laboratory.

6.8 Performances of nano-gold materials as analyattraps

An example of analytical signals obtained with teenmercial gold trap and the different

nano-structured gold sorbents is shown in the &gui3 below.

Au AUTIO,

[
] 05 1 15 2 5 o 05 1 15 2 25 3 35

Time [min) Tme [min]

Au/ALO, Au/ZnO

o

E(m¥)

(=T S T~ - ]
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Figure 6.13 AFS chromatograms of 20 pL°idgsorbed from different traps

Good linearity and repeatability were obtained wvitie three nano-gold materials in the
volume range of 10 — 60 pL Figvhich corresponds to a concentration range of 7732

pg HJ at an argon flow of 60 mL mih(figure 6.14).
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Figure 6.14 AFS Calibrations of Figtandards at argon flow of 60 ml rifin

Parameters such as the retention time, the numbéneoretical plates, and the full
duration at half maximum (FDHM) height also haveemetudied and are presented in
table 6.1.

Table 6.1 Analytical parameters of studied matsrial

Parameters Au Au/TiO Au/Al,O3 Au/ZnO
Retention time (min) 0.71 + 0.05 0.83 +£0.03 0.80 £0.01 0.73+£0.01
Slope (ua pg) 1.07 1.39 0.21 0.38
Regression 0.997 0.995 0.988 0.986
coefficient

FDHM (min) 0.15+0.01 0.43 £ 0.06 0.33+£0.03 0£0.01
Theoretical plates 1367 36+2 335 69 +3

The following observations were made from the otadiresults:

- The commercial Au trap presented better chanstites compared to the other materials
with the highest number of theoretical plates (geeater efficiency) allowing the
obtention of sharper peaks. This trap also showedest regression coefficient (0.997)

for the above mentioned volume range and argon. flow
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- TiO,/Au showed broader peaks than the other materistisome of the smallest number
of theoretical plates denoting retention of meraduying desorption.

- The obtained correlation coefficients (R?) betwélee injected amount of Hg® and the
obtained peak area were satisfying for all the rgwid columns. These columns can,
therefore, be used for a quantitative analysisasegus mercury.

- The higher the calibration slope, the betterahalytical response from the detector (i.e.
better sensitivity). The slope obtained with Au/Ti@as 1.39 ua p§ This column
exhibited the best sensitivity under the above maetl conditions compared to the
commercial gold (1.07 ua pyand the other nano-traps ((0.21 ud por Au/Al,O3 and
0.38 ua pg for Au/ZznO). The linearity range of Au/TiOwas even improved by
increasing the carrier gas flow to 100 mL fhirCalibrations with Au/TiQ trap also
exhibited a much better slope (0.908) under the nemditions compared to the one
obtained with gold wool (0.423) as shown in figu@45a and b. Therefore, it is
believed that Au/Ti@ could replace the commercial gold wool as a rédiamnalytical
trap for the quantification of gaseous mercuryha@lgh the commercial gold still
presents the advantage of a complete and fastptesoof the trapped mercury. This
allowed a faster clean-up of the sorbent (i.e efagbtention of blanks) and a reduction of
the overall analytical time. For this reason, tlmenmercial gold was retained as the

analytical trap for TGM determination.
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Figure 6.15a Calibrations obtained with Au-%i&t different Ar flows
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Figure 6.15b Calibrations obtained with Au and A®Jat Ar flow of 200 ml mift

- Itis important to notice that, although chromatogs obtained with Au/ZnO and
AU/Al,O3 had retention times similar to the one for Au waiblese materials
showed lower linearity range compared to Au/Jidth lower slopes (figure 6.14
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and table 6.1). They also have demonstrated pa®alina recovery after mercury
desorption figure 6.16). This implies a greateemébn of mercury vapor in the

sorbents compared to Au/TiO
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Figure 6.16 Examples of baseline obtained afted#s®rption of mercury from the
different traps

- Au/ZnO sorbents have shown different analyticapoeses (poor reproducibility)
when the materials were roughly or finely grindedeneas Au/AlO; exhibited
some hygroscopic properties (i.e. retention of watapor during column
preparation) which probably explain the broad mer@eak and the high baseline
level (positive interferences) observed in chrorgedms obtained with this trap.
A deeper characterization of these materials isnpiortance in order to improve

their performance.

The difference in analytical performances observetiveen the nano-sorbents could be
explained by the inner structure of the materiasdu Although details concerning the
preparation of the different nano-gold sorbents ewarot provided, numerous

experimental and theoretical studies aimed at gebanderstanding of the properties of
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gold in the nanometer size regime have suggestad attlsorption properties of gold
catalysts are deeply influenced by the pore sizkspecific surface area of the material.
The pore size and specific surface area vary vattl tpading (Peteet al., unpublished).
Gold can be present as individual particles indalyst or can form agglomerations or
clusters. The size and the shape of the gold agtgeglepend on the temperature and can
be metastable once formed at low temperaturesé€Riss., 2009). These factors directly
affect electronic, optical, and chemical charast&$ of nano-gold catalysts. Additives
are often used to improve catalytic performancescommercial catalysts. These
additives may act as either promoters, for examplemprove parameters such as the
selectivity, the activity and the lifetime of thatalyst or they can act as inhibitors of
unwanted reactions (Ntho, 2007).

In the case of the ultrathin oxide films, it wasosim that the metal substrate lying
underneath the film may affect the properties ofdgparticles, thus leading to an
adsorption behavior that depends on the oxide nieis& (Risset al., 2009). This could
explain the fact that different adsorption capasitivere observed with some sorbents
(e.g. Au/Zn0O), depending on the physical pretreatmeOn another hand, Zhang and
Huang (2010) in their study on the functional scefanodification of natural cellulose
substances for colorimetric detection and adsamptib Hf* in aqueous media, have
demonstrated, using solid UV—-vis spectra of JJ&bne and TiQ coated with cellulose
nanofibre, that TiQ@ does not retain mercury. This suggests that ttemtien of mercury

in the metal oxide support can be excluded as anpiat factor responsible of the
increase of mercury adsorption capacity in the r&inactured materials. It was
suggested that the plausible role of the oxide supis to stabilize particular atomic
configurations, charge states, or electronic progeeiof the ultrasmall gold aggregates,
which are in turn responsible for a distinct cheahlwehavior (Risset al., 2008).

Finally, studies have also shown that water stpngeracts with oxygen atoms in gold
supported metal oxides to make a water-oxygen cenpt hydroxyls (Lazagat al.,
1993; Kim et al., 2006; Gong et al., 2007), altho@uiller and colleagues (2008) have
suggested that isolated stable hydroxyls may ndobmeed and could be more transient

in character. The susceptibility of nano-gold supguh metal oxides materials to act as a
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Brgnsted base or a nucleophilic base (Outka andxy1a987), due to the presence of
oxygen atoms, could explain the “wetting” obserwath the Au/ALO; sorbent.

It can therefore be seen from the above obsenatibat Au/TiQ has demonstrated
better analytical performances compared to AsPAland Au/ZnO. This is the reason
why Au/TiO, was selected to be tested as a sampling trap uedérenvironmental

conditions.

6.9 Quality control

TGM determination is known to be a delicate analysecause mercury is ubiquitous,
persistent and can adsorb in different types ofemas. Minimizing contamination
problems is one of the biggest challenges in traeecury analysis which requires the
decontamination of all the materials and the sKilfandling of “ultratrace” techniques
during sampling and analysis. It is, therefore,iroportance to proceed to number of
blanks determinations in order to trace eventualrss of contamination during
sampling, storage and/or analysis and to ensurgabeé quality of measurements. Blanks
determinations were performed before and after @aeasurement in order to ensure a
complete desorption of mercury in the trap andeartthe analytical line.

It was also necessary to proceed to a quality obb&fore TGM analysis to minimize
any effect that could affect the mercury determaraat such a low level (memory effect,
contamination, etc.). The absolute detection li(ADL) of the DA-CVAFS technique
was determined using the instrument backgroundasigise) of twenty measurements
and was found to be 0.04 pg of Hghe method detection limit (MDL) and the method
limit of quantification (MLQ) were also determinesing a mean volume of 12 L for
both Au-coated sand and Au/TiOrinally, a global method detection limit (sampliand
analysis) was determined by replacing Whatmanrsilteith gold-coated sand traps: the
air passing through the columns was assumed tonberctiry free”. The sampling
columns (Au-coated sand and Au/TiO2) were then stibdhto the same analytical
protocol used for TGM determination. The differemalytical performances obtained

are presented in table 6.2.
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Table 6.2 Method Analytical performances
n MDL(hgm3"Y  MLQ (ng m)

Au TiO/Au Au TiO,/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 suitdblethe detection of Hyat background
level. It has to be recalled that TGM levels forckground continental areas were
reported to be in the range of 1.0 to 4.0 ng (Ritzgeraldet al., 1984; Lindqvist and
Rodhe, 1985).

6.10 TGM analysis

Results of the TGM measurements performed on thiected air samples from the
laboratory environment are presented in figure 6.17

The TGM in collected samples ranged between 6ndlei® for the Au/TiQ trap, and 6 -

9 ng m® for the commercial gold sand. Due to the levelT&M measured and the
variability in samples (air recirculation in theiloing, weather changes and activities in
the laboratory), the obtained values were not dmmed to be significantly different.

Indoor (L1, L2, L3) and outdoor (R) concentratiomsre almost similar, although the
variability in R was higher than in L samples. Thgs probably due to changes in
environmental conditions during sampling (wind diren and speed, air temperature,

point sources, etc).
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Figure 6.17 TGM in the laboratory ambient air wh&a” stands for gold coated sand

TGM is known to exhibit an important diurnal vaurilitly with, generally, a maximum
peak at middayAmouroux et al., 1999). Au/TiQ and gold-coated sand have shown
similar average of TGM level confirming the sucdakapplication of the nano-gold trap
in real environmental conditions. The average T@Wel in the study environment was
about 7.6 + 1.5 ng thwhich represents the average range obtained ianugseas
(Ebinghauset al., 1995;Pécheyranet al., 2000).

AU/TiO, has demonstrated a consistent response after bsatyfor more than 3 months
on a daily basis depending on storage conditionsdegradation of the adsorption
efficiency was observed when the sorbents wereedt@t room temperature and/or

exposed to the light for several hours.
6.11Conclusion

This study has demonstrated the successful applicat nano-structured gold supported
in metal oxide materials for the trapping and preemtration of mercury directly from
the gaseous phase. Au/Lias shown better analytical performances compéwed
Au/ZnO and Au/A}Os, although it has also exhibited some retentiorblgrms. The
superior performance of Au/Tinay relate to the grain morphology of pj@ispersion
of gold particles, and the architecture of metatleunctions. A deeper characterization
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of the inner structure of the studied materialscigcial to understand the different
behaviors observed and to improve, where necedsarperformance of the materials.
The development of an analytical procedure for T@Mtermination using Au/Ti©
sorbents was achieved in a performant and costtefée way compared to current
methods since only 1% (w/w) of gold was requiredtfee preparation of the materials.
The excellent MDL obtained with Au/Tg¥Omakes it suitable for background TGM
determination and environmental measurements of &t Au/TiO, were similar to
those obtained with traditional gold traps.

Finally, the nano-sorbents will be tested in a reture for the trapping of mercury in
water samples and in flue gas released from poweioss 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 coalcigrently a subject of ongoing
discussions involving local and international stss (e.g. Wagner and Hlatshwayo,
2005; Leaneret al., 2009; Kolkeret al., 2011). Recently, the International Energy
Agency Clean Coal Center (IEA CCC) has organizadgdllaboration with the South
African department of environmental affairs, tfevBorkshop on Mercury Emission from
Coal (MEC 8) (Kruger Park, SA) where a number otalo and international
organizations, university research groups, priatd public companies, have presented
their latest knowledge on coal emission relateccaesh with an emphasis on South
African coal. The special consideration given to &al is due to the big amount burned
annually in power plants which places coal comlounstis the biggest mercury pollution
source in the country.

Reducing mercury emissions from SA coal-fired powknts may help minimize or
avoid health problems caused by exposure to exsessury.

The US Geological Survey (USGS, 2001) has preses¢s@ral ways in which this
reduction can be accomplished which include the afskigh-rank coalsthe selective
mining of coal (avoiding parts of a coal bed theg higher in mercury content), the use
of coal washing techniques (to reduce the amoumteastury in the coal delivered to the
power plants), switching from coal to natural gasd the use of post-combustion
removal of mercury from the power plant stack enrss

Therefore, information on the abundance, distrdnytand forms of mercury in coal may
be helpful not only in selecting the most efficiemd cost-effective options for mercury
reduction but also in predicting mercury distrilbatiin a coal deposit, and its behavior
during coal mining, preparation and combustion.

The focus of the study discussed in this chaptertois(1l) determine mercury
concentrations in collected South African coals aomhpare the average value with the
published averages of local and world coals, (2jope speciation analysis in order to

identify some of the mercury species PHH?" and CHHg', etc) that might be present
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in coals, (3) provide information on modes of oceace of mercury in SA coals using

sequential extraction procedures.

7.1 Samples origin

Not all samples, used in this study, were colledigdur research team. Most coal and
ash samples were supplied by local power statidigh{eld coals and Waterberg coals).
Twelve coal (six raw and six pulverized) and twd aamples were obtained from six
power stations located mainly in the Mpumalangavidice (Highveld Region) and five
other coal samples were collected from the Waterimalfield located in the Limpopo
Province. Little was revealed by samples suppkdsut samples sources and sampling
conditions. A map describing the different locat@minSouth African’s coal-fired power
stations is presented in figure 7.1. Waterberg $esnpvere collected at different
(unspecified) seams and were only used for therm@tation of total mercury

concentration. Table 7.1 presents a brief desonpif the study samples.

Table 7.1 Coal fired power stations and the tygesal 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 coaldigower plants in South Africa.
The Mpumalanga Province is shaded to highlighptiesence of major power plants
within this province (Dabrowslet al., 2008).

7.2 Analytical procedures

7.2.1 Chemicals

All chemicals were analytical grade reagents aridtisms were prepared in deionized
water 18.3 M2 cm (MILLIPORE). Concentrated nitric (55%), hydrdéatic (32%),
hydrofluoric (40%) (Merck), boric acid (99.5%) (M&Bammonia (25%) and acetic acid
(99%) (Merck) were used to prepare an ammoniumaseelution. All these reagents
were used for the sample extraction and diges#ostock solution of 10 + 0.3 mg'L
mercury in 10% HNQ® (De Bruyn Spectroscopic Solutions, SA) was alseduer the
preparation of standards.

Reagents used for SIDMS analysis were the samesasilded in chapter 5.
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7.2.2 MAE for the determination oftotal mercury and mercury species

Microwave digestion was used for the determinabbtigror. Coal samples were first
grinded to finer particles using acid cleaned nrertnd pestles. The procedure used for
the sample treatment was adapted from an existiegnod developed by CEM
(www.cem.com).

Coal and ash samples, including coal reference rralSARM20 and NIST 2685b),
were digested prior to analysis using a closedawiarve system (Multiwvave 3000, Anton

Paar). The following program was used for the digas

Sample mass: £0.20 g Reageéits; (10ml); HF (2ml); HCI (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 witB® to minimize the damaging effect
of HF to glass made materials, and all the sampie® then diluted with de-ionized
water (Millipore). Blanks were also prepared usthg same methodology as for the
samples. The digested samples were finally keptfadge until Hgor determination by
ICP-MS (SPECTRO, 2000).

Total mercury in coals was also determined, for parative analysis, by a direct sample
introduction technique using an automated mercurglyaer (AMA254, Leco). The
AMAZ254 (figure 7.2) technique of direct combustif@atures a combustion/catalyst tube
that decomposes the sample in an oxygen-rich emvient and removes interfering
elements.

A gold amalgamator trap collects all mercury frone tevolved gases and a dual-path
length cuvette/spectrophotomer specifically detaasi mercury over a wide dynamic
range. The method was approved by the EPA and A8id/offers a fast, cost effective
alternative to conventional CVAAS or ICP. This st combusts various matrices
without sample pre-treatment or concentration st€pe instrument requires no

chemicals, providing a mercury determination inragpnately five minutes.
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Figure 7.2 The automated mercury analyzer for tdgetid introduction

The instrument is able to determine trace amoumtsn@rcury in various materials
including coal, combustion residues, soils, biatafjisamples, and other solid/liquid
samples. The instrument detection system is based etandard AAS at a specific
wavelength (253.7 nm).

The extraction of mercury species in coal and ashptes, for SIDMS analysisyas
performed by an open microwave-assisted extract@trument (CEM, USA). The
technique was previously described in the liteeatoy Rodriguez Martin-Doimeadies

al. (2003) and was also discussed in chapter 5. Briéfly g of finely pulverized coal
was suspended in 5 mL HN@ N) andexposed to microwave irradiation at a power of
75 W for 5 min.The supernatant solution was separated after figgation at 300Gpm

for 5 min, poured into 22-ml Pyrex vials with Tefla@aps, and stored in a refrigerator

until analysis.
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7.2.3 Isotopically enriched inorganic and monometfimercury spikes

Two spiking procedures were tested in order tonoige 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 amountrofceed ***Hg** and ?°’CH;Hg"
solutions, the concentration of which had been rdeteed beforehand by reversed
speciated isotope dilution. 30 ml of water was ad@ad the resultant slurry was placed
in a vortex for 5 minutes. The remaining solvensveaaporated overnight at ambient
temperature in the dark in a laminar flux hood. Tdrg sample was subsequently
subjected to the microwave-extraction procedure.

- Soike to the acid extract after microwave heating (Method 2): Spikes were added to the

leachate after acid leaching and the removal ofireimg coal particles.

Spike with Hg'*® and CH;Hg”* + H,0
0.1-1.0 g coal Vortex (5 min)
| (Method1)
Microwave @ 400W for 30 min Microwave @ 75W for 5 min
(20 mI HNOg3, 2 ml HCI, 1 ml HF) (5 ml HNO3; 6M)
|
Spike with Hg'*® and CHz;Hg**

Add 6 ml H3BO; + MW digestion (Method 2)

Derivatization with NaBEt,/NaBPr,

Add 2 ml isoctane, shake for 5 min

Hgor analysis with ICP-MS and collect organic phase
[
Hg®", CH;Hg" analysis
With GC-ICP-MS

Dilute with H,O

Figure 7.3 Procedures for total mercury and spieciatnalyses
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7.2.4 Derivatization procedures

Two different derivatization procedures were usedlentify the mercury species (figure
7.3):

- Ethylation: Mixed standard solutions of different mercury campds together with
coal and ash extracts were all buffered to pH 3tB & ml of a 0.1 M acetic acid-sodium
acetate buffer. The pH was adjusted, where neggdsaB.9 by addition of concentrated
NH3 or HCI (suprapure). A specific volume (1 — 2 mf)ao1l to 2% sodium NaBEt
solution was added as derivatization reagent ama &f isooctane was also added to
extract the alkyl compounds formed. After 5 mimudnual shaking and 5 min of further
centrifugation (3000 rpm), the organic layer wansferred to a glass vial and stored in
freezer until measurement.

- Propylation: This procedure was used in order to identify thesgble occurrence of
ethylmercury in coal as this latest cannot be ifiedt with the ethylation due to the
presence of Hg which forms, as for ethylmercury, diethylmercurynpounds during
the derivatization with NaBEt

The same derivatization procedure was followed @s the ethylation. The only
difference was in the use of NaBRBs the derivatizing agent instead of NaBEt

During the analysis, 1l of the sample was injected to the GC for mercspgcies
separation and the detection was performed witlC&MS (X-serie7, Thermo Fischer).

The instrument parameters were similar to thoseiqusly described in chapter 5.
7.2.5Sequential extraction procedure
The leaching procedure carried out is based orU®@S procedure however modified

and consists of a five consecutive leaching stepslving five different solvents (figure
7.4).
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6 g coal + 35 ml H,0
Shake 18 + 2H Extract ——  H20 soluble

Vacuum filtration

Filter cake + 35 ml NH;Ac 1N

Shake + filtration Extract —— Exchangeable
Carbonate
Filter cake + 35 ml HCI conc Extract —— Fe oxides
Shake + filtration Chelated
organic

Filter cake + 35 ml HF conc

Shake + filtration Extract —> Sllicate and
borosilicate
Filter cake + 35 ml HNO3 conc
' 2 Sulfide

Shake + filtration Extract

Figure 7.4 Schematicof the sequential extraction procedure used instudy

Initially, a measured sample of around 6 g of eaictine grinded coals as well as two ash
samples was placed into separate 60 ml Teflondsottlith a leak-proof screw closure.
The sequential extraction then involved adding 3%fmilli-Q water which is used to
remove water soluble mercury and the bottles wkea tplaced in a shaker for 18H
(x2H). Subsequent to this procedure, the watertivas removed from the coal by using
a 0.45-micron cellulose nitrate membrane filterl{iidore) in a vacuum filtration system.
The leachate was stored in a fridge until analydigde a mass of approximately 1 g was
removed from the recovered filter cake for acidedigpn and the rest transferred back to
the Teflon bottle for further leaching. To this3&-mL aliquot of 1.0 N ammonium
acetate (NB-Ac) was added. The NHAc solvent was used to remove mercury
associated with exchangeable sites. The coal slay then placed in a shaker and
allowed to process for 18H (£2H). The leachate stased for mercury analysis. From

the filter cake recovered, a 1-g sample was isoldte acid digestion and mercury
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analysis while the remainder of the filter cake wetsirned to a Teflon bottle for the next
step of leaching. The same procedure was applieddiocentrated HCI (to remove any
mercury bound to carbonates, iron oxides, and icethelated organic compounds),
concentrated HF (to remove silicates and borosdgaand 2.0N HN©to ensure that

disulfide bound mercury, mainly from the pyrite dti@an is leached. Any unleached

mercury is assumed to be organically bound.

7.3 Methods validation

Analytical procedures used in this study were \aid with to CRMs of coals, SARM 20
(SABS, SA) and NIST 2685b (NIST, USA), both onlyrtdeed in total mercury.

Unfortunately, a reference material of coal cextifin MHg was unavailable when this
study was carried out. The validation for specratemalysis was therefore done by

comparing results from the different analyticalgedures used.

7.3.1 Total mercury in coal CRMs

Measured total mercury concentrations in CRMs vedlrevithin the certified range (table
7.2) with recoveries beyond 90%. Statistical “t5tge have shown that the measured
Hgror were not significantly different to certified valsl at 95% confidence level. This
was a better result compared to the one reportetivagner and Hlatshwayo (2005)
which showed a loss of about 20% of+dg for SARM 20, suggesting a non efficient
sample preparation probably during the microwawssssd extraction. Excellent RSDs
were also obtained demonstrating a good repedtabflthe measurements. The methods

were therefore selected for total mercury detertronan coals.

Table 7.2 Hgot in CRMs coal

CRM Instrument  Measured Hg  RSD (%) Certified Hg  ®Rexy (%)
(1g kg") + SD 19 kg)
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) analysid asercury in coal CRMs

Results obtained with the direct slurry spiking theel 1) and the acid extract spiking
(method 2) for SIDMS analysis of SARM 20 were conggand are presented in table
7.3. An example of chromatogram obtained from thecgtion analysis performed on
SARM 20 is shown in figure 7.5. A good resolutioasaobtained for both H (IHg)
and CHHg" (MHg) with an excellent signal/background ratio fbe low level MHg.
The detection limits were 0.36 ngképr IHg and 0.09 ng k§for MHg.

No significant difference was observed in IHg andHdviconcentrations when both
methods were used, although the spiking after tih@omvave extraction (method 2)

appeared to give slightly higher concentration ttenslurry spiking (method 1).
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Figure 7.5 GC-ICP-MS chromatogram of SARM 20

Besides, method 2 was time consuming due to thd aean overnight evaporation of
the added water. For these reasons, method 1 \emseskfor the analysis of study coals.

Table 7.3 SIDMS results from different spiking medb

Method 1 Method 2
CRM IHg MHg IHg MHg
(n=7) (ng kg (ng kg (mokg)  (ngkgh)

SARM 20 221.2+4.3 042+0.03 2252+6.5 039766
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IHg and MHg values obtained after propylation with NaB®atched the results
obtained after ethylation with NaBE(table 7.4). No apparent artifact methylation was
observed. Therefore, both derivatization procedwere considered valid for IHg and

MHg speciation of coal samples.

Table 7.4SIDMS results obtained after derivatization withB¥a, and NaBPy

Ethylation Propylation
CRM IHg MHg IHg MHg
(n=7) (ngkg)  (ugkg'  (ugkg) (ng kg")

SARM 20 221.2+43 0.42+0.03 226.4+239 0.4565

On another hand, it was found that the concentrasfomercury obtained after summing
individual species concentration (i.e. IHg + MHg 252ug kg') was lower than the
Hgror of 240ug kg* (i.e. about 94% recovery). This suggests thaeeitercury was not
fully extracted from coal during the microwave eaxtion or there were some
unidentified and, therefore, not quantified mercepecies in the CRM. This recovery
problem and the implied existence of unknown mer@pecies in coal are discussed

further.
7.4 Results and discussion
7.4.1 Total mercury concentration in studied coals

Hgror was measured in raw and pulverized Highveld casisig both direct solid
introduction technique (AMA 254) and ICPMS (SPECTRXD00) after microwave
digestion. Results are presented in table 7.5.

Significant discrepanciesere observed between data obtained from raw ahenmed
coals with, generally, higher mercury content ivptized coals. This can be attributed
to a sample uniformity problem as it needs to lralted that information about sampling

conditions were not given by samples suppliers.
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Table 7.5 Hegor (ug kg?) in coals measured with different analytical proes

Sample Crushed Crushed Raw Coal Raw Coal
(n=23) Coal Coal
AMA 254 ICP-MS AMA 254 ICP-MS

Kriel 243.2+25.7 167.0+4.8 86.94+12.218.9+10.6
Lethabo 214.3+30.0 185.9+8.8 306.7+76260.4 +29.8
Majuba 336.3+£55.8 303.3+23.866.0+17.3 244.2+35.9
Duvha 250.9 +40.6 225.7+17.281.8+51.1 309.6 + 38.1
Camden 160.0+23.9 172.0+24.®8.4+19.3 102.6+8.2
Tutuka 289.1 £+28.0 262.5+18.824.3+19.6 178.0+6.4

Mean + SD 249.0£60.7 219.4+54977.4+949 217.3+70.8

However, previous studies have also demonstratest timercury (or metals)
concentrations in coals might seriously differ frane stock pile to another. Other
studies on the geochemistry of coal, including B&irican coal, have shown a notable
vertical variation in mercury concentration comptréiorizontal variation, indicative of
different depositional environments vertically apdssibly of localized metamorphism
(Watling and Watling, 1982; Sakulpitakpha al., 2004). These studies show the
importance of sampling strategies for trace elesel@termination, especially when it
comes to mercury.

Nevertheless, mercury concentrations measured Ifiatimanalytical methods were closer
in the pulverized coals than in the raw coals (s&s® figure 7.6) with a better
repeatability obtained with the ICP-MS analysisaflls why Hgor of pulverized coals
performed with the ICP-MS (mean Hg: 219.4 + 548 kg') was used in further

discussion.

The results obtained in this study were compareputdished data (table 7.6) and, with
the exception of Kriel and Lethabo, our data wenglar to those found in the literature.

No clear explanation could be found for the disareyy observed on the above
mentioned samples. Details on analytical procedusesl 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 défé methodologies

Table 7.6 Comparison of Hg concentrations in Hidgthweals

Coal ID Reported HY This study
(mg kg*) (mg kg'®)
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

% eaner et al. (2009) and the reference thereirurteg data were measured in coal use at
SA’s power stations in 200IResults are presented in mg#g be consistent with
published data

As mentioned previously, Hgr was also performed in five coal samples colleteth
the Waterberg Coalfield. Obtained results are prieskin table 7.7.

Table 7.7 Hgor in coals from the Waterberg Coalfield

Coal samples  Haquf kg")

SA 183.4+3.5
SB 230.4+3.6
SC 190.9 +6.0
SD 1439 £ 5.7
SE 155.5+3.7
Mean 180.8 + 33.8
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The overall average concentration of mercury insé@m the Highveld region (mean:
219.4 + 54.9ug kg') and the Waterberg Coalfield (mea80.8 + 33.8ug kg?) was
199.1 + 25.9ug kg™ (0.20 + 0.03 mg k9.

The average mercury concentration in South Africaals obtained in this study matched
perfectly the USGS average value for Highveld caafls0.20 mg kg (table 7.8),
although it was slightly higher than the mean reggbby Wagner and Hlatshwayo (2005)
(average 0.15 + 0.05 mg Kpfor Highveld coals and the average of 0.16 mg kg
reported by the USGS for 40 South African’s co#lslker et al., 2011).

It needs to be recalled that Wagner and co-workaldcnot obtained the certified value
for some metals, such as mercury, in SARM 20 atribated the low recovery to the
loss (~20% of Hg) that could occur during the opgrofthe digestion vessels after the
microwave digestion and/or to the dilution factorce the analysis was performed with
an ICP-OES instrument which is known to be lesdopering for low level metals

concentration.

Table 7.8 Comparison of Hgr (mg kg?) in South African and global coals

SA coals SA coals SA coals SA coals SA coals/ SA coals/ Global
(This study) (Watling (Wagner and (Leaner et USGS USGS average
and Watling, Hlatshwayo, al., 2009) (Wagnerand (Kolker et (zhang et
1982) 2005) Hlatshwayo, al., 2011) al., 2004)
2005)
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 beter bedl to use rather than ICP-OES
(Wagner and Hlatshwayo, 2005). For this reasonnbecury concentration in Highveld
coals is presumed to be higher than reported Isethathors.

It appears, from the gathered data on the meranmyeat in South African coals, that a
global average value of 0.2 mgké more reliable to use in order to estimate mgrcu
emissions from South African coal-fired power stasi. But, more samples with proper

sampling procedures are still required to imprdvedurrent database.

169



7.4.2 SIDMS analysis of coals
Six coal samples mainly from the Highveld regiorrevanalyzed by the above described
procedure (section 7.2). The analytical resulthefsamples are listed in table 7.9. MHg

was detected in all six samples with concentratairthe sub-ng level.

Table 7.9 IHg and MeHg in Highveld coals

Coal IHg ig kg")  MHg (ug kg")
Tutuka 261.1+4.9 02+0.1
Duvha 210.2+3.6 0.3+£0.0
Kriel 1429+ 0.5 02+0.1

Lethabo 184.3+5.5 0.1+£0.0
Majuba 280.5+0.1 04+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 Ag2kg* (range: 0.1-0.4ig kg?) with the highest
concentration for Majuba coal. This average valas Wwer than the one of 0.4§ kg*
(range: 0- 1.26ig kg*") reported by Gaet al. (2008) for China coals.

GC-ICP-MS chromatogram allowed the identificatidntioe following mercury species
(figure 7.7): HY, HE"* and CHHg". This observation is in agreement with Dvornikov
studies on soviet coal (Finkelman, 1994; Toole-G'N& al., 1999 and references
therein) who proposed that mercury occurs as mersulfide, metallic mercury and
organomercury compounds.

Here, it is important to notice that a consideraéheount of elemental mercury was
probably oxidized by the 6M HNfused during the microwave extraction and, theegfor
IHg does not express only the concentration ofmadlfuoccurring HG" forms in coals.
Other additional peaks than HgHg?* and CHHg" were also obtained (figure 7.8)
suggesting the existence of other forms of orgamounels in SA coals than MeHg.

This probably explains the reason why the sum @f #id MHg could not match Higr,

in most of the samples, except for Tutuka whichwslaorecovery of almost 100%. The
average recovery obtained with the used procedae about 92%. The same situation
was observed with SARM 20 and Geabal. (2008) also mentioned the occurrence of

other organomercury species in China coals.
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Figure 7.8 GC-ICP-MS chromatogram showing the presef unknown Hg species

In their study on the speciation of mercury in sedd China coals, Gao and colleagues

(2008) have also identified ethylmercury (EtHgoime sample at a concentration of 0.71
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ug kg*. Due to the lack of standard, EtHg was not posstbl be directly identified
during our study. However, a theoretical approaeis wsed in order to verify if one of
the unknown peaks could be EtHg. In order to idgrttis species, a propylation of
mercury species was of importance, prior to ang)ytei avoid the artifact ethylation of
IHg when NaBEf is used. Figure 7.9 presents an example of chagreah obtained
after propylation with an unknown peak between Meiid IHg. This peak was thought
to be for the propylated ethylmercury i.e. ethyfpriomercury (CHCH,Hg(CH,).CHs; or
EtHgPr).

The theoretical approach consisted of plotting aphgrof peak retention time versus
molecular weight (MW) and to compare the experirmeMW for EtHgPr with the one
in the literature (table 7.10).
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Figure 7.9 Example of GC-ICP-MS chromatograph olgtdiafter propylation

A linear curve was obtained (figure 7.10) whereuhknown peak corresponded to a
MW of about 277. This value is closed to the acM® of EtHgPr (MW = 272) which
is the form of EtHg obtained after derivatizatioithiNaBPy. This suggests that the
unknown peak could be identified as EtHg, althoagitoper identification with a
standard is still required.
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Table 7.10 Propylated mercury species and theresponding molecular weight

Species (after propylation) GC-ICP-MS Molecular Weight
Peak time (S)
Hg’ 30 201
CH3HgCH,CH,CHs (MeHgPr) 108 260
CH3CH,CH;HgCH,CH,CHj3 (Pr,HQ) 155 287
Unknown 138 277*

*Deduced from the experimental graph
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Figure 7.10 Correlation between retention time inadecular weight for different Hg
species

7.4.3 Mercury modes of occurrence in Highveld coals

The sequential extraction procedures were perforarethe 12 coal (raw and crushed)
and 2 ash samples provided. The obtained resuls paesented in table 7.11.
Concentrations reported as zero were below the adetletection limit and the mean

values are reported only for the 12 coal samples éxcept samples AIT and FAT).
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Table 7.11Concentration of mercury in coals and ashes leashat

Hg
(g kg™)

Sample HO CH,COONH, HCI HF HNG; Total leached Hepr %leached
AITO 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
CcCcC 2.3 0.8 36.6 0.0 68.3 108.0 172.0 62.8
Mean = SD 39+24 0.9+0.4 341+129 11.3191 77.4+340 1276+36.6 2183+60.4 61.3L19

®Highlighted data are for ash samples and are whtded in reported means
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The percentages of mercury in different fractioreslsted in tables 7.12 and 7.13.

Table 7.12 Mercury content (in %) from differeradtions in crushed coals

Sample HO CH;COONH,; HCI HF HNGy Total leached Total unleached
Tutuka 1.2 0.2 151 8.8 48.3 735 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 20+x1.1 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 differerddtions in raw coals

Sample HO CHCOONH, HCI HF HNO, Ie-lzslc::tﬁled Total unleached
Tutuka 0.8 1.1 14.0 0.0 87.4 103.2 0.0
Duvha 3.2 0.2 11.7 34 19.6 38.2 61.8
Kriel 13 0.5 11.9 17.3 27.7 58.8 41.2
Lethabo 14 0.5 9.0 0.0 29.8 40.6 59.4
Majuba 12 0.3 16.4 21 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+0.3 149 +6.3 3.8+6.7 39.0+26.0 59.9 + 26.3 40.1 +26.3

Results were in excellent agreement with geneealds observed in coal samples (Toole-
O’Neil et al., 1999; Feng and Hong, 1999; Hoffartal., 2006; Zhengt al., 2008b) with
the lowest mercury concentrations in the ion-exgeable (mean: 0.5%; range: 0.2 -
1.1%) and water leachable (mean: 1.8%; range: B.8%) fractions which are extracted
by NHs-Ac and HO, respectively and the highest mercury conceotraas sulfide-
bound mercury (mean: 37.9%; range: 16.7 - 87.4%)peted with HNQ. In between,
depending on the coal, there are carbonate (me&2%l range: 6.3 - 26.7%) and
silicate-bound (mean: 4.9%; range: 0.0 - 17.3%xiggeextracted with HC| and HF,
respectively. The remaining mercury is assumedetorganically bound and represents
aproximately 39% (mean: 38.7%; range: 0.0 - 59.6%)he total mercury content in
analyzed coals. It has to be noticed that 2 san{pldsand TRC) have shown abnormal
leaching percentages of more than 100% (112.5 882%, respectively). Such results
were also reported by Feng and Hong (1999) in stanly on the modes of occurrence of

mercury in coals from Guizhou (China) with the heghpercentage in leachate of about

175



123%. The difference obtained in this study betwientotal mercury in leachates and
Hgrort for the two samples can be atributed to analygcadrs. But the magnitude of the
difference was thought not to affect the qualitytiod result, except for the sample AIT
which was already excluded in the reported medngta. 11) since it was an ash sample..
Figure 7.11 compares the percentage of mercunhésh raw and pulverized coals.
Pulverized samples exhibited a slightly better g efficiency (mean Hg leached:

62.6%) compared to raw coal (mean Hg leached: 59.9%
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Figure 7.11. Leaching results for crushed (A) e (B) coals

The leaching efficiency also showed smaller valigbwith the pulverized samples
(range: 53.0 - 77.8%) compared to raw coals (raB§e2 — 103.2%). In addition, the
percentage of mercury leached was always beyondfé0ptulverized coals whereas 3 of

the 6 raw coals exhibited a percentage leached 44t Here again, as it was already
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observed with total mercury measurements, resbitgirmed with pulverized coals were
more consistent than for raw coals.

A comparison was also made between the percentagdeached mercury and the MHg
concentration in pulverized coals (figure 7.12)onder to assess the impact of organic
content on solvents leaching efficiency since MHagwhe only oraganomercury that was

formally identified in the study coals.

Tutuk=a Ouwhi= ki el Lethabao = jub= Camden

[muri=ached Ha (%9 B100 X MeHg (ng ig)]

Figure 7.12 Comparison between unleached Hg anMéhég content in coals

Although a weak correlation was obtained:(R.43), it appeared that samples with the
highest MeHg content (Majuba, Duvha and Kriel, ezgwely) also had the highest
percentage of unleached mercury after sequentietragion and the sample with the
lowest MeHg content (Lethabo) had lowest percentdgmleached mercury.

Hoffart et al. (2006) have discussed the limiteceasibility by solvents to the basic sites
of coals where compounds may be present and TodleHCet al. (1999) have reported
difficulties encountered with conventional cleanimgthods in removing mercury from
samples in which mercury is either organically babwn present in fine-grained minerals
disseminated through the organic fraction of thal.co

The effect of organically bound mercury in reducsadvents leaching efficiency can also
be seen when compared the leaching performancanebitdetween coal and ash
samples. For example, samples TPC and FAT are nmdeke coal and ash samples,
respectively, obtainted from Tutuka power statiBAT exhibited a mercury removal of

95% whereas the corresponding coal showed about @#%nercury leached. A
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significant amount of mercury was found in the Hi@ttion for FAT (35%) compared to
TPC (15%) suggesting an increase of the HCI leakdbaction in the ash sample which
is presumed to be the result of coal combustiotrid\acid also leached more mercury in
ash (56%) than in coal (48%). SIDMS analysis ofukatfly ash (figure 7.13) showed
only two mercury peaks (IHg and Bgonfirming the total absence of organomercurials
in the sample whereas the corresponding coal piextesn number of organomercury

species together with IHg and Hg
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B

Hag"
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Figure 7.13 SIDMS chromatograms of Tutuka coaldAdl ash (B) samples

Wang et al. (2003) also observed that chromium, vanadium, lcaoed nickel in the
ashes were more largely dissolved in both HCI ahDglthan those from the raw coal
and they have deduced an organic association s¢ tinece elements in their coal.
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Palmer and colleagues (cited by Toole-O’Natilal., 1999) have presented a 35-75%
(mean: 60%) mercury removal from 10 US bituminooslg using nitric acid. More
recently, Hoffartet al. (2006) demonstrated a 50 - 70% mercury leachifigieicy in
butiminous coals.

The overal mean values obtained in our study fergercentage of mercury leached in
raw and pulverized coals were very closed (aboutt® 63%, respectively) giving a
global average of 61.3 = 19.2% (range: 38.2 — 78.B%luding Tutuka raw coal).
Therefore, results obtained in this work agree whibse mentioned above and authorize
the adoption of the used sequential extractiongaoe for the investigation of mercury
removal in coals.

On another hand, when compared the fraction of ungrieached by different solvents
used (figure 7.14), it appears that the modes ofimence of mercury are variable in
studied coals and the pyrite-HgS (38%), togethdi wie organic-bound mercury (39%)
seem to be the dominant forms. It is importanteicall that previous studies done on
modes of occurrence of mercury in coals have diove results greatly depending on
the nature of the coal (e.g. Feng and Hong, 1988shitaet al., 2004; Hoffartet al.,
2006; Zhengt al., 2008b)

The trend obtained in this study generally agre#éh the observation made by Palmer et
al. (1997) who reported thatercury has two dominant modes of occurrence whtio2
65% of the mercury leached by Hi@dicating a pyritic assoiation. In addition, 5 to
35% (16% in this study) is leached by HCI . The Hg2ichable mercury may also,
according to these authors, be associated withizeddpyrite or HCI soluble sulfides,
although Hoffartet al. (2006) stated that, due to the low solubility ad3in HCI, the
HCl-leachable fraction cannot represent the morfidsuassociated fraction for mercury.
Palmer and co-workers (1997) also proposed thatebielual mercury (<35%) may be
due to shielded pyrite and/or organic associatibowever, these authors also reported
that there are some indications that mercury behahghtly differently than other
elements associated with pyrite and some mercuny lmeaabsorbed to the surfaces of
organic rich particles. Dronast al. (2004) also suggested that a significant fractibtie

mercury is maintained in loose organic associatwitisin the coal.
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Figure 7.14. Leaching results for crushed (A) aawl (B) coals

Ruchet al. (1971)examined the distribution of mercury in specifi@gty fractions of
one coal. They found that a significant proportminthe mercury in this sample was
associated with the pyrite and the remainder of tfezcury (up to 50%) was in the
lightest specific gravity fraction. These authanggested that a part of the mercury in the
light specific gravity fraction may have an orgaagsociation and also cautioned against
making generalizations about the mode of occurrehoeercury in coal.

The complexity of the mercury modes of occurrenteoals was also highlighted by
Swaine (1975) who cited two earlier studies of $bwoal. In one study, mercury was
found in pyrite and in the other study mercury wassidered to be mainly organically
bound, but, also to be present in sulfides and aetallic mercury. Porritt and Swaine
(1976) found that the correlation between mercumy pyrite in Australian coal did not
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follow any clear pattern. They concluded that savhehe mercury is associated with
pyrite and some is associated with the organicenatt

An attempt was made, for a better understandinguofresults, to correlate sequential
extractions results with the ultimate and proximd#ta obtained for the study coals

(table 7.14). Only pulverized samples were takém account for this purpose since these
samples showed a more consistent trend comparashtooals.

Table 7.14 Proximate and ultimate values of puleeerHighveld coals

Sample  %moistufe  %asR = %OM*  %C  %H %N’ %S

Tutuka 2.1 32.6 67.4 30.5 2.9 11 0.8
Duvha 0.9 32.5 67.5 35.3 3.0 11 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 11 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

% Organic matter content determined after ASTM D429
b determined with a CHNS analyzer (Leco)

An interesting correlation (R 0.62) was found between the percentage of unéshch
mercury and the organic matter (figure7.15). Thanfems the suggestion made
previously that the unleached mercury is probabdntained in the organic-bound
fraction. A negative correlation was found betweesercury in HNQ leached fraction
and the pyritic sulfur (R 0.68), as it is shown in figure 7.16. It has besported that the

correlation between the mercury content and théepis not so strong (lwashit al.,
2004).
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Figure 7.15 Correlation between unleached Hg agdroc matter

Ruchet al. (1971) who reported a pyritic association in tis¢udied coals also noted that
the coal sample in which they found the highestcugr concentration contained only a

trace of pyritic sulfur.
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Figure 7.16.Correlation between Hg leached by HEQ the pyritic sulfur

A correlation analysis was also performed betwden rmercury leached from the six
highveld coals and the different sulfur forms (&l15), namely total sulfur {§ pyrite
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sulfur ($), organic sulfur (§), and sulfate sulfur @ which were determined using
ASTM methods 2492 and 3177 (ASTM, 2007 a and b).

Surprisingly, it was found that the leached merchag a significant correlation {R
0.70) with sulfate sulfur (figure 7.17) and the retation between mercury and forms of
sulfur decreased in the following ordeg>Sp>Sr>So.

Table 7.15 Total sulfur (3, pyrite sulfur ($), organic sulfur (§), gnd sulfate sulfur ($
in study coals (dry weight basis)

ID %Ss %S %S %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
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Figure 7.17 Correlation between leached Hg andtubulfur

Luo et al. (2000) also found a strong affinity between meyamd sulfate sulfur in coals
from the Weibei area in China and proposed thefolg sequence:;S$Ss>Sr>So. They
indicated that mercury occurred mostly as HgS @irthoals. Further investigations are

needed in order to understand the observation inaties study.
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Finally, mercury in the HCI fraction correlatedtiwitotal sulfur content (figure7.18) in
coals (R: 0.59) which implies, as proposed by Palreteal. (1997), that mercury in this
fraction could also be associated with oxidizedtpyor HCI soluble sulfides, although a

weak correlation (R 0.30) was found between mercury in HCI and pysittur.
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Figure 7.18 Correlation between Hg in HCI fractad the
sulfur content in coals

Moreover, when the mercury in HCI fraction was f#dtagainst the mercury leached by
HNO; (figure 7.19), a strong negative correlatiors: (®81) was obtained. In their study
on a two-step acid mercury removal process forgrniged coal, Hoffart and co-workers
(2006) proposed that increasing the concentratimios the temperature of the HCI
solvent greatly increases the removal of mercuth@HCI leaching step. Subsequently,

because HN@is such a strong oxidant, it leached the compotinaiswere “missed” by

the HCI leach.
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Figure 7.19 Correlation between Hg in HCI and HNiKactions

It is important to note that most of the studiesalked above presented a small
percentage of mercury in the HCI fraction with arerage of approximately 5% (see
examples presented in table 7.16). This is probdinyto the use of dilute HCI instead of
a concentrated one. The average of 16.2% obtaintdd whe present study agrees,
therefore, with the suggestion made by Hoffart eoltbagues.

Table 7.16 Comparison between Hg leached in theftdClion from different studies

36% HCI 0.5% HCI 3.0 N HCI
(This study) (Zhenget al.,2008b) USGS procedure
(Kolker et al., 2002)

Mean Hg leached (%) 16.2 54 4

Moreover, results obtained in this study suggeat 61% of the mercury in Highveld
coals is either in the elemental form or is inoigally bound. Filoyet al. (1977)

estimated that 47% of the mercury in their coal g@anwas inorganically bound and,
more recently, studies carried out on some US tigrind bituminous coals have

suggested mercury percentages between 54 and 96% inorganic fraction (Kolkegt
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al., 2002; Hoffartet al., 2006). Here again, a good agreement is observekebe data

obtained from South African coals and studies peréal in other coals.
7.5 Conclusion

Analytical procedures presented in this study veerecessfully used in determining total
mercury, inorganic and methylmercury in coals. @t#d results were accurate, and
exhibited good repeatability and reproducibilityithaugh a material certified for
speciatioris not available.

The mercury concentration in studied coals varietivben samples denoting a problem
of sample uniformity. The average mercury conceianain the analyzed (pulverized)
coals was 0.20 + 0.03 mg kgThis value was higher than the global averag&2(éng
kg?) and the average reported by the USGS for 40 S¥sd0.16 mg kdg) but matched
the mean value obtained by the USGS for HighveldlscdMore samples are still needed,
that must be collected systematically and with cdoceget a better average of mercury in
SA coals. From the result obtained in this studg #mose currently available in the
literature, we recommend the use of 0.2 mg &g the average of mercury content in SA
coals to be used in estimations of mercury emissimm SA’s coal-fired power stations.
SIDMS analysis has allowed the direct identificatiof Hf, Hg**, CHsHg" and the
indirect identification of CHCH,Hg". The occurrence of other mercury species were also
observed which are thought to be organomercudtisough their identification was not
possible with the used methodology.

Methylmercury concentrations of organomercuriestudied coals were relatively low,
but the high toxicity of these species and the rargeunt of coal consumed every year in
SA may lead to serious environmental concerns ducmal mining and beneficiation.
This problem should be paid more attention to.

The mercury modes of occurrence varied stronglywéen coals. However, when
sequential extraction results are combined togethidr correlations data, there is strong
circumstantial evidence to indicate that a sub&hproportion of mercury in studied
coals is associated with organic constituents amiep Some of the mercury coal may

be associated with other minerals such as ironesxidarbonates and silicates.
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The sequential extraction procedure used exhilat&d % mercury leaching efficiency
which is within the range of commonly used solvdetshing procedures.

The fairly wide range of effectiveness of mercueynoval obtained in this work (38 —
79%) could be caused in part by differences intoeles of occurrence of mercury in
coal. For samples in which mercury is either orgalhy bound or present in fine-grained
minerals disseminated through the organic fractérthe coal, the method was less
efficient compared to cases where mercury was faefig bound to the inorganic

fraction. Nevertheless, the procedure can be ssfidbsused to assess the mercury
removal from coals prior to combustion.

This study is believed to make an important contrdn to the current knowledge on the
mercury content and speciation in South Africanigaalthough a lot has still to be done

since experimental data on mercury in the couragt are still scarce.
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Chapter 8
Mercury speciation in the Vaal River and West Witsmining
operations

8.1 Scope of the study

The gold and uranium deposits of the Witwatersr&@ssin form one of the great
metallogenic provinces of the worldhe accumulated sediments within the basin are
collectively known as the Witwatersrand Supergrand are made up of the West Rand
Group (WRG) and the Central Rand Group (CRK¢Carthy and Rubidge, 2005). The
Far West Rand goldfields fall within a prominentmseircular band of Transvaal
Supergroup rocks, which commence south of Johaongskand pass beyond
Carletonville to Orkney (near Klerksdorp) in the $¥éigure 8.1).

One of the most important aquifers in South Afiigdhe dolomitic aquifer of the West
Rand and Far West Rand area. Due to the anthromogéluences from both mining
and industrial sources, this aquifer is increaginghder threat of becoming a vast
unexploitable reserve of no use as a groundwaseuree (www.deepbio.princeton.edu).
Gold mining is the principle economic activity ihet West Rand and Far West Rand
regions. This industry is the basis of the econ@mg socio-economic development of
the region. Gold mining on the West Wits Line @ns of the biggest and richest mines
in the entire Witwatersrand Basin (Roétal., 1998). Unfortunately, associated with all
the economic and social benefits arising from golishing there are several negative

impacts on the environment.
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Figure 8.1 Geological settings of the major golidisein the Witwatersrand Basin

The metal campaign initiated in 2009 and oversegrthe Environmental Analytical
Chemistry Research Group together with the SchbAhamal, Plant and Environmental
Sciences, both at the University of the Witwaterdr@lohannesburg, SA), focuses on the
biogeochemical speciation and risk of metals (e@grcury), metalloids (e.g. arsenic) and
naturally-occurring radionuclides (e.g. uranium argldaughters) on gold and uranium
mining properties. The study is also of value itedaining the magnitude and risk of
off-site mining impacts.

In the present work, the main regions that werdistlifor are (i) the Varkenslaagte at
West Wits, (ii) the Vaal River West and Kanana sabechments. Two additional sites
were evaluated to achieve the assigned objectieharacterizing the mercury speciation

and place gold mine properties in a regional canbexthe Witwatersrand Basin (a) on
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the West Rand - the decanting JCI Anglo Americamaftshand boreholes (now
Harmony/Rand Uranium), and the receiving streamtlands and dams through the
Krugersdorp game reserve to the Cradle of Mankiimdon the East Rand - an old mine
property, partially cleaned Ergo TSF footprint, atjacent Scaw Metals H:h Rietfontein
B landfill (Rand Scrap Iron) which contains minditgs from Ergo and mixed mining
and metals waste.

The first two regions are active mining sites whsr¢he last two comprise closed or
partially closed mining operations. For this reggbe study is presented in two separate
chapters.

The present chapter will discuss the environmerigd assessment of the mercury
pollution from active mines at the Vaal River Wasid the West Wits (Varkenslaagte)
sites.

8.2 General description of the Vaal River and WesWits operations

The Southern African Division of AngloGold Ashahimited (AGA), one of the leading
global gold mining companies, comprises severalingilmperations in South Africa and
one in Namibia. South Africa operations are grouipéad the Vaal River and West Wits
regions (figure 8.2).

The Vaal River and West Wits operations compriseéniyeof seven deep level gold
mines and supporting infrastructures such as moeggdial plants (where gold is
produced), chemical laboratories, tailings storfagdities (TSF), waste rock dumps and
supporting services such as land management, nemvecas, commercial services and

sustainable development (AGA, 2009a).

The main environmental concerns for the Vaal Rip¢R) and West Wits (WW)
operations identified through environmental impassessment processes are (AGA,
2009b):

- Seepage of contaminated water from TSF, trenchepalfution control dams

- Historical off-site impacts

- Seepage of contaminated water from waste rock dump
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- Uncontrolled release of process water from polluttontrol dams

- On-site secondary sources, spillages and footpjamésand mineral waste)

- Emission of dust from TSF and transport of hazasdaubstances such as yellow
cake, acids, cyanide

- Uncontrolled release of process water from metgibal plants and shafts impact.

The result of the above uncontrolled or poorly niggtaemission, release, seepage and
waste, is a severe contamination of lands, susater and groundwater with a potential

health impact.

Wiest Wits operations
Waal River operations [T gT=TyTs]

Crast Moligws Zanbia
Kegmarisng EP =
osak Khotsong
Tau Lekes

Figure 8.2 Vaal River and West Wits operationshm riegional context (AGA, 2008c)
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8.2.1 The Vaal River mining operations

The VR operations are located at the boundary letvike North-West and the Free
State provinces (figure 8.2). The map shown inrgg8.3 indicates the AGA areas of
responsibility for VR.

N

A

4 000 2,000 0 4,000 Meters a Cociidinals Seainm
VR Map: Area of Responsibility - E— i iaiin ke TeB0 e Catm
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Figure 8.3 Indicating the AGA area of responsipibf the Vaal River operations

The VR operations lie in close proximity to theléaVing towns:
- Orkney - which is surrounded by the VR operations;
- Klerksdorp - located 18 kilometres (km) to the Newtest;
- 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 operatiorapigroximately 18 274 hectares. The
VR complex has four gold plants (Great Noligwa, Eoang, Moab Khotsong and Tau
Lekoa), one uranium plant and one sulphuric acaaplAGA, 2008a).

Mining operations in the VR region commenced orllshereefs in the late fcentury,
and used amalgamation techniques. Sampling sites ientified from historical aerial
photographs (post-1948), which show there had @ensive shallow mining of the
Black Reef, and large spillages from old mine mag$ facilities. Since then, some old
tailings facilities have been re-worked. Few, ifaof the current gold mining companies
utilize mercury, and deep-level mining is being emaken alongside reprocessing of old
tailings to recover gold left-over by previous axtion methods. However,
environmental degradation from mining operationwigespread in the region, and there
are anecdotal reports of artisanal mining usingcomgr amalgamation. These practices

may have resulted in a long period of contamination

The Vaal River is the primary surface water bodyhmi AGA VR operations. The
Schoonspruit is the secondary surface water botig. fbpography of the mine area
slopes towards the Vaal River basin. Surface rdinvilf therefore flow towards the Vaal
River via natural flow paths. A portion of the wast area slopes towards the
Schoonspruit.

Landscape geomorphology and drainage has beermaia by the southerly flow of the
Vaal River and the local geologyhere are three major catenas in the area (figu4re 8
towards the Vaal River from north and south; towatide Schoonspruit in the North
West; and towards the Koekemoerspruit in the neast. In the western part of the study
area the Black Reef Formation forms an elongatdgkeriwhich constitutes much of the

watershed between the Schoonspruit and the VaarRiv
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Figure 8.4 Main watercourses and quaternary catotste the Schoonspruit and
Koekemoer Spruit catchment

The major tributaries of the Schoonspruit are thaaiosspruit, Jagspruit,
Buisfonteinspruit and the Rietspruit. The groundwaecharge point of the Schoonspruit
(the Ventersdorp eye), ensures that the Schoondfows all year round. The eye water
is mainly used for irrigation before it passes tlgio the Klerksdorp city and mining
areas. The Schoonspruit has its confluence wittvta River to the west of Orkney.
Artificial catchments comprise TSFs. Run-off an@ssge 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 situatetie West Wits Line and are
part of the West Wits (WW) operations (AGA, 2008@hese mines are located
approximately 75 km west of Johannesburg withinGlaeiteng Province. The WW site is

approximately 7 km south of Carletonville (figure2B Other neighbouring towns are
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Fochville and Potchefstroom, which are situatedk@?and 50 km respectively to the
south and west of the mine (AGA, 2009a).

The land occupied by the WW operations (figure 8s5approximately 4176 hectares
which straddle the boundary between Gauteng anddingn West Provinces.
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Figure 8.5 Land in and around West Wits operations

The WW operations are located within the Kromdr@atchment of the Upper Vaal
Water Management Area. The operational area cadivibéed into three surface water
sub-catchments; two of which are situated on theheon side of the Gatsrand ridge
watershed and one to the south. The north-westdrcaschment drains to the northwest
via the Varkenslaagte Spruit, a historical tribytaf the Wonderfontein Spruit but which
now drains into the dewatered Turffontein Dolon@empartment. The sub catchments

are illustrated in figure 8.6.
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The north-eastern sub-catchment drains in a ndytlgrection to the Wonderfontein
Spruit via a pipeline and lined canal system, whigghlaced the natural drainage because
of the threat of sinkholes above the dewatered l@iteer Dolomite Compartment.

The southern sub-catchment drains via a numbemafll sstreams, two of which are
perennial: the van Eedens’ spring, situated justhto north of the Mponeng Tailings
Storage Facility, and the Elandsfontein South fasmepring. The latter spring is
registered via servitude in favour of the farm ovgnef South Elandsfontein. Water from
this spring is discharged via the Aquatic Dam itite Elandsfonteinspruit. Both these
springs discharge water of good quality (potabémdards) into the Elandsfonteinspruit,
which in turn is a tributary of the Loopspruit.

Both the Wonderfontein Spruit and the Loopsprugt isibutaries of the Mooiriver, which
flows into the Vaal River. The Wonderfontein Sprds its confluence to the north (i.e.
upstream) of the Boskop Dam (which is the sourcepatfible water for the city of
Potchefstroom), while the Loopspruit has its coerfice to the south (i.e. downstream) of
Potchefstroom.

Part of the water from the North Savuka Complex Ti&ns to the West Boundary
Dam, which in turn flows into the Varkenslaagtee@tn. This stream does not form a
tributary of any river as the water infiltratesardolomites outside of the mine area.
Metallurgy within the WW operations manages both dlotive and inactive TSF’s (North
Old Complex). The two active TSF’s are Savuka armmbieng.
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The Savuka TSF comprises of 4 compartments (5A,72Band 7B). Final treated pulp
residue from Savuka Gold Plant is pumped to theua(New North) TSF where the
solid particles settle out on to the dam. Watedesanted using the penstocks at the
centre of the facility and is piped into the retwater dams. The water in the return
water dam is pumped back to the plant as processr.wEhe delivery pipelines to the
tailings dam are open-end discharge and the tippirea is controlled by manual
operation of the discharge valves. The pump hooséams pumps used to pump water
back to the plant and all other pumps being maiethi Figure 8.7 is a map indicating the
main working areas for Savuka TSF which also wasthin area of investigation during
the present study.

Savuka T5F

WW Map: Savuka Tailings Storage Facility Gl das _ BE SRR )

Lo-gedingts Systam
AT GG ABLANTI Charke 1880Cape Datum

Figure 8.7 Map indicating the main working areasSavuka TSF’s

During the early years of mining in the West Witeaathere were no environmental
protection requirements specified in regulationd amste materials consisting of inter
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alia: ash, iron oxide, pyrite, slag, mine residpélage, mine waste rock, steel, rubber,
scales from gold and uranium plants and domeststemaere disposed of in borrow pits
(figure 8.8) on the mine property (AGA, 2009Remediation works occurring currently
in the site typically involve removal of the offand or gold-bearing material followed

by backfilling and profiling with alternative inerhaterial, placement of soil over the
disturbed site where appropriate and the estabéshf a vegetation cover.

R

Borrow Pits A

Figure 8.8 West Wits Borrow Pits (in yellow)

The majority of the Varkenslaagte sub-catchmentigdavater contamination lies within
a 500 m radius of the No 5 and 7 Compartments efniw Savuka TSF and the Old
North TSF. Approximately 70% of the mass origindiesn the existing (old and new)
TSF's (AGA WW EMP, 2009). This result in pollutigniumes which are dominated by
sulfate (almost 55%). These plumes are restriobethé local surface drainage paths

which act as groundwater boundaries (which is igaimt Varkenslaagte drainage stream
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in this case). However, there is a certain degfaeoertainty by making this statement

which requires further investigation to confirmglaispect.

8.3 Collection and description of samples

8.3.1 The Vaal River campaigns

Two sampling campaigns were conducted in the VRtWesnplex during the late dry
season and wet season (tables 8.1 and 8.2) trali@snercury behaviour and fate in the
region. Water samples, surficial and bulk soil/seght, tailing particles and plant
samples were collected from adjacent to the Westflex North TSF, from a licensed
pollution control dam known as the Bokkamp Dam whieceives ‘dirty water’
discharges from tailings facilities and recyclessth back to the metallurgical process,
and from the Schoonspruit stream which is knowhnawe received spillages (pre-1940’s)
from tailings facilities and drainage from otherusmes in the catchment such as
industries, graveyards and artisinal mining adgsitpracticed by the local community

mainly based in Kanana (figure 8.9).
The wet season sampling was motivated by the néeshderstanding the seasonal

impact on the mercury transport and distributiontiie site. Sampling points were

selected based on data obtained from the dry seasopling.
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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' EB2®&45

34A-C Soil collected at different layers from adalsh $26°59.390' E026°39.914'
hea

36-37 Corl;posite sample from the old mine working S26°59.390' E026°39.821"
sites.

38A&B Water samples from Vaal River S26°59.57926°39.823'

39 Sediment from Vaal River

40A,B,C Algaes from Vaal River

41 Soil core from Vaal River S26°59.574' E026°33:82

42 Sediment from Vaal River S26°59.564' E026°39.802

43 Soil core from Vaal River S$26°59.566' E026°38.79

44A,B,C Water Hyacinth from Vaal River

45 Old Wall Ash from infrastructure. ~50m to S26°59.548' E026°39.801"
North

46A & B Water from Schoonspruit $26°59.824' E026832'

46D Sediments from Schoonspruit

47A,B,C Water Hyacinth from Schoonspruit

48 Algae from Schoonspruit

49 Sediment from Schoonspruit S26°57.823' E026238.8

50A-C Sediment core from Auger in Schoonspruit ‘526617' E026°38.825'

52A & B Water from Kanana canal near wetland S26497 E026°38.842

52C & D Sediments from Kanana canal

53A-C Composite from piles of sed. Cleared out of S26°57.496' E026°38.842'
canal

54A & B Water from upper Kanana canal in wetland 26%7.431' E026°38.868"

54C & D Sediment from upper Kanana canal in wetland526°57.431' E026°38.868"

59A-F Soil core on wetland from West Complex of S$26°56.614' E026°39.831"
Schoonspruit

61A & B Water samples Schoonspruit below West S26°56.606' E026°39.804"
complex

64A-C Willow leaves from Schoonspruit below West
complex

65A Water from creek near West complex North  S26°55.782' E026°41.142'
TSF

65B Sediment near West complex North TSF

68A Water sample from Bokkamp Dam S26°57.720' EG2R220'

68B Sediment from Bokkamp Dam S26°57.720' E026242.2

70A Water from Vaal River near the Dam S26°58.E026°43.389'

70B Sediment from Vaal River near the Dam
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Vaal River Mercury Sampling
complete area 2009
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Bokkamp
Dam

Figure 8.9 Vaal River West sampling area (red dogsfor sampling points)
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Table 8.2 The VR wet season sampling details

Sample ID Description

WC Dig Surface dry sediment collected adjacenhéo t
West complex North (WC) TSF

WC Wash Surface wet soil adjacent to the WC TSF

WC1,2and3 Sediment profiles collected near VBE T

Bok Dam Surface sediment within Bokkamp Dam

Bok Cpsite Composite sediment within the dam

Bok upper, middle and Sediment profile from Bokkamp dam

bottom

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 watamples (table 8.3) were collected
from TSFs, borrow pits, dams, and wetlands witlia West wits Old North Complex

(Savuka lease) as shown in figure 8.10.

In order to assess the off-site impact of WW openat the sampling campaign was
extended following the path of the Vaarkenslaagteat, via the Welverdened Road, to
the Wonderfontein Spruit located about 5 km to @emltonville-Potchefstrom Road

(figure 8.11). The overall distance from the idisampling point to the Wonderfontein

Spruit was approximately 22 km.
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West Wits Varkenslaagte Mercury Sampling 2009 top half of transect |

West Wits Varkenslaagte Mercury Sampling 2009 complete transect
e

Wonderfontein Spruit “

ik meters
4

g, v $ran &

Figure 8.11 West Wits sampling area (the Old N@timplex is brightened)
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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' E027327!
15A-B Water sample from Vaarkenslaagte canal (Tlop 0 S26°25.725' E027°22.376'
canal below TSF)
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 S26926E027°21.847"
17C Typha below Buldens Warehouse S26°26.492' 02847
17E Soil core below Buldens Warehouse
18A Soil core Tamarak Slope N North TSF S26°26.E8R27°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°261B027°20.787'
21 Water sample from dam $26°26.820' E027°20.800'
23 Soil core S26°26.846' E027°20.855'
24A-B Water samples S$26°26.832' E027°19.190
24c Sediment Stream under Welverdened Rd
25A-B Stream before flows under Welverdened Rd 2873 E027°19.216'
25¢c Sediment from Stream on Welv. Rd
(Before bridge)
26 Water sample (Farmer's land) S26°26.124' E028798
27 Sediment (Farmer's land)
29 Water near Carltonville-Potchefstrom Rd S26°84.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 concentrationsrdeted in VR waters from the dry

season sampling are presented in table 8.4. An pbeaofi chromatograms obtained from

the speciation analyses of VR waters by ID GC-IC8-8Ishown in figure 8.12.
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The pH of water samples ranged from neutral tchlygalkaline (i.e. 6.9 to 8.9) and the

redox potential from 210 to 446 mV. The electricahductivity was generally moderate

except in areas near pollution source such asrdek mear the TSF (sample 65A) and the

pollution control dam (68A) where values of sevend cni* were measured.

Table 8.4 IHg, MHg and field measurements in VRama{(n=3)

Sample T pH Eh Ec IHg %RSD MHg %RSD %MHg
() (mv) (mScm') (ngl? (ng L)
38A 21.0 8.2 400 0.93 0.344 9.1 bdl - 0.0
46B 214 75 446 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 230 7.6 330 0.62 0.043 9.2 bdl - 0.0
61A 220 73 279 1.15 b - bdl - 0.0
65A 235 6.9 210 5.86 1.004 9.1 0.004 4.7 0.4
68A 215 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
52a 151272009 06:55:38  (Run: 1)
85000 ;
gIHg
55000
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l_;&DEﬁD
%ESGOUU
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Figure 8.12 Example of GC-ICP-MS chromatogram of W&ter

Total mercury concentrations in surface watersilienéd) varied from 0.043 to 5.483 ng

L with MHg ranging between 0.004 and 0.268 iy Methylmercury values for most of

the VR studied waters fall within the range seesewhere (e.g. Domagalski, 1998;
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Domagalskiet al., 2000; Ashleyet al., 2002) meaning that between 1 and 10 percent of
total mercury was MHg. Therefore, it can be say MHEg in VR waters was within the
range of values commonly measured in relativelyonteminated surface waters with
normal methylation potential (see e.g., Kadtyal., 1995). Proportions of methylmercury
were high in samples 52A (85%) and 70A (93%) ctdlddrom Kanana Canal near a
wetland and from the Vaal River near the BokkampDeespectively (see table 8.4 and
figure 8.13). The presence of decaying organic enatt the corresponding watersheds
could explain the high methylation rate observdtk €orresponding sediment for sample
52A, which is sample 52D (table 8.5), also showedHighest methylmercury proportion

among all analyzed surface sediments.

5-
~ 7
:E; m MHg
5]
04‘4’,1

38A 46B 52A 54A 61A 65A 68A

Figure 8.13 Mercury species in VR waters from thestason sampling

Although no specific correlation was observed betwield measurements and mercury
species concentration, it was found that the higimeshylation rates occurred at elevated
pH (pH 8.0 and 8.9, respectively).

The most elevated mercury values were observedhan water collected from
Schoonspruit (sample 46B: 0.735 ng HY Llocated approximately 3 km from the West
Complex North TSF, and also in the creek near BE sample 65A: 1.008 ng Hg')
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which drains into Schoonspruit. It is believed thagration of leached mercury from the
TSF or the surrounding polluted soil through runeffuld explain the observed
contamination. This will be further discussed white above observations will be
compared to measurements obtained from the webisesasnpling. Sediments collected
from Schoonspruit (sample 46D) and near the TShta 65B) also showed some of
the most elevated mercury values in sediments tottl mercury concentrations of 749
and 940 pg kg, respectively.

The highest mercury value in water was found inBb&kamp Dam (sample 68A) with
mercury concentration of 5.483 ng land 4% of the total mercury (i.e. 0.222 ng) las
MHg. Sediments collected within the Dam exhibiteéé tighest mercury value of the
whole campaign with Hgr of 10245 pg kg. The impact of this polluted Dam in its
surroundings will be examined further.

Existing aquatic life criteria for total mercurywater covers a wide range. As is the case
with the criterion for sediment, the Threshold Efféevel (TEL) is the concentration
above which there is evidence of potential for obslgle effects in biota, not necessarily
including bioaccumulation and biomagnification. Th®wvest proposed criterion for
chronic effects in fresh-water aquatic life is 1§ b™ of total recoverable mercury
(Barkow, 1999). The California Water Quality Starlaroposed the value of 50 ngf L
and later, the U.S. EPA issued a guideline of 7§@h (dissolved mercury) for chronic
effects in fresh-water aquatic life (Ashletyal., 2002). Mercury values in all the waters
collected during the dry season sampling were bel@vabove threshold level, but low
values are generally anticipated during the lowvfliate-dry season conditions under
which we obtained the samples (Ashétwl., 2002).

8.4.2 Mercury in Vaal River west sediments
Due to the fact that only about 3% of Hdgin sediments is in the form of MHg (Hares

al., 2007), most of the sediment samples with lowrddgwere not analyzed for

speciation. Results for the VR dry season samgliregshown in table 8.5.
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Table 8.5 Hgor, IHg and MHg for Vaal River sediments for the dgason sampling

Sample Hegor IHg + SD %RSD MHg+SD  %RSD %MHg
(ugkgh)  (n=3;ug kg (n =3;ug kg?)

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 uncontaminatedsaneere relatively low, in the range
of 10 to 80ng kg* which agrees with background values of |6 kg* reported by
Hornberger and others (1999).

Mercury concentrations were variable in sedimentt) total Hg-ot ranging from 10 to
10245 ug kd. Various criteria have also been proposed foruatalg mercury levels in
bulk sediments (USEPA, 1997b). The lowest of thiethe USEPA TEL at 174 pg Rg
(MacDonaldet al., 2000). This is a proposed lower limit for effecds biota, above
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which there is potential for observable effects hsuas bioaccumulation and
biomagnification.

Most of sediments that exhibited Hg beyond the TEL were collected near pollution
source such as the old mine working site near Kkiwkp (e.g. 34D: 323 pg Hg Ry the
West Complex North TSF (e.g. 65B: 939 ug Hgkgnd the Bokkamp Dam (e.g. 68B:
10245 pg Hg kd). Elevated mercury observed in some sediments #amana canal
(e.g. 51A: 201 pg Hg kb and Schoonspruit (e.g. 46D: 749 pg Hg kegre believed to
be the consequence of the drainage of contamipaiteities from pollution sources.

MHg in surface sediments ranged between 0 and 1&jigwith the highest proportion
(i.,e 6% of Hgor) found in sample 55A collected from the upper Kem&anal, in a

wetland (figure 8.14).

Vaal River sediments

8478 81
1000- =
800- | E—
= 600- B
(@))
£
= 400- —
==
200- —
O,

34D S37 46D 51A 52D 54C 54D 55A 59A 62A 62B 65B 68B 72

o I[Hg m 10xMHg

Figure 8.14 Mercury speciation in VR sediments (Mitgs multiply 10 times due its low
occurrence compare to IHQ)
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8.4.3 Mercury distribution during the wet season sapling

A different trend was observed after the late vegisen sampling. Figure 8.15 highlights
the points where the sampling was repeated in e&sm, whereas table 8.6 presents
different mercury concentrations obtained in swfaediments and sediment profiles
together with field measurements.

As mentioned earlier, the selection of the wet seamampling points was based on the
observations made during the previous samplingréfbee, The West Complex North
TSF, the Bokkamp Dam and the Schoonspruit werenthia target in order to understand
seasonal variations of the mercury load in the aiie the impact of pollution sources in

surrounding sediments and watersheds.

Legend

Vaal_River_Mercury_GPS
Conc

o o0-174
O 175-409
© 500-999
@ 1000-8345

-=-=—=—‘“Q’u
D 045 08 12 - 35 .

Figure 8.15 Satellite picture of the VR West sikéet season sampling points are circled
(in green)
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Table 8.6 Mercury concentration in sediments fer¥r wet season sampling

Sample pH Eh (mV) Ec Hogror  %RSD IHg MHg  %MHg
(mScm')  (ug kg (ng kg?)  (ng kg)

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 0-2¢” 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 3325 2.98 187.23 7.21 213.36 6.04 .8 2

WC1 60-80 5.71 349.2 4.22 462.35 0.80 446.81 203 5 0

WC1 80-100 5.93 206.1 6.14 1103.09  3.12 959.42  613.7 1.4

WC1 100-120  5.94 277 5.23 127257 057  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 82.65 312 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 50.17 859 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 20.96 416 nd nd

WC3 40-60 6.8 417.5 1.83 68.50 181 nd nd

WC3 60-80 7.04 414.8 1.40 113.96 232 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 25

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 143222 151 nd nd

Bok upper 4.58 398.6 1.22 1301.75  1.37 nd nd

Bok middle 6.56 364 1.59 396.26 302 nd nd

Bok bottom 3.87 392.8 1.01 60.74 270 nd nd

Bok Dam 6.00 385.5 1.05 179.06 289 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 O.

Sch 40-60 7.33 332.9 2.19 5482.81 098  3099.81 4840. 4.3

Sch 60-80 7.65 350.1 2.11 481.48 1.95 302.71 37.7911.1

Sch 80-100 7.66 3715 1.85 177.19 5.40 129.91 22.8114.9

(*): Figures in the sample column represent depihias (in cm) for the corresponding
profile.

Field measurements were variable in the site. THi@fpsediment samples ranged from
3.87 to 7.66 and the redox potential from 137 t@ A1V. The electrical conductivity

reached values as high as 11 mS'émbulk sediment, suggesting an important presence

212



of ionic compounds. According to the AGA environrte@nmanagement programme
presented in 2009 (AGA VR EMP, 2009), the expepiddf the soil within the VR area

should vary between 5.5 and 6.4. Lower pH valued {& sample WC1-wash and 4.8
for sample WC1) observed in surface sediments teail SF could be the evidence of
the acidification of the area through probable fgyaxidation. Elevated concentrations of

iron (20465 mg kg) and sulfate (20779 mg Ryywere measured in sample WC1-wash.

Total mercury concentration in surface sediment2Q@m depth) ranged from 83 to
approximately 4300 pg Kg Among all surface sediments, only sample WC3 leitéd
total mercury below TEL. Nearly one quarter of Hrealyzed sediments fell within the
mercury Probable Effect Level (PEL) of 486 pg‘'kgpresenting the concentration above
which adverse effects are expected to occur fratpeand 15% of samples falling into
the Toxic Effect Threshold (TET) concentration @00 pg kg where sediments are

considered to be heavily polluted (MacDonetidl., 2000 and references therein).

At all sites, where bulk material was analyzedw#s enriched in mercury relative to
probable background values, and values for the2tbpm fraction were lower than the
bulk values (except for sample PH). Enrichment igrdt was evident in deeper,
saturated soils adjacent to tailings facilitiesateing concentrations at mgkégvel in a
few cases (e.g. figure 8.16). The speciation amalgf mercury has shown the same
trend as for total mercury and most of the analyzedals have also shown the same
pattern as described above with enrichment at ath@usame depth in the profile (see
table 8.7 and figure 8.17).

The enrichment of mercury at deeper levels in sedis adjacent to the old tailings
facilities might be due to historical loads of mancin 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 isgbdeanent profile WC1
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Table 8.7 Total concentrations of selected métatsstudied sediments (mg Kpand waters (mgt)

Sample Al Au Ba Ca Cd Co Cr Cs Cu Fe Ga Ge K Li Mg M n Ni Pb U vV 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 56 | 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 31239 1,2 2,1 82,9 14 325,8 850,8 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 14 219,8 284,7 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 35 15,5 2686,3 2,0 27,3 134 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
WC1100-120 | 1161,7 4,0 17,3 5154,5 1,9 15,1 13,8 17,5 36,7 6820,7 2,2 51 194,7 35 | 3098,9 2258,0 35,8 0,8 0,7 0,0 1,2
WC1120-140 | 1362,3 3,3 16,5 6080,0 2,7 38,3 13,8 16,7 65,7 104182 | 3,0 57 185,7 3,3 | 3648,0 2727,8 46,0 1,2 0,6 0,1 0,8
WC1140-160 | 735,0 3,3 12,6 891,2 0,6 55 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 | 37405 28,3 | 566,6 | 53,9 200,8 | 74846,1 | 24530,3 | 16,7 | 286,9 | 487,7 | 153 | 3199,0 | 114438,8 | 39844 | 168,6 | 997,0 1,4 | 1900,7
pH 20-40 1297,9 59 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 3315 55 85,4 7,0 162,1
pH 40-60 21947 | 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 4275 5,0 840,7 11820,3 89,3 34 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 14 69,9 6,8 51
Bok Dam 312,7 2,7 25,8 24357 0,7 2,7 4,0 25,9 2,7 2351,5 1,1 4,0 90,2 0,4 300,7 1473,4 49 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 | 82728 47 447 138,5 6,3 1266,7 | 18406,1 | 19594 68,8 229,6 34 | 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 35 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 254218 3,8 46,2 | 1012957 12,4 | 6463 | 314 46,5 | 133983,7| 984754 | 5,5 6659 | 21936 | 7,6 | 18880,3 | 210543,1 | 14689,1 | 758 | 2056,5 | 58,8 | 104782
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 54 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 | 242139 0,9 3,3 5,3 28,1 4,2 326700 | 15 5,0 1251,7 | 0,7 | 3616,1 | 191375 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 293230 | 14 8,9 14069 | 0,9 6294,1 | 36875,8 8,2 1,3 18,0 35 2,5
Schw 0,1 0,2 0,1 51 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 t8P-OES detection limit of 0.1 mgkgor mg L)
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8.4.4 Mercury methylation in the Vaal River West aea

The percentage of MHg in sediment samples ranged ©.4% to almost 15%. Studies
have shown that MHg usually represents less thaofa¥te Hgot in sediment (Harrist
al., 2007). The highest methylation rates were obserire sediments from the
Schoonspruit stream.

It was reported that the mercury methylation iseyelty affected by factors that control
availability of IHg (e.g. temperature, pH and redmotential) and also by factors that
control the activity of mercury methylating age(®RkBs) such as the organic matter and
sulfur (sulfide/sulfate) contents (see chapter 2).

In order to understand the main factors that conktr® mercury methylation process in
the VR site, results of speciation analysis wenmgared with field measurements data
and also with the organic matter and sulfur (ofate) contents determined in different
sediment profiles.

It appeared from comparative data that most sedimpsosfiles showed enrichment in
MHg concentration near or at the layer correspapdmthe lowest redox potential and
the highest IHg concentration, as shown in figurg88for the profile collected near
Schoonspruit.

This trend was also observed by Hines and collea{R@04). They concluded that redox
potential, advective transport, or higher tempeesustimulating microbial sulfate
reduction should explain the trend. Furthermorerrisi& al. (2007) reported maximum
MHg concentrations where the inorganic pool of ragycin sediments was the most
bioavailable to methylation processes. Metal iotisogbed in acid media increase with
pH, until the threshold value required for partiggsolution of solid and formation of
soluble metal-humic complexes is exceeded (Lacerdd., 1998). Surficial sediments
had lower pH than deeper sediments, and increasdgrbr were correlated with pH. It
is probable that methylation occurs in deep sedimanhigh pH but, due to its mobility,
MHg migrates to shallow levels.
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Figure 8.18 Example of Hg species distribution sediment profile
(The dashed area is the presumed region of MHgutmih)

In addition, an interesting correlation was fouretween methylmercury production in
sediment profiles and other factors such as thamecgnatter, sulfur (or sulfate) and iron
contents. The profile WC1, for example showed Midgaament at about 100 to 120 cm
depth (figure 8.16). This region also correspontieén important enrichment of the
above mentioned factors (figure 8.19).
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Figure 8.19 Sulfur, sulfate, organic matter (OMJl anon trends in the profile WC1

Studies of MHg levels in bulk surface sediment.(&dmouret al., 1998; Krabbenhottt

al., 1999; Mason and Lawrence, 1999; see also chapteha®e demonstrated
dependencies on inorganic mercury, organic madied, sulfide suggesting that factors
other than mercury concentration are also importarthe control of the methylation.
These studies proposed that sulfate additions tanlate methylation by increasing
microbial (SRB) activity (Benoigt al., 2003).

It was also found that the presence of higher goncentrations in sediments results in
the removal of porewater sulfide by Fe-S precimtat Therefore, as elevated sulfide
levels can inhibit mercury methylation (Beneital., 1999b), the Fe-S sequestration of
sulfide, and other factors influencing sedimentraistry, results in more methylation of
mercury.

Moreover, the interaction between heavy metalssaiictolloids (clay, organic matter, or
combination) has been described as ion exchang&csuadsorption, and chelation
reactions (Mortensen, 1963; Nand Ram and Raman3)19%e capability of humic

substances to form complexes with heavy metaldtiduated to their high content of
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oxygen-containing functional groups such as carb@d&@©OOH), hydroxyl (OH), and
carbonyl (C=0) (Piccolo and Stevenson, 1982). Maiwlies have been carried out to
evaluate the ability of clay minerals, organic reaithumic substances) or clay-humic-
substances mixtures to adsorb heavy metals orno domplexes with heavy metals. The
results of these studies suggested that the eatdrgavy metal retention by mixtures of
geologic or soil colloids has been found to varyhwionic strength, pH, type of clay
minerals, organic functional groups and type of peting cations.

The above suggestions are in perfect agreementtiathifferent trends observed in this

study.
8.4.5 Impact of seasonal changes on mercury transpodistribution and fate

The mean concentration of Itg in waters of the pollution control dam (Bokkampn)a
was above 1 pugt(i.e. 1000 ng [}) at the wet season sampling with nearly 50% in the
form of MHg (table 8.8). Harrigt al. (2007) stated that concentrations ofthlgin
unfiltered water samples from lakes and streamsdrigdocal anthropogenic or geologic
sources are usually in the range of 0.3 to 8 figwlhereas surface waters with high
dissolved organic matter (DOM) contents often h#levated” (5 to 20 ng 1) Hgror
concentrations. These authors also mentioned thraanss draining areas with
concentrated geologic sources of mercury or witihgda accumulation of Hg-
contaminating tailings from mercury or gold minicgn exceed 0.1 or even 1 pg(Le.
100 or 1000 ng 1).

Table 8.8 Hg concentrations in waters from VR vestson sampling

Sample pH Eh Ec Hogror  %RSD IHg MHg %MHg
(mv) (mScm') (ngl? (ng L) (ng L)

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

219



Samples were also collected from five boreholeadsess the ground water pollution

within the West Complex site (table 8.9).

Table 8.9 Mercury (ugt) and other selected elements (mt) in VR borehole waters
from the wet season sampling

Sample T pH Eh Ec Hg Ca Fe Mg Mn S

ID (°C) (mV) (mScmb)
VRO3 150 7.6 85.0 3.8 1.01 100.48 20.18 276.00 .7681 362.50
VRO4 155 6.8 3305 3.4 2.09 34730 0.28 252.65 590. 516.96
VRM16 16.2 6.8 199.2 3.4 221 358.40 14.07 312.29 0.38 0.8
VRM28 160 7.0 2714 4.4 156 3257 044 103.50 0.94  ZEB9.
VRM38 16.1 4.6 4745 5.3 3.31 73.01 35.00 76450 332.002874

Total mercury concentrations were very high in éhbereholes ranging between 1.0 to
3.3 ug L. The highest Hgyr was recorded in sample VRM38 (figure 8.20) locaéed
several hundreds km to the West Complex North T8kt the sampling point WC1.

The pH at this point (as for WC1) was acidic (4uh high Eh (0.47 V) and Ec (5.3 mS
cm?), denoting the existence of AMD in the area whathuld explain the release of

mercury and others metals into the water.

VR wet season waters

3000+

120001
1000/ ' '

Schw Bokwl Bokw2 VRO3 VRO4 VRM16 VRM28 VRM38

)

Hg (ng L

Figure 8.20 Hgot in VR surface (blue) and borehole (red) watersftbe wet season
sampling
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High sulfur (874 pg Kg), iron (37 pg kd) and manganese (370 pgjgralues were
also measured at this point.

It is of importance to mention that all mercury centrations measured in both surface
and borehole waters were, except for the waterec@t from Schoonspruit (sample
schw), exceeded national and international critsramercury in water, such as the
World Health Organization Guideline Value (WHO Gfdy drinkable water of 1 pgt
(WHO, 1993) which is also the recognized value by South African Department of
Water Affairs and Forestry (DWAF) (SAWQG, 1996).réb boreholes out of five (60%)
had Hgor exceeding the USEPA Maximum Contaminant Level efcury in drinking
water (MCL) of 2 pg [* (USEPA, 2009). Although the water fro Schoonsphaitl a
lower concentration than the rest of the sampl@sn@ L'%), the mercury level was still
higher than the threshold level of 12 ng.LThe EPA recommends analyzing edible
portions of fish, when the stream-water concertdregtiof mercury exceed the TEL, in
order to determine if there has been any advefsetdfsrayet al., 2000).

A study carried out in the Ankobra River Basin (@apawhich is also seriously affected
by gold mining (Kortatsi, 2006) showetncentrations of mercury in boreholes between
0.01 and 133 pgt with median value of 41 pg'L These values were observed in the
boreholes only in the rainy period. In the dry seasercury concentrations were largely
below detection (not reported). The study coreglahercury concentration in the wells
to the recharge regimes of polluted surface watantioning that this was likely to occur
during the wet season than in the dry season. Uitimaof the study concluded that the
occurrence of mercury in the groundwater bodies laagely due to contamination from
surface sources, perhaps, as result of the indiswite use of mercury for gold

processing in the Ankobra basin.

The same observation was made in the VR West @reads in mercury concentrations
differed from dry to rainy season with only up tm@ L* in water during the dry season
despite mercury concentrations in the corresponbaitpm sediment of 10500 pgkg

In areas where gold mining operations involve mgliof Au-bearing ores and tailings
deposition, metallic mercury can eventually be ripdd through particle transport and

leaching (Lacerda and Salomons, 1998).
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Although mercury leaching from tailings seems toabglow process, over the years the
bulk migration of spilled tailings and seasonalclaag from tailings and polluted soils
may be important dispersal mechanisms for merc8sasonal migration of mercury
could explain the patterns we observed in the strieank sediments. In the rainy season
(figure 8.21), mercury concentrations in surfacdireent were 10 times higher than in
the dry season (i.e. increased from approximat®g fo 1004 pg Kg. It was not
possible to evaluate mercury in the bulk tailingsicl spilled into this stream. as this
occurred in the first half of the ®0century. However, concentrations of mercury in
surface sediments near the later TSF (which cometkeaonstruction in the 1940s and is

still in operation) decreased from about 950 to B3kg" (figure 8.21).
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Figure 8.21 Impact of seasonal change in the Hg ilogediments adjacent the VR West
Complex TSF and near the Schoonspruit

The contamination observed in the bank of Schoaiitsisra potential risk for the stream

since MHg can be leached from the sediment andateéigo the water system where it
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can be transported, later on, into the Vaal Rivéictv is located several kilometers
downstream (see figure 8.15).

Moreover, there is also a risk for the important ¢/lebntent observed in the sediment
profile from Schoonspruit (figure 8.22) to entee tlood web through the aquatic system
where it could biomagnify and bioaccumulate in déish

It has to be mentioned that fishing activities hbeen 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 neho&spruit. Note the elevated MHg
at 40-60 cm depth (about 147 pg'kg

On the Eh-pH diagram of mercury species (figur&B.8lemental mercury is likely to be
the predominant species of Vaal River West sedisent

Mercury is present primarily in its elemental forim tailings and bottom sediments
between Carson City and Dayton (Lechdeal., 1997). USGS research suggested that as
these tailings and sediment move, the elementatungis absorbed onto clays, organic
matter, and iron and manganese coatings (Lawr@@@s). In the bank of Schoonspruit,
methylmercury concentrations in sediments are ashmas 147 pg Kb which is
significantly higher than in sediments collecte¢eglhere (table 8.6). These high

methylmercury concentrations are probably relatethé oxidation of elemental mercury
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and high organic-carbon contents, which are faderalor mercury methylation
(Lawrence 2003).
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Figure 8.23 Eh-pH diagram showing that study sedtrsamples speciated as*Hg

On another hand, Lacerda and Salomons (1998) studlganges in mercury
concentrations in water and suspended particlesyedisas in major physico-chemical
parameters in streams receiving drainage froongsliduring storm events, and found a
drastic increase in the redox potential and in omraconcentrations in suspended
particles. In the present study, pH in the polintemntrol dam decreased from the dry to
the rainy season (from 7.8 to 7.5) and redox pkimcreased (from 335 to 450 mV),
with a concomitant increase in mercury concentratio the (unfiltered) water. These
results suggest that rain erodes fine particlegcleed with mercury from contaminant
sources, followed by mercury transport along witkpended particles. The relationship
between mercury dispersion, erosion and transpoguspended particles, supports a
seasonal dispersal mechanism, with rainfall aléatidg the existing mercury in water
bodies. We suggest that Hg-contaminated partictas tailings and secondary sources
are transported during rains and deposited in ssusnalong drainage pathways. After

this, remobilization of contaminated particles framdiment surfaces may take place,
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resulting in a decrease in mercury concentrationthe drainage bottom sediments and
exportation to areas away from mining sites (Lageathd Salomons, 1998 and the
reference therein). This process could explainhilg@ mercury concentration of about
4300 pg kg measured during the rainy season in the upper [@y20 cm) of sediments
(sample “PH”) in receipt of run-off from the poliah control dam (figure 8.24).
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Figure 8.24 Changes in the Hg load in Bokkamp Dathits surrounding

The decrease in mercury concentration within th&rob dam sediments (8500 down to
1500 pg kg from dry to wet season), and in the depth prddilehe directly adjacent
sediment (from 4286 pg Kgt 0-20 cm to 126 pg Keat 20-40 cm; figure 8.25), suggests
that the localized surface accumulation of merdarfrom recently deposited particles
and leached mercury from the dam. In contrast,etimchment of mercury at deeper
levels in sediments adjacent to the old tailingslifees (e.g. sample WCL1 in figure8.16),
might be due to historical loads of mercury initagjs and seepage from the facilities.
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Figure 8.25 Trends of Hg species from a sedimeasftipmear the Bokkamp Dam

An unusually high rainfall season preceded the season sampling with reported cases
of overflows from the Dam. For example, AGA regorthat few months after the dry
season sampling the Bokkamp dam overflowed aftiveng 74 mm of rain, releasing
6.000 kL of water (AGA, 2010). It has to be reedlthat the dam was built with waste
rocks and tailings. The intensive rainfalls thatuwrced after the dry season sampling and
the subsequent overflows from the dam could expilaénremobilization of mercury-
bearing tailings and bottom sediments. and itset@pn away from the dam.

Total metals analysis of the same sediment pr¢ddanple PH) also showed the same
pattern as for mercury with extremely high concatntn at the surface (0-20 cm) and a
consequent drop at 20-40 cm depth. An exampleawshin figure8.26 where the surface
concentration of iron, cupper and manganese reattteegercentage 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 irptiodile adjacent to Bokkamp Dam

8.4.6 Mercury in plants at the Vaal River West area

Plants are known for their ability in accumulatimgrcury from a variety of sources such

as dry and wet atmospheric deposition, water coathin the soil, and the available

mercury released through mineral weathering (Huekadnd Janzen, 1975). Factors that
may affect concentrations of mercury found in paimclude the mercury sources, its

chemical form and the physiology of the plant speciThere may also be differences in
the amount on IHg and MHg in different plant tissu@herefore, concentrations of

mercury in plants reflect the environmental expestr mercury and ecological niche

(Mooreet al., 1995).

.Moreover, as plant tissues decompose in the #wl,mercury released can either be
retained by the soil or transformed into more nokbirms (such as MHg), which may be

leached to other soil and aquatic systems wheray enter the food chain (e.g. Driscoll

et al., 1994). Veiga and co-workers (1994) have suggdbsdclevated concentrations of

mercury in fish and humans in the Amazon may batedl to deforestation activities, as

well as mining operations.
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Plants samples were randomly collected throughbetsite and the concentration of

selected plants are presented in table 8.10. Ampbeaof GC-ICP-MS chromatograms

obtained during plants speciation analysis is showigure 8.27.
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Figure 8.27 GC-ICP-MS chromatogram of VR plant 60B

Table 8.10 Hgor and Hg species concentration in selected VR plants

Sample Type Hgor IHg £ SD MHg + SD %MHg
(mgkg")  (n=3;ugkg’)  (n=3;ng kg")

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 59.9 455+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 26+0.2 1.1

74 Enterromorphe 85.1 nd nd

75 Myrophyllum 27.2 nd nd

Hgror in VR plants varied between 17 and 2@jkg" whereas speciation analysis of

selected samples showed MHg concentrations bet®:&eo 35.41g kg*, which

correspond to 0.4 to 35.9 % of the{dgpresent as MHg.
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Information on mercury concentrations in plant uess obtained from the literature
(Mooreet al., 1995) suggest concentrations range from below Xfidre than 10000 g
Hg kg*, with most of the large concentrations measuresaimples collected from areas
that are exposed to high levels of mercury, sucarasnd chlor-alkali plants, cinnabar-
containing mines and volcanoes, and Hg-rich rodksofe et al., 1995 and references
therein). Therefore, excluding these samples iasaté point-source mercury pollution,
most samples contain between 10 and 300 pg Hoakgl, when separated into groups,
they form the following general sequence of medi@msig Hg kd'): Grasses and herbs
(20) < Tree and shrub leaves (29) < Aquatic magytgsh(40) < Sphagnum mosses (69)
< Lichens (170) < Fungi (280).

Results obtained in the present study fell wittna above range and also reveal major
variations in terms of the amounts and ratio betwsgecies (figure 8.28) as well as
within the tissue (table 8.10).
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Figure 8.28 Hgor in selected VR plants

Rasmussen (1995) mentioned that there can be evabld variations in total mercury
concentrations in plant tissues of the same spedkscted from one site: the average

coefficient of variation of Hgyr concentration in samples collected from the saitee s
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was 18%. The relative standard deviation obtafoedwo algaes collected in the Vaal
River (samples 40A and 40B) was 20%. However, théhaa recommends, for
geochemical exploration purposes, the collectiothcde samples of each tissue type per
site. The small number of samples analyzed in teegmt study and the large variation in
concentrations within samples collected from thmesaspecies prevent drawing firm

conclusions, although several trends are suggésatere worthy of further study.

Cappon (1987) reported g concentrations in vegetables from 3 to 139 g ud
MHg concentrations from 0.3 to 30 pg kgequivalent to 0 to 23% of the kg
concentration. Moore and colleagues (1995) meastwadentrations of mercury in the
plant tissues from 4 to 160 pg Hg kg and 0.1 to 139 pg MeHg KgThe proportion

of Hgrot occurring as MeHg in their study ranged from @2100%, with the highest
percentages generally in those species with tigesaHgor concentrations.

These authors also noticed that increasing coratéris of the two forms of mercury
(IHg and MHg), and increasing percentages ofddgpccurring as MHg (0.5 - 30%).
were found in plants growing under wet conditions.

Nsengimana (2007), in his study of the speciatibmercury in the Klip River (SA)
found much lower concentration of MHg (0.5 to 4@ MHg kg®) which corresponded
to 0.7 to 4.9% of total mercury.

Results obtained in the present study are in aggaemith mercury concentrations found
in plants where the mercury contamination in treaaran be classified between a modest
to a severe type of pollution (Mooet al.. 1995 and references therein). Total mercury
concentration of 247 pg Kgvas found in phragmites collected from the Bokkabamn.

It is believed that this high value can be coredat the elevated mercury concentration
found in the dam (10245 pg Ky Mercury in the phragmites was approximately 2 &%
the concentration found in the corresponding sedimEhe same observation was made
with phragmites collected near the West Complex TS#mple 66B) which also showed
about 2.5% (25 pg kO of the mercury content in the adjacent sedimeample 65B:
983 g kg).

As MHg is the form most easily absorbed within fleed chain, the occurrence of

substantial concentrations of MHg in the studiednfd is of interest. The highest
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proportion of MHg in VR plants (figure 8.29) werls@found in samples growing under
wet conditions i.e. in the Vaal River (sample 4085 pg MHg kg) and in the
Schoonspruit (sample 60B: 8 pg MHg%g
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Figure 8.29 MHg in selected VR plants

It was not possible to determine from this studihé observed concentrations of MHg in
plants resulted from its uptake from the soil aatll water, or from intrinsic methylation
processes in plants.

It is of importance to note that widespread incesas the atmospheric deposition of
mercury (Lucotteet al., 1995) may also result in increased concentratidmaercury in

plant tissues, which in turn may contribute to ated bioaccumulation of mercury.

8.4.7 TGM measurements at the old mine ventilatioshaft

No attempt has been made in this study to evakiat@spheric deposition of mercury,
which could add to total mercury in sediments aatings in the area (Fitzgeratd al.,
1998). Notable increases in mercury concentrationssoils and sediments from
atmospheric deposition, however, are likely to dmricted to within a few centimeters of
the surface (e.g. Road al., 1995). Also we have not yet attempted to evalgaseous
mercury emission and redeposition, which could cedur redistribute mercury.
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However, a pilot study was carried out in orderdeiermine TGMat the outlet of a
ventilation shaft connecting several old gold minear Orkney (figure 8.9). Air samples
were collected at 1.5 m height above the groundgugold traps, as described in chapter
6. Air was pumped for 10 minutes with a vacuum cylintteough a Teflon tubing line
(I.D. 1.6 mm; length 1.5 m) to the gaseous merdragping device. Air pumping flow
rate was adjusted at 0.5 L rifimnd continuously controlled during the samplingique

by a calibrated gas flowmeter (figure 8.30).

Quartz
Filter

Hg Gold trap

Vacuim
Cylinder

i S

Figure 8.30 Experimental set-up for Total Gaseoesduvry in air

Due to the low capacity of the vacuum cylinderwiis not possible to achieve the
equilibration step of the air sampler with ambiait Prior to the sample collection, the
sampler is usually run during an hour in orderdaikbrate the sampling line with the air
sample. This procedure aims to minimize or avoig assorption/desorption of gaseous
mercury on/from the sampling line walls and thusnbprove the accuracy of the TGM
measurement.

Thus, only three air sampteplicates of 2.8, 5.0 and 1.5 liters have beefopeed. The
TGM concentrations measured at the outlet of thikagion shaft are presented in Table
8.11.
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Table 8.11TGM concentrations in air

ID  Sampling flow Volume TGM

(ml min™) (L) (ng m°)
Al 500 2.8 49.2
A2 500 5.0 21.8
A3 350 1.5 31.4

The measured TGM concentrations at the outlete¥#ntilation shaft were significantly
higher than typical background concentrations mmeabsun pristine and open areas,
where TGM contents usually range between 1 to 4niig(Bakeret al., 2002; et al.,
2003; Gabriekt al., 2005; Wangbergt al., 2001). Within urban areas, concentrations are
found higher and more variable reaching up to 15¥2§m° (Pécheyraret al., 2000;
Gabrielet al., 2005; Wangt al., 2007).

TGM concentration in the first sample (Al) could &&ributed to a contamination from
the non equilibrated sampling line. Neverthelebs, gampling line used for the present
work was quite short (1.5 m) and the mercury réd@nbr contamination on/from its
walls can be expected to be low. Although Al shawsgher TGM content than the last
two samples, the concentrations remain in the samge for the three samples and are
likely to trace an underground gaseous mercurycgoiiom the old mines.

These results have to be compared with backgrotmdspheric TGM contents in this
peri-urban area surrounded by old mines. Furthesanpling in both shafts and open

sites is needed to confirm these preliminary result
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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 fielckeasurements are shown in table 8.12.

Table 8.12 Mercury in West Wits waters

Sample T pH Eh Ec IHg %RSD MHg %RSD %MHg
(°C) (mV) (mScm') (ngL?) (ng L)
15A 19.8 5.92  387.7 3.82 0.004 6.5 0.292 25.8 98.5
17A 204 6.67 4829 3.88 0.330 2.0 7.835 6.3 96.0
19A 200 751 452 3.64 13.055 2.9 6.547 4.8 334
20A 200 7.74 445 3.55 0.195 24 3.436 6.6 94.6
21 20.0 7.8 442 3.53 0.009 15.9 2.680 11 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
29 209 8.29 417 2.23 0.048 3.1 5.305 12.8 99.1
31 224 8.04 443 0.88 0.006 4.5 0.054 2.8 89.9

Except for water sample 19A (19.6 ng+dgL™), collected from a water dam near the
TSF compartment 7B (figures 8.10 and 8.31) whiadwsfd Hgor beyond the TEL level

of 12 ng L, mercury values were generally low, and similarvidues for waters

obtained in the Vaal River region. This result cbbe anticipated, as WW waters were

collected at the same period with the VR dry seasaters.

Figure 8.x shows amounts of methylmercury verstal toercury (i.e. IHg + MHg) for

unfiltered waters. In these waters, only 30% (3 @am out of 10) have shown MHg

concentration below 10% of Hgr (range: 0 to 7%), which is the range of values

commonly seen in relatively uncontaminated surfaegers with normal methylation
potential (see e.g. Kellgt al., 1995).
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Figure 8.31 IHg and MHg in WW waters

Proportions of MHg were high in dams (e.g 19A) eti®(e.g. 17A) and streams (e.g. 29)
(range: 33 to 99% of Hgr), producing absolute values (0.007 to 7.835 pg Migd)
higher than those reported for the VR region. Thegh hproportions of MHg are
particularly significant, as it shows that condisowithin the West Wits Old North
sampling area may favor methylation of mercury.

It needs to be noticed that the vegetation in ttea as characterized by a consistent
number of grasslands, wetlands and woodlands €ig§u82) with an important presence
of decaying plants providing ideal conditions foencury methylation.

Some of the GC-ICP-MS chromatograms of WW watergasexhibited a considerable
presence of organomercury species with few of tisblowing unknown peaks (figure
8.33) similar to those detected in Highveld coate(chapter 7).

This could be an evidence of the occurrence ofletbrcury in the site, although little is
found in the literature to discuss the natural o@mce of this species in water systems
(see for example Magt al.. 2008).
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I Acacia karoo Closed Woodland
I Pteridium Herbland

| Secondary Grasslands {abandoned fields
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Avcacia caffra Closed Woodland

Protea caffra Closed Woodland
B Mundulea sericea Sparse Woodland
I Piateau Grassiand
57 Valley Grassland

Shale Grassland
B Perennial Streams
I Drainage Lines/Seasonal streams

Figure 8.32 Preliminary mapping of vegetation suaiisiat West Wits operations
(AGA, 2009a)

However, studies have shown that derivatizatiorcgsees (especially the ethylation) of

water samples and the extraction of mercury spe@arde affected by elevated chloride

content (Stoicheet al., 2006; Yinet al., 2010) and an important presence of humic acid
(Yin et al., 2010).
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Figure 8.33 GC-ICP-MS chromatogram of WW water san2g.
Note the presence of an important unknown peak@itd40 seconds
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Selected West Wits waters samples demonstratechportant salinity with sulfate (e.qg.
sample 17A: 1981 mg Ky and chloride (e.g. 24A: 194 mg Kgconcentrations higher
than those reported for some cases of water pmtiui.g. Ashleyet al., 2002) and the
electrical conductivity was always at the mSclavel (except in Wonderfonteinspruit).
This reveals an important ion activity in the watexds probably from the acid mine
drainage generated in the Vaarkenslaagte candiebpxidized pyrites from TSFs. The
presence of elevated chloride concentrations andiderable organic matter content in
WW waters could also affect the derivatization afraury species and lead to a wrong
estimation of their occurrence. Nevertheless, i @-workers (2011) have study the
effects of common coexisting ions (KC&*, Mg®*, CI, SQ, etc.) in real seawater
samples on the recoveries of IHg, MeHg and EtHggidior example, 10.000 ug'ifor
CI" and they obtained recoveries in the range of 89104.6% for the 3 specieBhey
concluded that the interference from coexistingsiaras negligible and could, therefore,
be ignored. In addition, in order to minimize thatnx related concern of the ethylation,
all the water samples were propylated with NaBRihich is reported to provide low
detection limit for organomercurials (Geerdink, 200 However, aqueous NaBPr
solution is also unstable and the propylation lieacsuffers from matrix effects when
dealing with seawater (Schubettal.. 2000; Bravo-Sanchea al., 2004). Depending on
the purity of the derivatization agent used, actifformation of EtHg during aqueous
propylation is sometimes a problem. For examplae&ious study reported a conversion
of up to 2.9% H{ to EtHg during the propylation reaction (Huang@2p Although the
NaBPyused in the present study was of high purity (99989 a quality control analysis
with appropriate standard materials is still of ortance to confirm the occurrence of
EtHg, and its magnitude in WW waters.

Elevated sulfur concentrations were also measur&tlast Wits waters, especially in the

sample collected from the Vaarkenslaagte canal {(¥240 mg sulfur kg) where the

evidence of pyrite oxidation was observed (tablS3.
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Table 8.13 Concentration of selected elements (gif)y ik WW waters

Sample Al Ba Ca Co Fe Ir K Li Mg Mn  Ni S
15A 0.69 0.02 4285 059 278 221 784 0.03 11048.4 0.03 4209.9
17 A 0.01 0.03 289.2 0.07 031 124 170 0.02 3224 bdl 1929.2
19A 1.00 0.06 4579 0.06 0.04 064 476 0.17 92.6.2 0.03 2650.8
21 Bdl 0.05 175 0.06 0.05 0.62 40.1 0.16 356 1.2.0401726.8
22 Bdl 0.05 420 0.06 0.04 0.67 393 0.16 852 1.3.0301173.7
24 B 0.33 0.03 2474 0.02 034 0.12 189 0.14 89.6.22 0.08 144.1
25B 0.02 0.03 bdl 0.02 0.01 bdl 185 0.14 27.1 bdd.05 174.7

26 0.08 0.03 2189 0.02 024 06 250 130 84.8 20.206 1983
29 0.48 0.03 2372 0.01 052 0.07 179 0.12 90.7130.0.03 622.0
31 1.14 0.02 759 001 0.75 0.05 16.1 0.03 41.3 20.0.01 607.6

The pH measured at this point was the lowest (8} &. all the studied WW watersheds
and with elevated iron and manganese contents (2844 mg kg, respectively).
Oxidizing pyrites in nearby TSF are a possible seuor iron, as well as sulfate in the
canal which is tributary to the Wonderfonteinsprdihis could explain the important
sulfur of 608 mg kg content measured in sample 31 collected from tlmdrfontein

stream.
8.5.2 Mercury in West Wits tailings and sediments

Concentrations of mercury and its species in ctdbkctailings and sediments are
presented in table 8.14, and figure 8.34 is an @kamf GC-ICP-MS chromatogram
obtained from the mercury speciation in tailings.

From the obtained results, the background mercomgentration in the site was estimate
to be about 35 to 50 pg kgTotal mercury concentration in sediments from i@/
region was lower than concentrations obtained e\{R region with Hgot in surface
sediment ranging between 36 and 628 ud Kanly four surface sediment samples were
beyond the TEL value of 174 ug kagvith the highest concentrations measured from
sediments collected near the old North TSF (sarBpe10: 414 pg Hg K and from
the dam (sample 19F: 628 pg Hg'%k@gs shown in figure 8.35.
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Table 8.14 Mercury in WW sediments and tailings

Sample Hgror IHg %RSD MHg %RSD %MHg
(n =3) (ug kg*) (ug kg (ug kg?)

8 267.0+20.7 290.9+36 1.3 1.9+0.2 8.7 0.6
S/IA10(0-5) 4144+413 3434+31.3 9.1 43+0.0 0.9 1.2
S/IA10(5-10) nd 229.7+20 0.1 6.6 +0.4 6.1 2.8
S/A10(10-15) nd 59.7 + 3.0 5.0 1.9+0.2 105 3.1
S/A10(15-20) nd 33.4+07 2.1 bdl 0.0
SIA10(20-25) nd 259+55  21.3 bdl 0.0
SIA10(25-30) nd 20.0+15 7.4 bdl 0.0
S/IA10(30-35) nd 152+17  11.4 bdl 0.0
S/IA10(35-40) nd 14.6 +0.7 45 bdl 0.0
S/IA10(40-45) nd 11.6+2.1  18.0 bdl 0.0
S/IA10(45-50) nd 9.4+05 5.0 bdl 0.0
16G(0-2) 49.3+1.9 nd nd

ARPD?2 265.3+17.6 226.7+57 25 3.8+0.9 25.3 1.6
16K(0-5) 389+21 nd nd

16L(0-5) 3442+131 331.8+50 15 1.9+05 26. 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+96 3.5 bdl 0.0
16L(25-30) nd 192.4+23 1.2 bdl 0.0
17E(0-2) 58.5 + 3.0 nd nd

18A(0-2) 2065+156 164.6+26 1.6 0.8+0.1 9.2 05
19F(0-2) 628.4+7.6 5052+14 23 8.8+0.5 5.8 1.7
19F(2-4) nd 4204+20 05 4.7+0.1 21 11
19F(4-6) nd 336.9+16.7 4.9 8.1+2.1 266 2.3
19F(6-10) nd 565.4+15.0 2.6 11.3+10 87 20
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 04 54
23(0-2) 124.9+65 119.6+47 3.9 bdl 0.0
30(0-5) 35.9+3.3 nd nd

The mean concentration found in tailings was al266tpg kg (samples 8 and ARPD2).
Although the relationship between mercury conceiana in tailings and grain size has
not been characterized in this study, it was regbthat the finest tailings particles (< 2
mm), such as silt-clay (which is the case in thesspnt study) can be enriched in mercury
and exhibit concentrations around 200 pg kiyshleyet al., 2002).

MHg values for tailings ranged between 1.9 to 3@ Kkg*, indicating that there are

conditions favorable for methylation of mercury oca these materials in the area.
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MHg also was identified in all surface sedimentthvdoncentrations ranging from 0.8 to
4.3 pg kg, corresponding to 0.6 to 1.2% of Hg. As it was the case with water
samples, the sediment profile collected in the daample 19F) exhibited the highest
proportion of MHg in bulk sediment with an enrichm@bserved at 6-10 cm depth (11
ng kg') corresponding to a proportion of 2% of thethig But the highest MHg
proportion occurred at deeper layer (15-20 cm) withre than 5% of Hgq in the form
of MHg (figure8.36). This suggests an important noixcal activity occurring within the
dam. It still needs to be recalled that the ovenadithylation rate observed in WW

sediments falls into the average value of 1 to 8perted in the literature.

Sample 19F
Hg (g kg )

0 200 400 600

19F(0-2)

19F(2-4)

19F(4-6) m IHg
m 10*MHg

19F(6-10)

19F(10-15)

19F(15-20)

Figure 8.36 IHg and MHg in sediment profile 19Fy(iies in brackets are depth in cm)

8.5.3 Mercury concentrations in West Wits plants

Concentrations found in plants (table 8.15) werso dbwer (21 to 55 pug Hg Ky
compare to VR plants (16 to 247 pg Hg'kgHere again the sample collected within the
dam (19B) had the highest concentration ofdigvith a MHg proportion of 7%. Figure
8.37 shows the chromatogram obtained during specianalysis of the plant sample
19B by GC-ICP-MS.
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Table 8.15 Mercury concentration in selected WWhida

Sample  Type Hgor IHg + SD MHg+SD %MHg
(ngkg)  (ngkdh) (ng kg")
16Y  Phragmites 37.8 nd nd
17C Typha 31.9 nd nd
19B Willow 55.0 447 +2.9 3.5+0.5 7.2
19H Algae 20.7 nd nd
32 Algae 42.3 nd nd
100 00D |Hg

85000
80 000
&5000
B0 000
75 000
0000
65 000
60000
550004
S0000
45000
#0000
35000
30000
25000

Intensté (Cpe)

15000 MHg
000g
s - .
o it — o e
80 00D 80 000 100 00 110 000 120 00D

Ternps (IS

Figure 8.38 GC-ICP-MS chromatogram of WW plant 19B

It was not possible to draw a proper conclusionceomng the mercury uptake in WW
plants due to the small number of analyzed samples.

Finally, a general trend was observed from the ab@gults in the WW region which
consisted on a decrease in mercury concentratiorwéters, sediments and plants)
following the path of the Vaarkenslaagte canal frime old North TSF area to the
Wonderfonteinspruit, with the highest mercury loadd a consequent MHg production

occurring in the dam close to the TSF compartmént 7
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8.5.4 Summary

The assessment of mercury contamination and thexcteaization of its distribution and
transport in the Vaal River West and West Wits oagj as presented in this study,
allowed us to draw the following conclusions:

- Mercury contamination from the mining and recovefyold during the late 19th
and early 20th centuries is widespread in envirartalecompartments near
historic gold mines in the Vaal River West regidining operations has led to
severe contamination of the bottom sediments afrvesrs downstream of the
mines (Schoonspruit).

- Both IHg and MHg, which are potential risks to humteealth and to surrounding
ecosystems, have been detected at considerablis levthe watersheds where
mining was widespread. High levels of mercury acglation found from mine
sites, receiving waters, and even sediments doearstrof mines indicate that a
large part of the mercury used in gold ore procggssias lost to the environment.
The most elevated total mercury concentrations atevg, sediments and plants
were found in the Bokkamp Dam and near the pumpsécaehind the dam,
respectively. Remobilization of mercury from thettom sediment at the dam
and its drainage by runoff during rainy season sed¢m be the cause of
contamination of the sediment near the pump house.

- Mercury was found at concentrations beyond accéptalues from national and
international criteria in borehole waters, espégial the one located near the
West Complex North TSF, confirming a severe grousigwcontamination. It is
believed that the contaminations originates fromiage activities, probably from
the leaching of mercury polluted soil and tailings.

- Enhancement of mercury methylation occurred mainlybulk sediments at
regions corresponding to the lowest redox poterttigher pH and enrichment of
inorganic mercury. A positive correlation was aldound between the
methylmercury, sulfate, organic matter and irontgras in sediment profiles,
demonstrating that other factors than the presehdidg are also influencing the

methylation process in the site.
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The pilot study carried out on the closed ventiatishaft near Klerksdorp
presented TGM values much higher than those repdéotebackground level and
even higher than levels obtained within industrz@nes. This suggests an
important underground source of mercury vapour tvimeeds to be investigated
more extensively.

Although the mercury found in waters, sediments plaohts in the West Wits
region was lower than in the Vaal River West, elettaconcentrations,
considering the background level, were found ne&FsI with a considerable
methylation rate. The study was carried out dutiimg dry season only and,
therefore, no particular conclusion could be drawoncerning seasonal
transportation of mercury. Nevertheless, the deered mercury level from the
Savuka Mine area to areas away from the mining sitggests that mining
operations are probable responsible of the mercangamination found on the
site.

Important concentrations of heavy metals and sulieere found in the
Vaarkenslaagte, suggesting a probable impact dfragie drainage which seems
to affect, to a certain extent, the Wonderfonteireasn located about 20 km
downstream.

The highest mercury level found in plants, at bsttidy sites, were measured in
samples collected from areas where the highest unerconcentrations in
sediments were also obtained. This confirms thatntlercury level in plants can
be a good indication of the magnitude of mercunytamination for a given site.
Finally, the occurrence of methylmercury on botiesiis of concern due to the
possibility for this toxic species to enter the doweb and bioaccumulate in

fishes.

Results obtained in this study recommend furtheestigations in both sites, which

should include: more gaseous mercury measurentéstsletermination of dissolved and

particulates mercury in water, the analysis of dewirange of plants and also of fish

samples from affected water systems. In additiazgrainuous monitoring of the sites as

well as the analysis of human materials such asdblarine or hair, from the nearby
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population, will contribute to a better charactatian of the overall biogeochemical
cycle of mercury in these areas and also to arbateessment of the ecosystem impacts

resulting from both historic and current mining cgaens.
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Chapter 9
The impact of post gold mining on mercury pollutionin the West
and East Rand regions

9.1 Introduction

In the late nineteenth century, soon after theadisy of gold in South Africa, mines
have developed in the West Rand area (figure 8dgtéd about 50 kilometers west of
Johannesburg. Mining is still developing in theioegsince the youngest gold-mines in

South Africa are found in this area (www.deepbimgeton.edu).

Krugersdorp
Key d\‘ 7 2 AN
[3 3% 31s
Towns* ‘ \‘,/y‘ 7 ~
,’\ \ 4 I
) West Wits Line Mine Lease Areas Randfontein | . 4
x [ 18 |
s ) |
y " West Rand Mine Lease Areas g 5 “ I
6
Carltonville

Fochville

Figure 9.1 Mines of the West Rand and West Wit IMining Areas

Some of the mines have closed down whereas othgessdhanged owners. Underground
and opencast mining operations as well as thematlan of sand and slimes dams are
done in these mines. The gold-bearing reefs coraiarray of minerals such as native
gold, uranium oxides, traces of platinum and amyawf sulfide minerals with pyrite
being the most abundant. Most of the mines hawdymed uranium together with gold.
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Among the mining companies operating in the WestdRarea there is Rand Uranium
which operations are located just 30 km from therheof Johannesburg, near

Randfontein, as shown in figure 9.2.

Randfontein Johannesburg

Millsite complex

Cooke 2

Cooke 3

Gold Fields
ESN e Gold Fields
Ashanti

[ Rand Uranium
Neighbouring Mines

Figure 9.2 Location of the Rand Uranium and itghboring mines
(Source: www.randuranium.co.za)

In 2008, Rand Uranium bought part of the cooke tshafd associated uranium assets

that used to belong to Randfontein Estates Limitdyholly owned subsidiary of
Harmony Gold Mining Company Limited. The assetsuaegl included 3 cooke shafts;
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one cooke Plant and some uranium and gold tailshg:ps such as Dump 20, as
represented in figure 9.2 (www.harmony.co.za (al@nevww.prfl.com).

The Millsite Gold Plant (figure 9.2) was commissdnin 1911 and, as a result of the
milling and processing technology of the day, coutd fine grind the ore to extract the
contained gold, creating the Sand Dump (Dump 2@) wirelatively high residual gold

grade (0.46 g% (www.randuranium.co.za) and, therefore, the #geiof reprocessing

the tailings to recover the remaining gold.

Lang (2007) reported that, in 2002, acidic wategaredecanting out of a disused mine
on Randfontein Estates about 42 kilometres soust-wé Johannesburg, a property
belonging at that time to Harmony Gold. While soofi¢his acidic water was produced

by Harmony's own operations, a large proportion geserated by its competitors.

The author also reported that the water comingoduihe disused mine in Randfontein

could not simply be channelled into the nearestrrivecause it was far too acidic and
could have had serious consequences for the emvaon

As an emergency measure, Harmony fed the waterRiotmnson Lake, at that time a

popular recreational area where fishing was a fai@pastime. Today the lake has very
high levels of uranium and a pH level of 2.2 whitlakes it completely incapable of

sustaining any life forms.

The mining company claimed in its 'Sustainable Dgw@ent Report 2007' that it "treats

the water to acceptable standards given the cutmestiment technologies available” and
Lang (2007) to conclude said:” What Harmony findseptable, however, may be less so

to environmentalists”.

The main difficulties encountered when investigatitme post-mining influences of
mining areas in South Africa, especially in relaship with closed and abandoned
mines, are as follow (www.deepbio.princeton.edu):
- The mine was abandoned, thus there is no traceasdpensible authority.
- The mine is listed as abandoned, but has actualiy lamalgamated into a larger
company, sections of which are still active. Hos reason, the holding company

does not consider the mine to be closed.
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Many of the mines listed as “closed” have changatership and are still
operating, perhaps mining different reefs or daiegamation work under a new
name, as it is the case with the Rand Uranium.

The holding company is unwilling to submit infornoet. There may be
numerous reasons for this; the most probable hbi@gffort required is seen as
unprofitable.

The access to the mining area is not easily gramttesl limited to areas under the

supervision of the holding company.

Concern has grown in recent years that acidic wi@eding abandoned mine tunnels

under Johannesburg will soon spill over into thetemable of the surrounding

Witwatersrand Basin, threatening the health ofionB of residents (Feuilherade, 2010).

A large portion of this mining area has been inficed by mining activity and some of

these influences include:

The aquifers have been subjected to extreme dangsresses.

Mining and industrial development are extensive.

Mining, industrial and human wastes have been dspaf in this area. These

have created surface and groundwater pollutioncesuand related problems.
Unfortunately, the extent of the problem remainsaoioe.

There has been no overall monitoring program andmui what is feared about

pollution in the area relates to individual peroeps, for example fears about
refuse sites which may be polluting. Many of thaes are in the process of
establishing such monitoring networks.

The mines are dewatering. This causes local, deees of depression and draws
groundwater into the mine, thus the subsurface m@thways have been altered
and may be complicated, making it even more diffitar a reliable monitoring

program to be established.

While it is of common knowledge that gold extraotim these mines has been initially

processed using mercury amalgamation, no particafarmation could be found in the

249



literature that has specifically dealt with the legical impact of historical use of
mercury in the area.

That is why, in the present chapter, an attempt nvade to assess the long-term post-
operative legacy of gold mining in terms of mercpojiution and fate in the Randfontein
area (West Rand). Metals associated with minegddda this area have been reported to
travel hundreds of kilometers and impact downstrearecosystems
(www.deepbio.princeton.edu). This study is also iattial step toward identifying

mercury sources to this environmental compartment.

In addition, mining companies extracting ore in iW@watersrand area, to the west as
well as east of Johannesburg, have created a 30@tkynnth of interlinking passage
(www.deepbio.princeton.edu).

Therefore, as mentioned previously, in order te@laur work in a regional context on
the Witwatersrand Basin, a study was also carrigdo the East Rand (Ekurhuleni) near
Johannesburg (figure 9.3), in an old mine prop&rtych contains a partially cleaned
TSF footprint, and in the adjacent Scaw Metals fBrgein B landfill, an old clay quarry
which contains mine tailings from Ergo and mixedimg and metals waste.

Scaw Metals, a metallurgical group belonging to lAndmerican, has reported to
restoring the Rietfontein landfill site and, followg a pilot study, the site was fully
planted in 2006 with trees and plants speciallgced for their tolerance to adverse
conditions and ability to remove pollutants fromnda waste and water
(www.angloamerican.com).

The company has mentioned that researchers froomdoer of universities such as the
University of the Witwatersrand (SA) and Tel Avinlersity (Israel) have collaborated
on the project and, using aerial survey and manigowork, including geo-hydrological
studies, these researchers have found no minerdhromnation of the planted areas
around the site. The project was reported to corapgiéanting at the site in early 2008

(www.angloamerican.com).
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Figure 9.3 Location of study sites

Thus, it was found worth it to determine the cutréevel of mercury on the site
sediments and plants in order to assess the ingpgttytoremediation works performed

on the site.

9.2 Site description

This study investigated the speciation and fatenefcury in the decanting JCI Anglo
American shafts and boreholes (now Harmony/Randiuna), and the receiving creek,
wetlands and dams. The creek drains within a védygold mining area located in
Randfontein near Krugersdorp and receives bothawidter discharged from subsurface
mine tunnels (acid mine drainage, AMD) and runatini surrounding surface mine

waste piles (slimes dam) (figure 9.4).
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Figure 9.4 Map of the study area in Randfonteiru(8e: Google)

This creek also drains to the Krugersdorp Game iReseetlands. The game reserve is
separated to the mining site by the Rustenbergoo&?4 (figure 9.5).

The headwater of the drainage lies in an area irchwthere is an important and old
slimes dam (figure 9.5). The creek is susceptibléaoding during summer rainfalls but
discharge in the creek during the dry season imsesl by groundwater through inflow

from seepage zones.
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Figure 9.5 The Randfontein sampling area

The area is characterized by the presence of atlmeg crust (figure 9.6), typical of iron
oxide ores (Naickeet al., 2003).

Figure 9.6 View of the land in the Randfontein site
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Samples were collected during dry season, followirgprotocols presented in chapter 5,
from boreholes, wetlands, dams and along the asgek a distance of approximately 10
km downstream of the mining area to the Krugersdégme Reserve (figure 9.7). In
addition, water samples were taken in an aditdrans within the formal Rand Uranium

and discharges into the creek.

HHomselars

Figure 9.7 The Randfontein sampling points
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A description of collected samples and the corredpm GPS location are presented in
table 9.1.

Table 9.1 Description of the Randfontein sampling
Sample Description GPS
ID
78A-E  Water samples at different depths (1, 10526°07.295' E027°43.279'
20, 30 and 50m) from a borehole (“17
winds”) sunkbefore 1st world war

80A Sludge/sediment near the “17 winds” S26°06.¢D27°43.382'
80B Water near the “17 winds” S26°06.914' E027°83.3
West Rand, Rand Uranium
81A,B,C Algae

82A-C Typha
83A Water sample clearest (“18 winds”) S26°06.88®27°43.484"
83B Water: dirty section "near sack weir" S26°08.:82027°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' E027503.3
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 aig® organized in late winter and,
due the dry conditions found in the site during shenpling, only one water sample was

collected from a sump. The sampling details aregmted in table 9.2.
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Table 9.2 Description of the Rietfontein landféinspling

Sample ID Description GPS

Sumpl Landfill leachate from sump -

2a Sediment core S26°18.104’; E02825.170’
2b Sediment core S26°18.104’; E02825.169’
3 scaw Sediment core S26°18.106’; E02825.170°
4 scaw Sediment core S26°18.109’; E02825.169’
5 scaw Dry sediment crust in dam S26°18.107’; E02825.170’

5 adit (0-20 cm)
6 adit (0-20 cm)

Surface soil next to adit entrance S2618.195": E02825.627’
Surface soil midway between rock S26°18.205: E02825.619’

dump and shaft

7 Waste rock -
Trees on landfill
Rpl Rhos pendolina (deciduous) S26°18.128’; E02825.186’
Rp2 Rhos pendolina (deciduous) S26°18.130"; E02825.203'
RI1 Rhos lancea (evergreen) S2618.133"; E02825.183'
RI2 Rhos lancea (evergreen) S26°18.132'; E02825.199’
Ci1 Combretum erythrophyllum S26°18.134’; E02825.200°
(deciduous)
Cc2 Combretum erythrophyllum S26°18.138’; E02825.212’
(deciduous)
T1 Tamarix usneoides (evergreen) S26°18.134"; E02825.188’
T2 Tamarix usneoides (evergreen) S26°18.138’; E02825.206’
1-6 Typha Typha capensis (a reed) -
Phragmites In small dam -

australis (a reed)

1-6 Schoenopledus Schoenopledus sp (a sedge) Ih sma

dam
el Eucalyptus sp (leaves + bask) S26°18.193’; E02825.626’
€2 Eucalyptus sp (leaves + bask) S26°18.194"; E02825.626’
€3 Eucalyptus sp (leaves + bask) S2618.212"; E02825.621"

Sediments were collected from a dry pond and neaasie rock pile site. Leaves were
also taken from phytoremediation trees mainly fittva oldest planting site and also near

the waste rock pile (figure 9.8).
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Waste rock pile

Oldest planting

Figure 9.8 GIS image of the Rietfontein (“Scaw nsf)asampling site

9.3 Results and Discussion
9.3.1 Mercury in waters

Mercury concentrations determined in waters coiédtom both sites and the ancillary
data are presented in table 9.3.

At the Randfontein site, all analyzed waters weidia with pH ranging between 2.9 and
5.0 (table 9.3), except for sample 94 collectednftbe game reserve which showed a pH
value of 7.8. It has to be mentioned that at thenblary between the mining site and the
game reserve, the pH is increased by the compaaty awns the mine in order to
precipitate soluble metals and therefore, minimihe contamination in the water
draining to the natural reserve.

The total mercury concentrations (i.e. IHg + MHg@asured in unfiltered surface waters
at the Randfontein site varied from 0.01 to 222g6L* and averaged 52.38 ng'L
Mercury concentrations in 4 samples (samples 88,990and 94) nearly reached or
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exceeded the 12 ng Hg'that the EPA indicates may result in chronic effectaquatic
life (US EPA, 1992).

Table 9.3 Mercury concentration and field measurégmef Rietfontein (in red) and
Randfontein water samples

Sample pH T Eh Ec HgT IHg % MHg % %
(°C) (mV) (mScm') (ngLlh (hgl?) RSD (ngL?) RSD MHg

Sumpl 7.43 20.0 153 3.40 0.174 0.122 2.7 0.052 5290.6
78A 477 20.5 349 3.88 0.237 0.144 59 0.093 7.8 .339
78B 473 20.2 354 3.92 0.110 0.043 32.3 0.067 8.31.06
78C 466 20.2 345 3.93 0.530 0.481 1.3 0.049 5263 9
78D 474 20.6 311 3.90 1.986 1.897 14.7 0.088 10.3.5
78E 463 20.3 305 3.93 0.897 0.837 27.3 0.059 798.6
83A 496 209 282 5.28 3.290 1.766 51.0 1.524 4.56.34
83B 49 209 309 5.26 0.010 0.010 3.2 bdl - 0.0

88 3.09 21.0 560 5.20 159.012 158975 1.4 0.038 1.8.0
90 291 20.0 620 5.20 11.839 11.800 3.5 0.039 123 0
91 3.06 21.1 550 5.19 222.754 220.636 3.5 2.118 2 351.0
94 776 179 374 4.05 17.637 17.578 2.9 0.059 12.0.3

Mercury concentration in waters was variable witthe site and the highest mercury
levels were found in the creek draining from thaimg area, which has a history of more
than a century in gold extraction, to the gamerkese

It has to be noted that sample 94 which also shaowex@ury beyond the threshold value
of 12 ng L*was collected within the game reserve which shdas &lthough liming is
performed to reduce the metal content in watercorgris still found at a considerable
level within the game reserve.

Mercury values in Randfontein waters were lowentihmsome areas affected by gold
mining with amalgamation and mercury mining, sushrasome China provinces (Deti
al., 2004). However, these values were obviously highan what measured in natural
waters (e.g. Leermakeesal., 2001). This showed that the mining area has b#eated

to a certain extent by mercury pollution obvioudlye to the long period of gold mining

activities.

AMD discharges from the adit at the Rand Uraniunthi® creek and forms a tributary

that flows few hundred meters through the inopeeatnine site.
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A hard orange precipitate covers the bed of tHautary (figure 9.9). The acidic water
from the Rand Uranium enters a pond before mixirip whe mine creek and, at this
point of discharge from the adit, the water wasarciwith a pH of approximately 5.0.
Hgror at this point was about 3.3 ng' sample 83A), which was similar to the mercury

level measured upstream (sample 80B: 4.3 ng Bgads shown in table9.3.

Mine creek

Water pond

Figure 9.9 View of the adit within the Rand Uranisgite

Physico-chemical properties of the AMD from the efreadjacent to the pond were
different from AMD at the adit. The Hgr within the creek ranged from 11.8 to 159.0 ng
L%, which is substantially greater than values messim the adit. The pH dropped to
2.9 and the redox potential increased to valudsgisas 620 mV (samples 88 and 90 in
table 9.3). The drop in pH from 5.0 in the pon@1® within the creek and increase of Eh
from 0.28 to 0.62 V (figure 9.10) may be a resdltenhanced pyrite oxidation of the
slimes dam materials which enter the creek, asas wiso observed by Ganguli and

colleagues (2000).
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600 - Wetland waters in AMD (Mean Hg: 131.4 ng L)
E 400
m
200 4
Upstream waters and from tributary adit
(Mean Hg: 20 ng L) Waters within the Game Reserve
0 {Hg{*): 17.6 ng L)
2 4 6 8

pH

Figure 9.10 Eh—pH relationships of all samples.
(*) The Hg value reported for the game reserveiohe sample only

Because the mine was in almost continuous operé&tioabout a century (this takes into
account the reprocessing of tailings), the gendrataste likely contains readily
mobilized forms of mercury which will be discussther. Waste materials (tailings) are
therefore a potentially large reservoir of labileercury and, therefore, the high
downstream mercury concentrations in the mine creal be attributed to leaching of

materials exposed to surface weathering conditions.

Groundwater conditions within the mining area igyvacidic, as measrured from
boreholes (samples 78A-E and 91) with an averag®fp8i9, and has high sulfate and
heavy metal concentrations (tables 9.3 and 9.8p&ge water in the mining area is also
characterized by high sulfate and heavy metal cunaton, and the pH is relatively
lower that the groundwater. This is the result @ni oxidation as the groundwater

emerges at the surface, which further lowers théNdickeret al., 2003).
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Table 9.4 Concentrations (mgRoof selected elements and anions in Randfontein
waters

Sample Al Bi Ca Co Cu Fe Li Mg Mn  Ni Cl SO~
78A 180 04 7380 50 0.4 10120 0.3 3250 87.0.0 5138 770.2
78B 350 03 7380 6.0 04 12020 0.3 347 164.001 21.0 8404
78C 260 0.3 4750 4.0 0.4 8040 0.3 2230 69.01 5180 5957
78D 580 05 350.0 9.0 06 7100 0.3 5450 171.6.01 30.0 535.1
78E 230 04 5230 40 05 921.0 0.3 2450 7700 6.66.0 674.1
80B 280 06 1569.0 14.0 0.8 3463.0 0.4 7200 @925.0 110.0 2267.0
83A 121 05 8160 100 0.8 1720.0 0.4 361.0 111120 21.8 1201.2
83B 99 05 8590 80 0.8 16500 0.4 3820 1150.01 20.1 1240.8
88 443 28 3810 38 0.8 3620 1.0 172.0 276.0011820 298.4
90 37.0 2.8 5340 40 0.7 4230 1.0 233.0 386.0011129.0 305.1
91 700 25 9380 7.0 0.8 9350 09 403.0 630.001923.0 6828
94 bdl bdl 8565 0.1 bdl 04 05 1386 9.1 01 124 3018
96 bdl 0.1 5878 01 bdl 05 03 867 99 01 128 3225
102  bdl 0.1 631.2 bdl bdl bdl 04 941 80 0.1 156 289.3
103 0.3 bdl 224 bdl bdl 05 bdl 1400 04 bdl 1.0 3.4
104 03 bdl 234 bdl 01 05 bd 147 04 bd 0.8 3.6

As mentioned previously, the pH within the miningais low, ranging between 2.9 and
5.0. Heavy metals and sulfide (or sulfate) con@ians are dramatically high, due to the
inflow of acidic ground water. In the north of tmeining area i.e. within the game

reserve, the pH rises (6.9 to 7.8) and metals cdurateons decrease considerably going,
in some cases, below methods detection limit (Seepkes 94 to 104 in tables 9.3 and
9.4). The pH increase and the subsequent metalstred within the game reserve can
be attributed to the liming performed at the bougpdzetween the mining area and the

game reserve and also to the dilution from tribatadraining within the reserve.

On another hand, the MHg concentrations in Randforwaters were relatively uniform
(figure 9.11), ranging between 0.04 to 1.52 ny kxcept for the sample 91 (2.12 ng
MHg L™ which was collected in a borehole near wetland ahich also showed the
highest Hgor (222.76 ng [Y). The uniform MHg concentrations measured in thtew
may be a result of a balance between microbial yreibn and demethylation as
suggested by Ganguli and colleagues (2000) in gtady on the mercury speciation in
drainage from the New Idria Mercury Mine (USA). Thigh MHg value observed in the
borehole may be attributed to the considerablelavitity of IHg (220.64 ng [), caused
by the high Eh and low pH conditions, whereas teeated MHg of 1.52 ng t, and
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corresponding proportion of 46.3% to the total raeyc observed in the pond (sample
83A) may be the consequence of bacterial activilieder the reducive condition (Eh =
0.28V) observed in the pond (table 9.3). The higim load measured at this point (see
table 9.4) could also be an important contribubothie mercury methylation.

240~
180
.
2 120 W |Hg
_E_j B MHg
60
s B il
8 9 91 94

78A 80B 83A 83B 8

Figure 9.11 Mercury species in Randfontein surfaater

9.3.2 Mercury methylation in the old water borehole

Factors that favor the mercury methylation in Rant#in water have been investigated
in the case of a profile from an old boreholeufig9.12) sunk before thé' World War

and which is located not far from the Dump 20 of fRand Uranium. Samples were
collected from the surface to 50 meters depth atmkfers interval each. Figure 9.12

presents different patterns obtained for Eh, pHy #fd MHg in the profile.
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Figure 9.12 Mercury species, Eh and pH trendserotd Randfontein borehole
(The dashed area corresponds to the probable refjidiig production)

It can be seen from the above figure that the sightHg value (0.093 ng't) was at the
surface water. MHg decreased with depth but inecagain at about 30 m depth (0.088
ng LY. In this zone, the IHg was at its highest vali@97 ng [') and the Eh was low
(311 mV). Although the pH did not vary much in theofile, the value obtained at this
point (pH 4.74) was close to the highest one meakat the surface (pH 4.77). The same
trend was also observed in Vaal River sedimenthat3choonspruit (see chapter 8).
Therefore, the mercury methylation within the olordhole may occur in deep water
under the most reducive conditions but, due tartsility, MHg migrates to shallow

levels.
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It is important here to recall that the boreholdevanay also be a subject of continuous
methylation and demethylation processes which prigbaffects the overall methylation
rate in the study system. Further investigationednéo be done to explain this
mechanism.

The water sample collected in the sump at the &hedin site (sample “sumpl”)
exhibited similar trend as the surface water fromRandfontein old borehole (table 9.3),
except for the pH which was much higher (pH 7.4BRietfontein than in the acidic
water at the Randfontein site. Therefore, the Idw(E53 mV), the IHg content (0.122 ng
L™, and of course the pH could be factors contrglline methylation in the sump. The
MHg (0.052 ng [!) proportion to Hgor at this point was about 30% and was in the same
range than the proportion found at the surfacé®Randfontein old borehole of 39%.
Both IHg and MHg were identify in the Rietfonteinater at concentrations
corresponding to values measured in waters fromimgacted area, which implies that
no mercury contamination was observed in the Rigtia water, although this has to be
taken with caution since only one water sample avedyzed from the site due to the dry
conditions mentioned earlier. A sampling duringhraeason will be important for more
conclusive results.

On another hand, it was surprising to find low meyclevel in the Randfontein old
borehole (0.237 ng Hgtat the surface) since it is located near AMD armelto old
dumps which are known to contain wastes from histgold mining operation and,
therefore, mercury waste from amalgamation processelatilization of mercury to the
atmosphere during the dry season may explain tbeeabbservation. Here again, a wet
season sampling will provide interesting data fomare 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 sesfita are shown in table 9.5.
Table 9.5 Mercury in Rietfontein sediments

Sample Hgror IHg MHg

(n=3) (ugkd) (ngkd) %RSD (ugkd) %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 729+54 n/a n/a

4scaw 68.7+7.6 n/a n/a

Adits 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 betw8®mand 125 ug kf(figure9.13) with

an arithmetic mean of 81 pugkg

2A scaw  2Bscaw 3scaw 4scaw Adit5 Adit6

125,

100

757

50

Hg (pg kg ™)
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Figure 9.13 Mercury in Rietfontein surface sediment

These concentrations are closed to background yabtined in Vaal River sediment
and confirm, as it was the case for the water santpat no particular contamination was
observed in the Rietfontein site. The highest mgraalue was measured in a sample

collected near the waste rock pile (sample “aditd@his “high” value, which is still
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below the EPA threshold level of 174 ug'kgould also be due to the fine grain size of
the material around the waste pile.

Results of sediments and soils analyses from thelfRatein site are presented in table
9.6 and figure 9.14 shows an example of GC-ICP-ki$matogram of a soil sample.
Total mercury values in the Randfontein surfacamsedts (or soils) ranged from 46 to
2207 pg kg, with an average of 972 pgkg

Table 9.6 Mercury in Randfontein soils and sedirment

Sample Hgror IHg MHg
(n=3) (ug kg (ugkd) %RSD  (ugkgd) %RSD %MHg
80A 87.6+6.7 n/a n/a
86A 2316.3+163.5 2090.2 15 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 1.6 155 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 45 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 35 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 457122 n/a n/a
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In many cases these values significantly exceedwd doil mercury background
concentration in this area (i.e. about 45 pg)kdiere, the average value was more than
10 times higher than the mercury mean value fotf&®iein sediments. The mercury
concentration in wetland soils (i.e. samples 87, ® and 98) was found higher than
elsewhere. This can be attributed to the knownntete capacity of metals in
wetlands.Dixon (1997) in his study on backgroundosmtrations of metals in wetland
soils has reported a mean background value belomg36§* for mercury (range: <11.50
to 300 pg kg). Concentrations obtained in the present studyevsgnificantly higher
(range: 1983 to 2316 pg Kpthan the background level reported by Dixon, \whic

confirms the contamination from historical miningesations in the area.

400 000
380 000
360 000
340 000
F20 000
300 000
280 000
260 000
240 000
220000
200 000

Intensité (Cps)

180 000
160 000
140 000
120 000
100 000
&0 000
50 000
40 000

20 000

0

T T T T T T T T T T T T T T T T
o 20000 40000 BOOO00  S0000 100000 120000 140000 160000 180000 200000 220000 240000 260000 280000 300000 320000
Tetnps (MS)

Figure 9.14 Example of GC-ICP-MS chromatogram afidRantein sediments

Generally speaking, mercury in soils is the sowfcthe mercury found in waters. Soils
are also considered as the sink of mercury fromemathrough precipitation or

adsorption processes. In this study, correlatioalyges have shown that mercury
concentration in soils was positively correlatedrtercury from waters with a regression
coefficient of 0.54 (figure 9.15).
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This shows that the change in mercury content afdRantein waters is also decided,

among other factors such as atmospheric volaiitizaby the exchange between soil and
water.

225 - .
R? = 0.5363
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Hg in Water (ng L %)
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0 600 1200 1800

Hg in Soil (ug kg ?)

Figure 9.15 Correlation between Hg concentrationsaters and corresponding soils

Remarkably, total mercury concentrations in thed®amtein site increased first, and then
decreased from upstream to downstream (figure 9ri6¥tly due, as mentioned earlier,
to dilution of tributary downstream or water treatmh occurring at the boundary between
the mining area and the game reserve.
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Figure 9.16 Mercury in the Randfontein site.

Note the number of red dots (i.e. Hg50 pg kg) within the mining site compared to
the game reserve

This may explain the significant decrease of merdevel observed in sediments going
from the mining site to the game reserve (figurg79.and also confirms that mining
operations are the main source of pollution ingtea.

These results agree with those derived from soragilBan gold mining areas (Pestagia
al., 2000 and the reference herein), where a pattefmgbfly contaminated sediments
near gold mine wastes and lower concentrations dxgay these sites was observed. The
existence of a relationship between mercury coatensoil and distance with respect to
the source was also recently observed by Santos€saand colleagues (2011) in the
Cuyuni River basin (Venezuela). The mercury comstémttheir study varied according to
the distance from the source and, as the distanoe the source of pollution increase a
gradual decrease in the mercury concentration waseroed. These authors also

mentioned that dispersion halos are not very ektenand are influenced by the
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intensity, turbulence and dominant direction of thied, soil texture, topography, and
rainfall runoff.
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Figure 9.17 Hgot in Randfontein surface sediments from the minegggreen) to the
Krugersdorp Game Reserve (yellow).
Distances are estimated departing from the headwate

9.3.4 Mercury methylation in soils and sediments

Methylmercury concentrations in Randfontein surfaediments/soils were between 0.9

to 10.4 ug kg with a mean of 5.4 pg Ky(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 surtemiments

The highest MHg proportions were found in sedimdras the game reserve. This is
understandable since a natural reserve is expaxiashtain high level of organic matters
which is, by the way, confirmed by the high peregeat of carbon found in the sediment
profile 98, collected within the reserve, compatedpercentages always below 1 of
sample profile 93 taken from the mining area (t&01.

Moreover, the percentage of MHg to the total meratwncentration can be a useful
index to describe the degree of pollution of a giweater system. Usually, MHg
concentrations in bottom sediments vary betweemdl. 1]a5% whereas in non-polluted
areas this index takes values lower than 1 (Bostké, 2003; Kannan and Falandysz,
1998). Methylmercury proportions obtained in theesant study, in particular from
samples within the natural reserve, are proof #téive mercury methylation processes
are occurring in the creek sediment in the Randiargite which needs to be monitored
carefully due to the possibility of MHg accumulatiin the aquatic food chain at the

natural reserve.
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Table 9.7 Carbon, Sulfur, Chloride and sulfate eott in selected sediment profiles
from the Randfontein site

Sample C S Cl SO,
(%) (%) (mgkd')  (mgkgh
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 thatndeiral Hgor in the bottom
sediments can vary from 10 to 200 pgkaf dry mass, which is of the same order of
magnitude as noted in non-polluted soils. Thesbastalso mentioned that very high
concentrations of mercury can be found in the sedis from highly polluted areas
reaching values as high as several hundreds riigokgry mass. The above statements
agreed perfectly with our findings since Hdg in bottom sediments from the less
impacted area, i.e. at the game reserve, was atiufug kg (sample 98) whereas
mercury values from the mine bottom sediment sasnpached values as high as 2581

ng kg* (sample 93). This shows the importance of theutioth at the mining site.

Moreover, while soil profiles in the area generabjowed increasing mercury
concentrations toward the surface, with the higleesicentration found in the top 2-10
cm of the profiles, the soil profile of sample 3dlected from the wetland in AMD had a

different pattern (figure 9.19), with a substantrarcury enrichment at 15-20 cm depth.
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Figure 9.19 Mercury and selected metals patterssiirprofile 93
(Note the metal enrichment 15-20 cm depth)

The general patterns observed in this area mayttbbuted to downward migration of
metals from tailings dumps while the bulk enrichinenthe mine soil profile may be
caused by the enrichment of organic matter contgétit depth in the soil (Rosner and
van Schalkwyk, 2000). A relatively strong corretati(R = 0.74) was found between the
organic matter content, expressed here as pereenfatarbon, and total mercury in the
soil profile 93 (figure 9.20).

Santos-Francés and co-workers (Santos-Fraeces., 2011) have also reported the
influential role of the organic matter in mercungtdbution in soil profiles.

The mercury enrichment observed at deeper layénarsoil profile 93 may also be an
evidence of historical pollution of the site asvis also observed by Ya al. (2008)
who reported total mercury concentrations of 1526 times higher than the background
concentration in the middle sediment layers ofrtbeidy site.

Finally, the vertical increase of mercury concetrain soil profile 93 may also be
attributed to the volatilization of Hdgrom the soil surface to the atmosphere, as it was
observed by Steinnes (1990).
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Figure 9.20 Correlation between carbon contenttatadl mercury in the soil profile 93

However, the atmospheric loss of mercury from wated soil surfaces can be a slow
process (Lacerda and Salomons, 1998; Schraatder, 1992) and much of the mercury

lost from sediments as a vapor may be redeposiiftinnthe watershed. Thus, the

hypothesis of atmospheric loss has to be combioeatiter mechanisms such as those
discussed above to explain the observed patteamdiprofile.

In general, most of the metals have exhibited #rmaespattern as for mercury (table 9.8
and figure 9.21), with an increase of concentratitowards the surface for the majority

of the samples.
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Table 9.8 Concentrations of selected elements @Hyik sediment cores from
Randfontein

Sample Al Ba Ca Cs Cu Fe Mg Mn Ni Ru
92(0-2) 223.0 3.3 3396 33 6.1 697415 25 101.D0.B 1.3 4226
92(2-4) 57 11 84 1.1 1.3 638.2 0.6 2.3 8.0 03 .4 8
92(4-6) 1916 24 3479 24 28 363557 1.3 6.0 .%180.8 317.7
92(6-8) 29.7 27 255 27 47 25189 1.8 8.7 3459 0384
92(8-10) 269 13 2011 13 53 628153 2.0 7.3 427.1.0 39.1
92(10-15) 30.3 2.0 395 2.0 3.1 232849 3.1 95 123.1.2 195
92(15-20) 519 39 236 38 40 17579 39 129 532.1.6 26.3
93(0-2) 334 18 255 18 44 85170 1.8 8.4 27.8.7 2 28.1
93(2-4) 268 27 219 27 45 41130 1.6 7.5 26.1.3 1 30.6
93(4-6) 157 17 138 1.7 25 26505 1.0 4.1 17.0.7 017.9
93(6-8) 29.2 34 223 34 46 389.1 1.9 8.4 33.1.3 1322
93(8-10) 329 31 305 31 53 45988 2.1 8.6 33.3.2 34.9
93(10-15) 951 2.8 337 28 84 44829 36 125 734.69 37.8
98(0-2) 96.0 3.6 1606 3.6 2.0 575.0 7.8 8.0 31034 4.6
98(2-4) 2263 74 2464 7.3 35 1066.0 117 11.77.89 7.9 8.5
98(4-6) 83.3 46 1548 45 1.7 434.4 5.3 5.2 1943.4 4.0
98(6-10) 188.3 6.0 173.1 6.0 2.8 722.8 6.8 6.9 @975.2 5.8
98(10-15) 1118 6.2 545 6.2 26 367.1 6.1 6.2 80934 5.4
98(15-20) 672 36 347 36 24 186.2 3.3 3.5 42.35 25
98(20-25) 694 40 302 40 14 250.2 3.0 3.1 49.2.2 3.2
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Figure 9.21 Example of mercury and selected mettiern in soil profiles from the

Randfontein site
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9.3.6 Factors controlling the mercury methylation m sediments

In order to understand factors that affect the omgrenethylation in Randfontein soils,
IHg/MHg concentrations of selected soil profilesreveompared to factors such as the

carbon and sulfate contents. An example of thesgadsons is given in figure 9.22.

MHg (g k') Hg fpg k')

12040 Ixa
1 &

r.i)] EF.]
e

a3 a3

e S0, (mg kg')

Figure 9.22 Mercury species, organic matter (exgg@ss %C) and sulfate pattern in the
sediment profile “93”

This figure shows an increase of IHg and MHg atuald® cm depth. The percentage of

carbon, as well as the sulfate content of thisrsedt profile also increased substantially
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at the same layer. It is, therefore, believed tirgianic matters together with bacterial
activities (through sulfate reduction) are playagey role in the mercury methylation in
the area. Note that the same observation was maskdiments from the Vaal River site
(chapter 8).

Due to the low occurrence of mercury in the Rietiéim site, no particular investigation
was made in terms of mercury methylation in theaaidowever, speciation analysis
performed in one of the sediment samples colle@texh the dry pond revealed the
presence of MHg in the analyzed sediment at a curat®n of 6.4 pg kg,
corresponding to 7.6% of Hgr. The sediment was marked by a strong rotten €lgg o
characteristic of the presence of sulfate-redubiagteria in nature and also by the black
colour specific of metal sulfides. The strong radaconditions in the pond may explain
the high MHg proportion observed. It has to be ltedathat the water sample from the
Rietfontein sump exhibited the lowest Eh value lbtlee water analyzed in the present
study. Although the mercury occurrence is very laivthe Rietfontein site, the high
percentage of MHg found in the water and sedimesnfthe area is of concern and

requires further investigations.

9.3.7 Mercury in plants

Results of total mercury and speciation analysefietfontein and Randfontein plants

are presented in tables 9.9 and 9.10, respectively.

Table 9.9 Mercury in Rietfontein plants

Sample Hgror IHg MHg

(n=3) (ug kg (ugkd)  %RSD (ugkg) %RSD %MHg
C1l 55.9+7.3 46.1 1.5 3.8 3.4 7.6
Cc2 37.5+47 n/a n/a
E1l 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
RI1 545+6.6 n/a n/a
RI2 742+6.4 72.0 6.2 0.7 4.5 1.0
Rp1 23.7+3.7 n/a n/a
Rp2 170+1.1 n/a n/a

Schl-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+35 n/a n/a
T2 48.5+5.6 n/a n/a
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The mercury speciation analysis was performed felected plants that showed
“elevated’ Hgot concentration or had the highestidgamong samples of same species
(please refer to tables 9.1 and 9.2 for sampletiigeand description).

Total mercury values in Rietfontein plants werewssin 17 and 110 ug Rdmean: 55
ng kg') whereas values obtained in Randfontein plantgiégher, ranging between 19
and 203 pg kg(mean: 112 pg kY. This confirms that the mercury content in plards

be a good indicator of the pollution level of a eyvsite since results obtained for
sediments and waters from both sites are in goodeatent with those obtained with
plants analysis. Therefore, while the Rietfonteite san be considered as non (or no
longer) affected by mercury pollution due to renaéidn works, it appears that the
impact of historical mining in Randfontein plants of concern and needs to be
investigated on a larger scale.

Table 9.10 Mercury in Randfontein plants

Sample Hgror IHg %RSD MHg %RSD  %MHg
(n=3) (ug kg") (ug kg') (ug kg")
81C 101.4+£11.9 84.8 3.3 0.9 8.4 11
82B 19.4+34 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 diffem@malyzed species (figure 9.23) were
found in Randfontein algae with a mean value of id&g'. Eucalyptus collected at the
Rietfontein landfill also showed relatively high roery values compared to other plants
from the same site with concentrations ranging betw51 to 110 pg Kg(mean: 81 pg
Hg kg?).
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Figure 9.23 Mercury in Rietfontein (green) and Rantkin (yellow) plants

To investigate the mobility and availability of rakt from soil to plant, concentrations of
mercury in top soils and plants, collected from fhetfontein landfill near the waste rock
pile and from the Randfontein creek in AMD, wereedisto calculate the transfer
coefficients (TC) of mercury from soils to plantsing the following equation (let al.,
2010):

P (mg kg * fresh weight)

TC = -
S (mg kg * dry weight)

(9.1)

where P represents the metal concentration in gigatie 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 a@82D for the Rietfontein landfill
(mean: 0.813) and of 0.053 and 0.102 (mean: 0.for&8he Ranfontein site. These values
were substantially higher than the average of 0(fdr®ge: 0.003 to 0.025) reported by Li
and co-workers (2010) suggesting a great avaitgloh mercury for uptake by plants at
both sites.

Table 9.11 Calculated TC values for selected swits plants

Site Soil ID Hg Plant species Hg TC
(g kd') (g kg')
Rietfontein Adit5 68.4 Eucalyptus 50.8 0.743
El
Adit6 125.0 Eu(calzlptus 110.3 0.882
(E3)
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 landflhere mercury occurred at low
values, were very high compared to values obtaioethe Randfontein site. This implies
a greater mercury uptake by eucalyptus comparealgae, although a comparison of
plant species from the same area would provide teerbéndication of the uptake
efficiency.

However, as also mentioned by the above researctiersTC not only quantifies the
relative differences in the availability of metédsplants but also is a function of both soil
and plant properties. Therefore, elevated levelmetals in soils may lead to their uptake
by plants, which depends not only on metal contentsoils but is also determined by
factors such as soil pH, organic matter, clay ahdsphate contents, as well as cation
exchange capacity. These factors may not changtthleamount of metals in soil but
they can significantly affect their bioavailabilitther factors, such as plant species as
well as growth period, also account for the uptakd translocation of metals (Voutga
al., 1996; Intawongse and Dean, 2006).

Thus, the TC index, alone, is not sufficient to mag&asonable conclusions about metals

bioavailability.

Methylmercury values in plants from both sites wieng, with almost all concentrations
below 10 pg kg, except for Typha leaves from the Rietfontein sifeich showed a
MHg value of about 11 pg Kgcorresponding to 17% of Hgr (table 9.9 and figure
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9.24). This, again, shows the need of further iigasons in order to understand the

considerable methylation rate at the Rietfontei@. si
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Figure 9.24 Mercury species in selected plantsdé@lgere from the Randfontein
sampling whereas the other plants were from th&éditein site)

9.3.8 Mercury fractionation and speciation modeling

In the last years, combined chemical, biologicad ascotoxicological studies on
contaminated soils have increased importance taligirdhe mercury fate in the
environment. It is generally recognized that meydoxicity and bioavailability depend
largely on the chemical state of the metal rathe@nton the mere mercury total

concentration.
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In general, only a small fraction of the total maxcin soils exists in the interstitial
waters and the remainder is adsorbed to the dod.ektent of the mercury adsorption by
soils is controlled by a number of factors suchhaschemical form of mercury, the grain
size distribution of the soil, soil mineralogy, hiersubstance concentrations, soil pH, and
the redox potential (Kaplagt al., 2000).

Among these factors, the chemical form of mercuwyof primary importance for its
sorption (Benes and Havlik. 1979). For example, liidrolyzed forms of mercury are
generally adsorbed more than the chloride complaresthat increasing hydrophobicity
of an inorganic mercury species increases its piateo adsorb; thus, Hgehq) will be
adsorbed at a less extent than Hg(&&{), which in turn will be adsorbed lesser than
HgS(aq).

Therefore, the Hg-binding forms and speciation banconsidered as key factors for
conducting bioavailability studies and ecotoxicabad hazard assessments. Single and
sequential extraction methods have being widelyd use discrimination of different
solid-phase associations of trace elements in spgediments.

In this study, aequential extraction procedure and equilibriuntsg®n modeling were
applied to determine the concentration of mercuagtfions and to predict the type of
mercury complexes in selected Randfontein soilsveaiers.

The determination of mercury speciation in soil ps by means of sequential
extraction procedure (SEP) used in this study vesed partially on the work of Zagury
and co-workers (2006) which proposed the diffeeittn of mercury compounds into the
following four fractions: F1: water-soluble; F2: adrangeable; F3: bound to organic
matter, and F4: residual mercury.

Briefly, the water-soluble fraction extractions werarried out using deionized water, the
exchangeable fraction was extracted under slightiic conditions with 1M Cagl
(pH=5), and the organic fraction was separated Ungessive extractions using 0.2 M
NaOH and CHCOOH 4% (v/v). Residual mercury was calculated les difference
between total mercury concentration and the sunthefF1l, F2 and F3. The results
obtained from the SEP are presented in table hdZigure 9.25.
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Table 9.12 Hg concentrations in different leachateRandfontein soils

Sample HO CaClb NaOH +CHCOOH Residual Total
(Mg Hg kg')  (ug Hg kg') (19 Hg kg') (Mg Hg kg")  (ug Hg kg')
R92 5,4 8,8 63,2 1322,1 13994
R93 2,0 3,6 146,6 1592,5 1744,8
R98 3,0 2,6 29,6 621,0 656,2

1800+
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Hg (ug kg ™)

600+

R92 R93 R98

m H20 O CaCl2 @ NaOH + CH3COOH @ Residual fraction m HgTOT

Figure 9.25 Sequential extraction result of sekt&andfontein soils

SEP results indicate that the sum of fractionsA2Zland F3 represented low percentages
of total mercury, ranging between 5.4 to 8.7% with arithmetic mean of 6.5%
(table9.13). This mean value was remarkably clas¢hé one of 6.8% (range 2.9 to
13.8%) obtained by Zagury and co-workers (2006}hiree contaminated soils from
chlor-alkali plants. The most important contributito the sum was the fraction F3, i.e.
the mercury associated to organic matter (tabl arid figure 9.26), with results varying
between 4.5 % (Soils R92 and R98) and 8.4 % (S3)il 1@ contrast, fractions F1 (water
soluble Hg) and F2 (Exchangeable Hg) were very langing between 0.1 to 0.5 % and
0.2 to 0.6%, respectively.

283



Table 9.13 Percentage of Hg leached with diffesehtents

Sample %HO %CaC} %NaOH %Residual %Total
+CH;COOH 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 Zagugy al. (2006) were different, with the highest mercuryues
found in the exchangeable fractions and lowest urgrconcentrations in the organically
bound fraction (F3). Their results were consisterh the low organic carbon content of
chlor-Alkali soils. It has to be recalled that thails analyzed in the present study were
obtained from a wetland and, therefore, it is lveliethat the organic matter content may

explain the high percentage of mercury found in F3.

100+
75
%Hg 50
25+
O,
R92 R93 R98
m H20 O CaCl2 o NaOH + CH3COOH @ Residual fraction m HgTOT

Figure 9.24 Fraction of mercury in different solten

Blesteret al. (2002) also observed in their study that mercuag wredominately bound,
in most of their soils to organic matter. Leachahkrcury in their soils occurred as non-
reactive, soluble organic mercury complexes suchubgc acid-bound mercury and
reached their highest values (90 pg Hg)kig soils rich in organic matter. These authors
also reported that the distribution of mercury heit soil profiles suggested that
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migration of mercury to deeper soil layers (abdditct) is most effective if mercury is
bound to soluble organic complexes, whereas reacthercury or weak mercury
complexes are effectively retained in the uppermsostlayer (5 cm) through sorption on
mineral surfaces. The same trend was also obsdrvetie present study with an
important migration at deeper layer in the soilfiigdor samples that have shown a great
affinity for organic matters. For example, soil R®Bich had the highest concentration of
mercury bound to organic matter (147 pg-kegxhibited an important migration of
mercury in the profile, with a mercury value of 290g kg" measured at 15 — 20 cm
depth whereas soil R98 (Hg in F3 = 30 ugkbad its highest mercury value at the top 5
cm (655 pg kg at 4-6 cm depth).

The high mercury content found in F3 was also ireagent with the sulfur content in
soils. Soil R93 which had the highest percentagenefcury in F3 also showed the
highest percentage of sulfur (table 9.7). This dohbé indicative of the affinity of
mercury for reactive functional groups of the origamatter, especially sulphur groups
such as thiol (Yiret al., 1997; Skillberget al., 2006).

Organic matter may play an important role in thedimg of ionic species in soils. The
incorporation of H§' into soluble or particulate organo-metallic comglgxas previously
described for organic carbon rich waters (Santesi¢gset al., 2011 and the reference

herein), can be considered as a probable mechaisrarcury mobilization.

Although the water soluble mercury only accountsailmout 0.3 % of Hgbr, this fraction

is very important from an environmental risk paifitview due to its easy availability in
environmental weathering conditions (Zagetyl., 2006 and references therein).

In all soils, the largest mercury proportion wasurfd within the residual fraction,
representing 91.3 to 94.6 % of Hg. This fraction is reported to contain the least
available form of mercury under naturally occurrcanditions, depending on the matrix
under study and the source of contaminatiore{lal., 2010).

Most of the mercury in this fraction is believedie HJ, as observed by Santos-Francés
and colleagues (2011) who reported an estimateédcbigtent of 87 to 92% to the total
mercury in soils of a gold mining region in Venelaudhis chemical form of mercury is

very important with regard to environmental rislssnce its low reactivity prevents
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mobilization in soils and waters but, in contrast,high vapour pressure provides a high
mercury flux (soil-air) in the mining areas (Gar8anchezet al., 2006), which
contributes significantly to the local atmosphepigliution and may be to the global
mercury cycle.

However, the above discussion need to be considert#d caution since it can be
misleading due to the fact that it is mostly basaedassumptions. Moreover, analytical
procedures can be affected by loss and/or contéimmnaccurring during the SEP and
also by the efficiency of solvents used to extraetcury, as it is the case in extraction

procedures for coal samples.

The relatively low amount of mercury leached frdme soil suggests that this element is
almost immobile in the study system. However, therage mercury concentration in the
creek water (103 ng1) is high in relation to the typical natural backgnd range for

unpolluted freshwaters (Appletab al., 2001). This is also of importance, given the low

water solubility of HJ and most inorganic mercury compounds.

Equilibrium speciation modeling of mercury in Raowlfein waters was performed using
the Eh-pH diagram, and the results showed thatitineinant inorganic species was*Hg
for the majority of water samples (figure 9.27)cept for samples collected in the creek
wetland (samples 88, 90 and 91), which may consegrtificant amounts of mercury
soluble compounds such as HgCThus, in these waters under the measured Eh-pH
conditions, the mercury speciation results showed mercury would mostly exist as

Hg® which agrees with the results from SEP.
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Figure 9.27 Predominant inorganic mercury specid®andfontein waters

The MEDUSA and VISUAL MINTEQ geochemical speciatimodels were also used to
calculate the equilibrium concentrations of disedhand solid mercury species for the
study systems and to obtain more coherent resulthe prediction of predominant
species. The model runs were conducted using mehddg, Cl and SQ* values
together within situ pH and Eh measurements.

The results of the geochemical modeling showedrifgiant variation in the distribution
of mercury species. Thus, the dominant specieampies from the mining area were
HgCL"**, Hg™* and HgCIOH in concordance with the high mercuryd arhloride
concentrations in these samples (figure 9.28 abtk t8.14), whereas the dominant
species in the game reserve water were Hg§OHYCIOH and HgGI™®™, respectively
(figure 9.29 and table 9.15). These results ardlaino mercury speciation analyses
carried out by Navar@t al. (Navarroet al., 2009), in mining waste from a mercury

mining in Spain.
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Figure 9.28 pH-CI diagram of water sample 91from Randfontein creek in AMD

Table 9.14 Species distribution in water sample 91

Species

Concentration % of Hg

(M)

species

cr
"
Hg(OH),
Hg(S04)?
Hg+2
Hg,OH™
Hg3(OH)3+3
HgCrl
HgCl; (aq)
HgClg
HgCl,?
HgCIOH (aq)
HgOH*
HgSQ (aq)
HSO,
OH
SO,

7.5226E-08
0.00098259
0.00010397
9.3073E-06
0.00023253
3.2724E-08
2.8019E-09
0.00025666
0.000089526
6.7425E-11
2.6912E-17
0.00021217
0.000066488
0.00013722
0.00035067
9.6032E-12
0.0066064

9.3843
0.8400
20.9882
0.0029
0.0002
23.1662

8.0806
6.0858E-06
2.4291E-12

19.1505

6.0012

12.3855
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Figure 9.29 pH-CI diagram of water sample 94 frbw game reserve

Table 9.15 Species distribution in water sample 94

Species Concentration % Hg species
cr 0,00033
H* 1,8905E-08
Hg(OH), 0,00007 81,0773
Hg(S04)? 6,6478E-16 7,5543E-10
Hg*2 6,4809E-14 7,3647E-08
H920H+3 1,1579E-22 1,3158E-16
Hgs(OH);™ 5,1555E-24  5,8585E-18
HgCl 3,9838E-10 0,0004
HgCl, (aq) 7,5016E-07 0,8524
HgCly 2,4815E-09 0,0028
HgCL{2 4,2059E-12 4,7794E-06
HgCIOH (aq) 0,00002 18,0659
HgOH' 9,4879E-10 0,0011
HgSQ, (aq) 2,0633E-14 2,3447E-08
HSOy 3,4221E-09
OH 3,6686E-07
SO,2 0,00314

289



Kaplanet al. (Kaplanet al., 2000) predicted that the dominant inorganic mereecies
in conditions similar to those encountered in AMz.(pH 4 and 0.002 mg Hg™)
would beHgS(s), HG", HJCL, HgCl and HgC}*.

The authors also mentioned that the presence oh& a significant effect on the
mercury speciation, especially at elevated Eh wahred observed that Hgaq) would
exist in moderate reducing conditions. Severalaesers have noted that Hgarely
exists in sediment porewater as a free ion dutstoropensity to adsorb to solids or form
complexes, especially to chloride or organic matahuster, 1991; Wallschlagetral.,
1998a and b). From the model system presentedisrstady, if the system is reduced
and/or the pH is increased, then dissolved mer@urgxpected to be removed from
solution as Hgand Hg(OH), or under extreme conditions as HgS, making thecumg
less mobile and less toxic than in the oxidizedr@mment.

The predominance of the elemental form not onlyla@rp the lower mobility, but is also
compatible with the range of measured pH and BHH fialues downstream of the creek,
within the game reserve. Similar observations weaee by Pestaret al. (Pestanat al.,
2000). When Eh values rise, as it was the caseirwitie mining site, the relative
importance of Hydeclines (figure 9.27).

The model system presented in this work may explerhigh level of mercury observed
in water samples from the creek wetland since, utigehigh Eh and low pH conditions,
mercury becomes more soluble and, therefore, muesladle for living organism,
confirming the hypothesis discussed in sectionl9vhich suggested that the high MHg
value found in the water sample 91 was mainly dughte important availability of

soluble forms of mercury in this water.

9.4 Summary

The present study has demonstrated that mercuegsed from closed mining operation
in the Randfontein area may have significant im@dcthe neighboring game reserve.

The Krugersdorp Game Reserve watersheds are girdotvnstream from the mine

drainage and appear to become impacted by thetipollixom historic gold mines.
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On the basis of collected data, it can be infethed the primary source of mercury to the
mine creek is the weathering of mine waste matefi@m the old slimes dam located
few hundred meters away and also the point of ANH2lthrge from the adit at the Rand
Uranium. No further surface tributaries to the &reere observed other than AMD along
that relatively short transect. The elevated megrdaund in a borehole near the creek
wetland suggests a groundwater contamination inatea. The contribution of acidic

water to the creek at the study site should vaag@eally. Therefore, further samplings
are of importance for a better characterizationhef impact of historical mining in the

area.

The study also showed that mercury transported doeam from the mine site is
susceptible to methylation. Methylation of mercwgems to be controlled by factors
such as the inorganic mercury content, redox piatemhicrobial (SRBs) activities and
the organic matter content. The sequential extractprocedure together with
geochemical modeling have demonstrated the predoroe of non soluble mercury
species (HY in study soils and the existence of a varietynefcury species in the mine
creek. The presented model also explained remabtiz of mercury in water and their
availability for methylation. No transport mechanisvas found sufficient on its own to
explain both vertical and horizontal of mercurythe site.

Finally, the mercury level measured in the Riettamtwater, sediments and plants has
shown no significant contamination of the area phbyp due to remediation works
undertaken on the site, although the proportiomethylmercury found in these samples

suggests a high methylation rate at the site amquines further investigation.
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Chapter 10
Conclusions

The first objective of this study was to develomgie and cost effective analytical
procedures for the collection and determinatiogageous mercury (TGM).
Nanostructured gold supported metal oxide mater{aks. Au/TiO,, Au/ZnO and
Au/Al,03), which contain only 1% wt of gold, were succeligfused as adsorbents | in
sampling or analytical columns for the trappinggqancentration and quantification of
mercury directly from the gaseous phase.

Analytical performances obtained with the nanogwohips, especially Au/Tig) were
comparable to those obtained with commercial puiel gvool and gold-coated sand,
although mercury retention problems have been wbderin some cases, which are
thought to be caused by the inner structure of rttagerials and may, therefore, be
improved during the materials synthesis or duriogoents conditioning prior use. A
deeper characterization of the structural propexiethese materials is recommended for
this purpose. Therefore, the nanogold sorbentsgtwhre synthesized locally, can be
considered as an alternative choice to the mostported traditional sorbents for a low
cost analysis of ultratrace mercury and can alstebeed for TGM determination from

exhaust gas in coal power stations.

In the present work, the speciation analysis ofcongrwas carried out in Highveld coals
using both developed sample preparation procedw@bined with isotope dilution GC-
ICP-MS technique, and existing, but modified, seda¢ extraction procedures.
Although no certified reference material of mercspecies in coal was available, the
closeness of IHg and MHg values obtained usingdfit sample preparation procedures
confirms the reliability of the developed methodpés.

Species such as FgHg?*, CHsHg" were identified in all Highveld coals and gty
occurred at a lower concentration than in some rtedoChina coals. Other unknown
species have also been observed and are believed twganomercurials. Due to the

unavailability of specific standards, these unkn@pacies could not be identified but the
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use of a theoretical approach has allowed theiiitation of one of the unknown species
as ethylmercury.

This work is, in our knowledge, the very first atigt in identifying monomethylmercury
in South African coals.

Although methylmercury concentration was low in kigld coals, its natural occurrence
in the coals may become a concern due to the wsktHis toxic species to be
continuously released into the environment duriagl enining or coal preparation prior
to combustion.

Sequential extraction procedures on the other lave revealed the predominance of
organically bound as well as pyritic bound mercuny Highveld coals, and the
occurrence, to a lesser extent, of other forms efcory association such as water-
soluble compounds or mercury bound to minerals |aglron oxides, carbonates and
silicates.

The variability of leaching efficiency obtained tithe different samples was attributed
to the variability of the mercury modes of occunerwithin the samples. The mercury
leaching appeared to be considerably affected ley glesence of organic matter.
Nevertheless, a caution was made about the abmatusons due to the lack of leaching
specificity obtained by the used solvents.

The overall leaching performance obtained with thedified sequential extraction
procedure was within the range of standard solveashing procedures which shows
that this procedure can be used as an altern&ivmique for mercury removal in coals.
Data presented in this work may be useful for texeetbpment of coal cleaning protocols
which do not exist in South Africa and also fordbenvironmental pollution assessment
of the mercury released during coal mining and beiagon.

In addition, total mercury determination in bothghiveld and Waterberg coals revealed a
mean mercury concentration higher than the globataage but, still, within the range of
reported values by the USGS for South African coHiterefore, a mean value of 0.2 mg
kg was recommended to be used for the estimation efatmospheric emission of
mercury from South African power stations, althougbre coal samples, from different

local coalfields, are still needed to improve tverage.
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The extent of mercury pollution from past and cotrgold mining operations, which
represent the second biggest anthropogenic sodreeeccury in South Africa, was
investigated. Pollution assessment studies of mer@ollution from gold mining
performed at 4 different sites, namely Vaal Riveesty West Wits, West Rand and East
Rand regions, all located within the Witwatersr&a$in in South Africa, have generated
number of interesting information that could bes&ful database for future systematic
investigations and also to improve estimationsrith@pogenic mercury emission in the
country.

In general, results obtained from the analysisedliraent, soll, tailings, water and plant
samples have demonstrated a relatively importahttmmn occurring in almost all the
study sites, except for the East Rand site (Rigfanlandfill) which did not show an
evidence of pollution, probably due to remediatiworks that were undertaken in that
closed mining site for many years. However, cauties also taken in this partial
conclusion because most of the sampling campaigere werformed during the dry
season. A later sampling performed after a peridadeavy rains at the Vaal River West
has shown different trends than what was obsemeed the dry season sampling, with an
important remobilization of mercury in water and ihigration several kilometers away
from estimated mercury sources. These findings Baggested the need for a continuous
monitoring of the study sites for better conclusion

The impact of the pollution was characterized bghhimercury concentrations in
sediments as well as in waters with values, in n@ases, far beyond US EPA threshold
levels. The main sources of pollution appearedet@ld TSFs that are known to contain
waste from old mining operations when gold usedbéo extracted by the mercury
amalgamation process.

The mercury leached from these tailings throughoffums polluting the adjacent
sediments which in turn contaminate the surroungiater systems through drainages or
underground seepages. The impact of the water tpollis dependent of the mercury
source, the hydrology of the water system, the lgeimistry of the study environmental
compartment and also of seasonal variations atitae

The contribution of artisanal mining could not bsetimated due to the difficulty of

accessing reliable information from local miners éor safety reasons.
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This work did not also take into account the cdmittion of atmospheric mercury
emission/deposition at the different sites. Newddhks, an attempt was made to
determine TGM concentrations from few samples ctglé from an underground source
at Vaal River West and the obtained results redetile urgent need for more extensive
samplings and could also suggest that the estimati@dspheric contribution of the
mercury emitted from South African gold mines may underestimated, although the
number of analyzed samples were not enough forlgsioos that could be trustworthy
to be drawn.

Speciation analysis revealed the occurrence of MHgariable levels in the different
study sites. Considerable MHg proportions have heaiiced at all sites in different
ponds and wetlands including the dry pond at thetf@itein site (East Rand) which
suggest an important methylation rate that hasetanonitored with care due to the
property of methylmercury to bioaccumulate in tlhed chain. Fishing activities have
been observed at the Vaal River West site wheteafRandfontein site (West Rand) is
surrounded by not only the Krugersdorp Game Resdwe also by number of
agricultural holdings that are all susceptible ddemtial pollution occurring at the mining
site.

The mercury methylation seems to be controlled leprabination of number of factors
mainly the presence of inorganic mercury, redoxdaoyns, pH, bacterial activity,
organic matter and sulfur (or sulfate) contentse Tdompetition between inorganic
mercury and other metals such as iron for bindirfus also seems to play an important
role in the mercury methylation process.

Plant analysis could not provide much of usefubinfation on the mercury uptake since
the sampling of plants was randomly done and t@pd samples of the same species,
which is recommended for more conclusive analysese scarce. However, from the
general trend observed it appeared that plant sisatan be used as a reliable way of
monitoring the level of mercury pollution in a givarea. In addition, the determination
of the transfer coefficient (TC) of mercury fromilsao plants at both East Rand and
West Rand sites has suggested a substantial meuptaite by plants, and thus a high
bioavailability of mercury, at these sites with Malues much higher than reported

elsewhere in the literature.
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Further characterization of the mercury speciaivas done using, this time, geochemical
modeling and sequential extraction procedures (SBEBjained models suggested the
predominance of elemental mercury as the majogarac mercury species in both water
and soil samples. Other inorganic mercury speciel as mercury chlorides (Hg&™),
Hg?* and Hg(OH) also occurred at a relatively high level.

It was also shown that elemental mercury mainlynfroSFs, enters the water system
through drainage during the wet season where dipe$, depending on environmental
conditions such as AMD, and becomes available fiake by living organisms. The
bioavailable mercury is then susceptible to metigaand subsequent bioaccumulation
in the food web. Once mercury enters the wateesysit migrates away from the source
and becomes a threat for ecosystems such as tber&guit, the Varkenslaagte canal or
the Krugersdorp Game Reserve watersheds and algitoring ecosystems.

Under reducive conditions, mercury species are edas to the elemental form or to
insoluble complexes such as Hg(Qky HgS and are removed from the water system
through precipitation or adsorption at the surfat¢he sediment. This may explain the
relatively low level of mercury measured in mosttbé study waters during the dry
season. An exception was the Randfontein creekhniil showed elevated mercury
values even during the dry season. However, memmamgentrations in waters from this
site are expected to be considerably higher dusiegseasons due to the remobilization
of mercury from the bottom sediment.

It has to be emphasized that conclusions presentdus work are partial and require
more extensive sampling by a well equipped teamlang-term monitoring for a clear

understanding of the observed trends.

This study is an important contribution to the assgent of the ecosystem impact of
South African mining operations in terms of mercpoflution since it presents, for the
very first time, the problem of mercury pollutiorofn gold mining operations in the
general context of the Witwatersrand Basin, onéhefbiggest gold mining areas in the
world. It also provides information on the mercwpeciation, migration and fate in the
region which can be used as a benchmark to unddrst@ unknown transport patterns

of mercury in the South(ern) African semi-arid ennment.
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Appendix

Appendix 1: SIDMS appeared to be a precise and accurate aalgtethod for Hg
species determination (figure Al).

Speciation of Hg in sediment cores: Analytical procedure
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Appendix 2: Mercury in the Witwatersrand Basin (Sanpling 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. Thusit 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 metalliga3)

The planted trees for phytoremediation at the Bredin landfill (figure A2.1A) have
demonstrating their efficiency in reducing heavytatge contamination at the site.
Decaying plants were also found at the Rietfonséi, as it is shown from the hole in the
dry dam (figure A2.1B) after the removal of the PXGre. Note the dark color of the
bulk sediment characteristic of reducive conditi@isthe site. This may explain the
relatively high proportion of MHg observed.

AMD was observed at the Savuka mine (figure A2.1C}the Vaarkenslaagte Canal
(West Wits) near TSFs. The important vegetatiothim West Wits watersheds (figure
A2.1D) may explain the substantial methylation rttéhe site.
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e - P, R s 2y
Figure A2.1 Rietfontein (A, B) and West Wits (C, Sijes

Most of the streams draining in the WitwatesrangiBasuch as the Wonderfontein
Spruit (figure A2.2), contain waters that are uesffr human consumption since they
receive discharges from both artisanal and indalsimining operations and also from

other industrial activies (figure A2.3).
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Figure A2.2 Municipality warning notice at the Wantbntein Spruit (West Wits)

Figure A2.3 The Kanana township (left) near Schpaus (right) where A&M activities hav
been reported (VR site)

Number of abandoned or closed shafts from old mirantivities could be important

sources of TGM in the Witwatersrand Basin (figur2 4.
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Figure A2.4 The closed ventilation shaft (left) n€akney where elevated TGM
concentrations were measured and an example ofie¢heury trap (right) used during
air collection

Flooding at the Bokkamp Dam (figure A2.5), whichoigilt on waste rocks and receives
dirty waters from TSFs and metallurgical plantsuldobe the main cause of the

widespread of mercury in the surrounding area.

Figure A2.5 The Bokkamp Dam, one of the most imgo@rhot spot of mercury and
other heavy metals at the VR site, during the tfg)(and wet (right) season
samplings
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The following article was published by Inter Pr&ssvice (IPS) on the 3 December 2007
and is available at http://ipsnews.net/news.asgwdr40325

ENVIRONMENT-SOUTH AFRICA
Radioactive Water, the Price of Gold
By Steven Lang

JOHANNESBURG- Large gold-mining companies operatiogthe west of South
Africa’'s commercial centre, Johannesburg, standsact of contaminating a number of

water sources with radioactive pollutants.
Acid mine drainage

Gold mines are also finding themselves in the doeér acid mine drainage, another

means by which heavy metals are being releasedhatenvironment.

Mining operations expose heavy metals and sulpbomrpounds that have been locked
away in the ground. Rising ground water then leactimse compounds out of the
exposed earth, resulting in acid mine drainage ®et continue to pollute the

environment decades after mines have been closed.do

In 2002, acidic water began decanting out of asdidumine on Randfontein Estates
about 42 kilometers south-west of Johannesburg.pFbperty belonged at that time to
Harmony Gold. In terms of South Africa's Nationalaidt Act the owner of land is
accountable for the quality of the water flowing ofithat ground.

While some of this acidic water was produced byrktary's own operations, a large

proportion was generated by its competitors.

Mining companies extracting ore in the Witwatersraarea, to the east and west of
Johannesburg, have created a 300 kilometer labyoihinterlinking passages, according
to the "Water Wheel" magazine (Jan./Feb 2007 issue)
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The companies have to work together to make sk thspective operations are not
flooded out: this means that in some cases eversetismines have to be pumped dry to

ensure the viability of a neighbouring shatft.

Water coming out of the disused mine in Randfontmuold not simply be channelled
into the nearest river because it was far too aci@hnd could have had serious

consequences for the environment

As an emergency measure, Harmony fed the waterRotmnson Lake, at that time a
popular recreational area where fishing was a fai@pastime. Today the lake has very
high levels of uranium and a pH level of 2.2 whiobkes it as acidic as lemon juice and
completely incapable of sustaining any life forms.

The NNR measured in the water a uranium conceatraif 16 milligrammes per litre,
obliging it to declare Robinson Lake a radiatioeaar

Harmony Gold has spent more than 14 million dollars capital and operational
expenses over the last five years to treat thecawidter emerging from disused mines.
An additional 200.000 dollars is spent every motdhcontinue with the treatment
processes: in its 'Sustainable Development Rep@d'2the company claims that it
"treats the water to acceptable standards given ctireent treatment technologies
available". What Harmony finds acceptable, howevenay be less so to

environmentalists. (END)

Water at the Randfontein site is of an extremelgrpguality and tends to affect the
vegetation within the mining site and even withie Krugersdorp Game Reserve (figure
A2.6).
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Figure A2.6 Water (A) and vegetation (B) conditi@the Rand Uranium adit,
and conditions of the Randfontein creek from thaeing site (C) to the Game
Reserve (D)
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