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ABSTRACT 

Arseniferous sulphide-hosted gold deposits associated with the Barberton 

greenstone belt, located in the Mpumalanga province of South Africa, have been mined on 

various scales since late last century. The Barbrook mine is located close to the Swaziland 

border in an area of the Barberton mountainlands which forms part of the Kaap subcatchment 

of the Crocodile River. Scattered small communities depend on local streams and boreholes 

in the area for drinking and irrigation water. Hence, the prime motivation for this study was the 

potential risk to human health associated with enhanced As mobility as a result of the 

sulphide mineral weathering which accompanies gold mining and processing. Sampling of 

local waters, soils and sediments, as well as the ore and waste rock at Barbrook was 

undertaken during a week of fieldwork in August 1996. A range of chemical analyses were 

performed on the various samples, including As analysis by hydride generation-atomic 

absorption spectroscopy and inductively coupled plasma - mass spectrometry. 

The Barbrook ore bodies are structurally controlled and hosted by banded iron 

formation, carbonaceous shales and carbonate-bearing schists. Within these ore bodies, As 

is mainly associated with auriferous arsenopyrite (FeAsS), although minor amounts also 

occur within pyrite (FeS2) and ullmannite (NiSbS). Of the streams which flow through the 

mining lease, those at most risk of As contamination are Barbrook Creek, Low's Creek and 

Crystal Stream. Low's Creek flows through the main mine area, adjacent to the level 1 O mine 

adit entrance, and past the processing plant before converging with Barbrook Creek. The 

latter receives water from the Shiyalongubo Dam which is the main water source for the area. 

Immediately downstream of the level 10 mine adit entrance, the steep eastern bank of Low's 

Creek is lined for several hundred metres with waste rock containing low grade ore. Tailings 

material from the processing plant is pumped to two tailings dams located about 5 km to the 

northwest of the plant and close to Crystal Stream. 

High As concentrations (up to 4.12 mg/L), compared to the World Health 

Organisation's proposed upper limit of 0.01 mg As/L for drinking water, are mainly associated 

with bodies of standing water located on the tailings dams and the stream of tailings 

extending between them. Liming of the tailings during processing operations, plus the 

presence of carbonates within the host rocks, has resulted in neutral to alkaline pH values 

(7.0 to 11.0) for these waters, which are also highly enriched in sol- (>1100 mg/L) and 

have EC values 2:240 mS/cm. Seepage from the base of the slimes dam wall contains up to 

1.64 mg As/Land the lowest pH values (6.0 to 6. 7) recorded in the Barbrook area. Although 

it is highly unlikely that the tailings dam water bodies would be used by the local human 



population for domestic purposes, their use as waterholes by cattle and birds was observed, 

and past contamination of Crystal Stream (up to 0.039 mg As/L) has been recorded. 

By comparison with the tailings dam water, Barbrook Creek and Law's Creek are 

characterised by a more neutral pH (7.0 to 7.9), lower EC (s7.5 mS/cm) and lower 

concentrations of As (s0.007 mg/L), S042-. Na+, Mg2+ and Ca2+. The only exception occurs 

immediately downstream of the gold processing plant, where Law's Creek has a slightly 

elevated EC value (18.5 mS/cm) and higher concentrations of As (0.011 mg/L) and other 

ionic constituents compared to the samples collected both upstream, within the mine site, 

and downstream, after the convergence with Barbrook Creek. Some discharge from the 

processing plant is suspected, although it appears to have been either diluted further 

downstream and/or attenuated by the Law's Creek sediments. Therefore, although the 

apparent discharge from the processing plant requires immediate attention, the Barbrook 

and Law's creek waters are currently suitable for domestic and agricultural use by the local 

population, in accordance with the South African water quality guidelines. 

Groundwater in the vicinity of the tailings dams contains negligible amounts of As 

(s0.002 mg/L). By comparison, the groundwater entering the level 10 mine adit in the vicinity 

of the Barbrook ore bodies is interpreted to have been naturally enhanced with As (0.012 

mg/L) due to sulphide oxidation at depth. The abstraction of groundwater for local domestic 

use means that As levels need to be carefully monitored, particularly in view of the fact that 

fluctuating groundwater levels, possibly on a seasonal basis, have been reported in the 

scientific literature as causing variable As concentrations. At the time of sampling, in August 

1996, one borehole in the tailings dam area did contain high N02- (21. 7 mg/L) and total N 

(N02- + NO:f = 8.22 mg/L N), which would make it unsuitable for domestic use. 

Arsenic and heavy metal contamination was detected in soils at the base of the 

slimes seepage pond, adjacent to the main slimes dam, and beneath the waste rock pile. The 

latter indicates that, contrary to the results of the standard toxicity characteristic leaching 

procedure (TCLP) which showed that leachate produced by two waste rock samples at pH 5 

contained negligible As, downward leaching of As through the waste rock pile is occurring 

under the prevailing neutral to alkaline conditions. Since the sediment cores collected from 

the tailings dams comprise both tailings material and underlying soil, it is not possible to 

discern if leaching has occurred, and As and heavy metal enrichment is interpreted to be 

mainly due to the presence of primary sulphides. The occurrence of heavy metals, such as 

Zn, Mn, Fe and Ni within secondary sulphate, oxide and aluminosilicate mineral precipitates 

associated with the waste rock pile, however, suggests that heavy metals may also be 

associated with secondary mineralisation resulting from the oxidation of the tailings material. 

Since no As was detected in any of the secondary minerals analysed, despite being hosted 

by pyrite in the waste rock pile, the mobility of As may be more greatly enhanced under the 

current neutral to alkaline conditions than that of the heavy metals. 

MINTEQA2 modelling of the data for Barbrook water samples with As contents ;.:0.01 

mg/L indicates that only the stream of tailings extending between the two tailings dams (4.12 
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mg As/L) is approaching equilibrium with respect to Ca3(As04)2, which is stated in the 

literature to be the most stable arsenate mineral under oxidising, alkaline conditions. 

However, positive tentative correlations between the extractable As and total Ca and CaC03 

contents of the Barbrook soils and sediments suggest that high As concentrations within the 

tailings dam sediments may be linked to the carbonate fraction. This would correlate with 

reports in the literature that As sorption by calcite increases from pH 6 to 12. The 

oversaturation of the tailings dam waters with respect to calcite and dolomite, as modelled by 

MINTEOA2, suggests that As could also be immobilised via coprecipitation with calcite. 

Although Barbrook currently represents a well-buffered system, the lowered pH 

values associated with water seeping from the base of the main slimes dam wall could be an 

indication of the potential for acid mine drainage. The possible future occurrence of acid 

mine drainage from the tailings dams and waste rock pile will depend on their buffering 

capacity as progressive sulphide oxidation results in increasing acidification. Whereas an 

initial decrease in pH would be expected to result in increased heavy metal mobility, the 

maximum reported sorption of As(V) by Fe and Al oxides at pH 4 to 5 might result in 

decreased As mobility. 

A tentative interpretation of pH and Eh data for the Barbrook water samples is that 

most of the As is present as As(V). Assuming that the Shortlands soil form is representative 

of the red, clay-rich soils which are common in the Barbrook area, an investigation into As(V) 

and P sorption by a Shortlands red-structured B horizon was undertaken in order to 

investigate its potential for As attenuation. The results indicated that both As and P sorption 

define similar H-shaped isotherms which can be mathematically described by either the 

Langmuir or the van Bemmelen-Freundlich equations. Therefore, whereas the Shortlands 

subsoil would have a high adsorptive capacity for As or P at low adsorbate concentrations, 

the soil surfaces would become swamped at high adsorbate concentrations resulting in 

reduced sorption. Although the high clay content of the Shortlands subsoil is dominated by 

kaolinite, the hematite and goethite detected by X-ray diffractometry would be expected to 

dominate anion sorption. Not only do the results of this study indicate a high loading capacity 

for As (3490 mg/kg) in the Shortlands soil, dictating its potential usefulness for the lining of 

effluent dams or seepage sites, but the similarity in the sorption behaviour of As and P 

means that abundant information regarding P sorption in a range of South African soils can 

potentially be used to predict their As sorption capacity. 

Apart from the need to prevent further discharge from the processing plant into 

Law's Creek, the main concerns at Barbrook relate to the apparent As enrichment of the 

groundwater in the vicinity of the mine site, the intermittent As contamination of Crystal 

Stream and the planned cyanide heap leaching of the disused open cut mines, the latter 

representing a process already found to have caused gross environmental damage in the 

United States. Otherwise, most of the sites of potential As and heavy metal dispersion at 

Barbrook simply require careful monitoring during the lifetime of the mine and well-planned 

closure and remediation strategies. 
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CHAPTER 1 

Background information 

1.1 Introduction 

Although there is growing evidence that arsenic (As) may be an essential trace 

element for humans (Emsley, 1985; Uthus, 1992), its toxic effects, including the fact that it is 

a recognised human carcinogen (Mass, 1992), mean that its ingestion in anything above 

normal background levels is highly undesirable. Due to the occurrence of As within over 200 

naturally occurring minerals (Onken and Hossner, 1995), a range of human activities have the 

ability to enhance its release into the environment. Of increasing concern on a world-wide 

scale is the potential for environmental As contamination as a result of the mining of ore 

bodies which contain As-bearing minerals. The exposure and leaching, within tailings 

dumps, waste rock piles and mine workings, of this previously buried material means that the 

bioavailability of As may be increased within local soils, groundwaters and surface run-off. 

Such mining related environmental As pollution is of particular concern in terms of the long 

term deleterious health effects which may result from the ingestion of As-contaminated food 

and water supplies by the local inhabitants. 

The common occurrence of As-bearing sulphide minerals within the gold deposits of 

the Barberton greenstone belt of northeastern South Africa means that this area is 

potentially subject to environmental As contamination as a result of gold mining activities. 

One such gold deposit within the Barberton area, the Barbrook deposit, forms the location 

for this investigation. Although small scale mining commenced in the area in the 1880's, the 

recent history of the Barbrook deposit has involved a series of larger scale operations 

interrupted by mine closures and subsequent takeovers. The 1995 acquisition of the 

Barbrook mining lease by the Canadian based Caledonia Mining Corporation, and their 

proposed early to mid-1996 resumption of on-site gold processing, necessitated the 

performance of an environmental management programme report (EMPR) under the South 

African Minerals Act of 1991. This report was completed in January 1996 according to the 

guidelines stipulated by the Department of Mineral and Energy Affairs in order to gain the 

necessary authorisation to mine and process gold. In keeping with their environmental 

concerns, the Caledonia Mining Corporation have also undertaken intermittent analyses of 

the various water bodies in the Barbrook mining area since February 1995. The results, 

revealing some consistently high levels of As relative to WHO (1993) drinking water 

standards, have prompted the instigation and funding of the current investigation. 
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1.2 The Barbrook gold mine 

1.2.1 Location and physiography 

The Barbrook gold mine lease extends over an area of approximately 40 km2. Its 

location, within the Barberton mountainlands of northeastern South Africa (Figure 1.1 ), lies 

within the lowveld area of the province of Mpumalanga, immediately adjacent to the border of 

Swaziland (Figure 1.2). The nearest major towns in this area are Barberton, 55 km to the 

west, and Nelspruit, 65 km to the northwest. The Barberton area is one of deeply incised 

mountains and rolling hills which exceed heights of 1400 m in places and are dominated by 

vegetation types belonging to the Savanna biome (DWAF, 1995a). According to the 

Barbrook Mines EMPR (Ralph Morris and Associates, 1996), the dominant soil forms in the 

Barbrook area are Hutton, Glenrosa and Mispah, although the Shortlands form has also been 

identified during the course of the current study (Chapter 4). 

Figure 1.1: View of the Barbrook mining area within the Barberton mountainlands; note 
the prominent chimney stack associated with the gold processing plant and the scars on the 
mountains produced by open cut mining activities. 
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The Barbrook mining lease, located within the Kaap subcatchment of the Crocodile 

River catchment (DWAF, 1995a) is drained by three major streams (Figure 1.3). Of particular 

interest to this study are the northward flowing Low's Creek and Crystal Stream. Low's Creek 

passes through the main mining area near the number 10 mine adit, joins with the Kaap River 

-16 km below the mine lease, and then drains into the eastward flowing Crocodile River -7 

km further downstream. Crystal Stream drains the western part of the mine lease in the area 

of the tailings dam and joins the Kaap River -12 km upstream from the Low Creek - Kaap 

River confluence. The third major stream, Mhlambangathi Stream, which flows in a 

northeasterly direction from the eastern part of the Barbrook mining area, was not sampled 

during the course of this study and therefore does not warrant further mention. Another 

minor creek which has been sampled, however, is the Barbrook Creek. This creek extends 

between the Shiyalongubo Dam, located in the mountains above the mine, and Low's 

Creek, draining into the latter just downstream of the gold processing plant at Barbrook 

(Figure 1.3). 

Groundwater flow within the Barbrook region has been affected by past mining 

activities, resulting in lowered but variable water table levels (-500 to 670 m above mean sea 

level) throughout the area (Ralph Morris and Associates, 1996). Within the actual mine site, 

dewatering has generally occurred to the level of the number 10 mine adit, 597 m above 

mean sea level, from where discharge occurs into nearby Low's Creek. Water levels within 

boreholes around the Barbrook area vary from -5 to 30 m below the land surface. Although 

the Shiyalongubo Dam supplies most of the irrigation and domestic water, via Barbrook and 

Law's Creeks, for the area immediately adjacent to, and downstream of, the mine, local 

groundwater is also abstracted for industrial and domestic purposes. 

1.2.2 Local climate 

The climate in the Barbrook Lowveld region (as summarised by Ralph Morris and 

Associates, 1996) is one of summer rains and high humidity with average daily temperatures 

of 18 to 30°C. Average daily temperatures for the winter months are 8 to 23°C with clear 

sunny days representing the norm. The average annual rainfall for the region is -500 to 700 

mm, falling mainly between November and March. 

1.2.3 Regional and local geology 

Both the regional geology of the Barberton area and the more localised geology of 

the Barbrook mine site have been documented by Houstoun (1990), a brief summary of 

which will be included here. The regional geology is dominated by the Archaean Barberton 

greenstone belt which comprises a fold and thrust belt of metamorphosed ultramafic, mafic 
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and silicic volcanic rocks, turbidites and shallow-water sediments ranging in age from 3.5 to 

3.2 Ga Gold mineralisation within the Barberton area is structurally-controlled such that the 

numerous ore deposits occur along shear zones. Due to the widespread association of 

submicroscopic gold with sulphides such as arsenopyrite and pyrite, the dominant gold 

precipitating mechanism is believed to be the sulphidation of Fe-rich wall rocks. 
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Figure 1.2: a) Map of southern Africa showing the location of the Barberton area in South 
Africa (RSA); and b) location of the Barbrook gold mine lease relative to the major towns, 
roads and other operating gold mines in the area: 1. Consort, 2. Sheba, 3. Fairview and 4. 
Agnes (modified after Ralph Morris and Associates, 1996). 
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The Barbrook deposit comprises two parallel east-northeast to west-southwest 

striking 'lines' of Archaean mesothermal gold mineralisation, the Barbrook Line and the 

Swartkoppie Line. These lines represent 500 to 600 m wide zones of intense deformation 

located at the contact between the meta-volcanics of the upper Onvervacht Group 

(Swartkoppie Formation) and the stratigraphically superior greywackes and shales of the 

lower Fig Tree Group (Sheba Formation), the latter forming a 700 m wide syndinal fold, the 

Barbrook syncline, in between the Barbrook and Swartkoppie lines. Gold mineralisation, 

occurring as pods and lenses along the Barbrook and Swartkoppie lines, is associated 

predominantly with disseminated arsenopyrite (FeAsS) plus, to a lesser extent, pyrite (FeS2), 

pyrrhotite (Fe7Sa- FeS) and base metal sulphides induding galena (PbS), sphalerite (ZnS), 

chalcopyrite (CuFeS2) and minor stibnite (Sb2S3). The mineralisation is hosted by sheared 

and intercalated banded iron formation (BIF), carbonaceous shale, grey talc-carbonate and 

chlorite-carbonate±quartz schists, green fuchsite-carbonate-quartz schist and chert. 

1.2.4 Past and present mining and processing operations at Barbrook 

Past mining activities at Barbrook have included both open cut mining of the 

oxidised ore zone and underground mining of sulphide-hosted gold mineralisation. Open 

cut mines located in the mountains above the current mine site are now largely abandoned 

although plans for future heap leaching of these pits are outlined in the Barbrook Mines 

EMPR (Ralph Morris and Associates, 1996). Current mining activities are concentrated in the 

level 10 and 7 mine adits which intersect a number of distinct ore bodies associated with both 

the Barbrook and Swartkoppie Lines. 

Although on-site gold processing at Barbrook previously involved roasting of the 

sulphide concentrate from the ore, this step has now been eliminated with the resumption of 

gold processing in mid-1996. The current method of mineral processing involves gold 

extraction via cyanide (CN-) leaching and gold recovery via the carbon-in-pulp (CIP) process. 

The general method, described by Funke (1990), involves the addition of NaCN and CaO to 

crushed rock from the ore pile. Whereas the lime is added to ensure protective alkalinity, the 

NaCN is added to oxidise and dissolve the gold. Although the CN- ion is not actually an 

oxidant, it does complex with the gold to reduce its oxidation potential such that the 

dissolved 02 in water can act as a strong enough oxidant to dissolve the gold (Edwards et al., 

1995). Therefore, the dissolution of the gold occurs via the reaction (Smith, 1994): 

4 Au + 8 NaCN + 02 + 2 H~ => 4 NaAu(CN)2 + 4 NaOH 

Following its dissolution and separation from the host rock, the gold is then precipitated out 

of solution via the addition of granulated activated carbon and the cyanide-bearing water and 

tailings are pumped to the tailings dam. Further extraction of the gold from the carbon is 

obtained using a combination of chemical and electrolytic processes. 
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1.3 Aims of this study 

As a whole, this study has two main aims. The primary aim is to determine if past and 

present mining and/or processing operations at the Barbrook gold mine are resulting in the 

release of As into the surrounding environment at levels which may present a potential 

health threat to the local human population (Chapter 3). The second, and subordinate aim, is 

to assess the ability of one of the main soil types in the Barbrook area, the Shortlands soil 

form, to adsorb As and therefore potentially attenuate its dispersion into the local 

environment (Chapter 4). Background information regarding the complex chemistry of As 

and its effects on human health is included in the literature review presented in Chapter 2. 
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CHAPTER 2 

When does arsenic in gold mine leachates represent a 
threat to human health and how can it be remediated? 

A literature review 

2.1 Introduction 

Arsenic (As) is known to be present within over 200 naturally-occurring minerals 

(Onken and Hossner, 1995). Some 60% of these minerals are arsenates whereas 20% are 

sulphides and sulphosalts (complex sulphides) and the remainder comprise a range of 

arsenides, arsenites, oxides and alloys (Baur and Onishi, 1978; Mitchell and Barr, 1995). 

Certain of these minerals, including arsenopyrite (FeAsS), orpiment (As2S3), realgar (AsS) 

and enargite (Cu3AsS4), may be mined specifically for the As which is used within pesticides 

and wood preservatives and as a growth promoter for pigs and poultry (O'Neill, 1995). 

However, the widespread association of a range of As-bearing sulphide minerals and 

oxidised metal arsenates (lrgolic, 1986) with Au, Ag, Pb, Zn and Cu deposits means that As 

may be released during the processing of these ores and is often present in mine waste and 

tailings dumps. The exposure and potential leaching of this previously buried As-bearing 

rock, within both the tailings dumps and the mines themselves, means that the bioavailability 

of As may be inaeased within local soils, groundwaters and surface run-off. However, the 

mobility, bioavailability and toxicity of As are all functions of its speciation and solubility, which 

are in tum dependent on a range of chemical, physical and biological factors. 

2.2 Aims of this review 

The complex chemistry of As dictates the need to examine how it behaves under a 

range of environmental conditions in order to assess and predict the possible impacts which 

may stem from the mining-related exposure of As-bearing material. The aims of this review, 

therefore, are: 

1. to define the conditions under which As can be expected to be at its most mobile and 

toxic, 

2. to examine the possible environmental and health risks associated with the release of As 

into the environment during mining, and 

3. to examine possible remediation techniques for As-bearing aqueous leach ates. 
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2.3 Arsenic chemistry 

Arsenic, a metalloid element with an atomic number of 33, is represented by a single 

isotope of mass number 74.92. It has an outer electron configuration of 4s24p3 and can 

occur in the 3+ (Aso2- = arsenite), 5+ (Asoi- = arsenate), O (As(s) = metallic or solid arsenic) 

and 3- (AsH3 = arsine gas) oxidation states (Baur and Onishi, 1978; lrgolic, 1986; McBride, 

1994). The biological methylation of As involves a reduction sequence of As(V) to As(III) 

followed by the oxidative addition of one or more methyl (CH3) species, as illustrated in 

Figure 2.1. 

2.4 Arsenic occurrence in soils 

2.4.1 Arsenic concentrations in natural and contaminated soils 

In the absence of As contamination or mineralisation involving As-bearing minerals, 

O'Neill (1995) states that the natural levels of As in soils range from 1 to 40 mg/kg, with an 

average value of -10 mg/kg, depending on the rock type from which that soil was derived. 

Chatterjee et al. (1993) present a similar range of 0.1 to 40 mg/kg in normal soils. Although 

most soils fall within the lower part of this range (O'Neill, 1995), with agricultural soils generally 

having As contents of between 1 and 20 mg/kg (Mitchell and Barr, 1995), it is possible, 

although rare, for several hundred ppm As to be present in uncontaminated soils (Mitchell, 

1964; Schloemann, 1994). This may be due to the ranges of As within some rock types 

extending to quite high values: igneous and sedimentary rocks <1 to 15 mg/kg (average= 2 

mg/kg), fine-grained argillaceous rocks (shales, mudstones and slates) <1 to 900 mg/kg 

(average = 10 to 15 mg/kg), sandstones and limestones <1 to 20 mg/kg, and phosphate 

rocks <1 to 200 mg/kg (O'Neill, 1995). 

In a study of As contamination within soils associated with As-bearing gold-sulphide 

mineralisation at the Ashanti mine in Ghana, West Africa, Bowell (1994) determined 

background levels for As in uncontaminated soils as 0.01 to 0.02 mg/kg and in soil porewater 

as 0.01 to 0.02 mg/L. Although these soil values are low compared to the average estimates 

for uncontaminated soils, O'Neill (1995) states that average soil porewater values are 

generally <0.01 mg/L. However, mineralisation involving As-bearing minerals or soil 

contamination resulting from As-containing pesticides, metal processing industrial effluents 

or mine wastes can significantly increase these levels such that As concentrations may 

exceed 1000 mg/kg soil (Bowell et al., 1994; Kavanagh et al., 1996). 
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Figure 2. 1 : The sequence of reduction reactions involved in the biomethylation of As 
(after Thompson, 1993); MMAA = monomethylarsonic acid, DMAA = dimethyfarsinic acid, 
TMA = trimethytarsine. 
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2.4.2 Factors affecting the chemical behaviour of arsenic in soils 

The mobility, bioavailability and toxicity of As in soil depends on its solubility, which in 

turn reflects soil conditions such as redox potential, pH, clay content, organic matter content, 

microbial activity, and the presence and abundance of Fe, Al and Mn oxides and hydroxides 

(Pierce and Moore, 1982; Brannon and Patrick, 1987; Onken and Hossner, 1995). Complex 

interactions between this range of soil chemical and physical features means that no one 

factor can be treated in isolation when predicting the behaviour of As. 

2. 4.2. 1 Redox potential and pH 

According to the Eh-pH diagram of Masscheleyn et al. (1991) for the As-H20 system 

(Figure 2.2), the most thermodynamically stable As species in soils within the pH range of 4 

to 8, assuming that complexing species and methylating organisms are absent, are arsenous 

(As(III): HsAs03) and arsenic (As(V): H2As04·, HAs042·) acids, with As(s) representing the 

dominant species under the most reducing conditions. Arsine gas can only form if the soil 

solution is very reduced and acidic (Sadiq et al., 1983). An Eh-pH diagram for the system As-

0-H over a greater range of conditions (Bowell et al., 1994) is presented in Figure 2.3. 

Whereas As(V) is the favoured oxidation state at higher redox potentials (Eh = +200 to +500 

mV), such as occur under normal oxidising conditions at the Earth's surface (Haswell et al., 

1985; O'Neill, 1995), a decrease in redox potential results in the reduction of As(V) to As(III) 

via the reaction (Marin et al., 1993): 

H2As04· + 3H+ +2e· = HsAs03 + 2~ 

In a series of experiments which involved equilibrating soil suspensions under 

controlled redox and pH conditions, Masscheleyn et al. ( 1991) found that the combination of 

an alkaline pH (pH = 8) and oxidising conditions resulted in a threefold increase in As 

solubility, almost all of which was As(V), as compared to its solubility at lower pH conditions. 

This was interpreted to be due to the increase in pH resulting in the replacement of As(V) by 

hydroxyl ions on the soil sorption sites, thereby releasing the negatively charged arsenic acid 

species (H2As04· and HAs042·) into solution. At the same alkaline pH but under reducing 

conditions, As(III) was the major dissolved species, although total As solubility was less than 

occurred during more acidic equilibrations. The increase in total As solubility which 

accompanies decreased pH is attributed to the increased dissolution of Fe oxides and 

hydroxides and the concurrent release of coprecipitated arsenate (Marin eta/., 1993). 

The Eh-pH diagram of Masscheleyn et al. {1991) depicts the boundary between 

Fe(OH)s and Fe2+ to lie sub-parallel to the arsenic acid/arsenous acid boundary (Figure 2.2), 

thereby predicting that the reduction of Fe(III) to Fe(II) should be accompanied by the 

reduction of As(V) to As(III). However, as the rate of change in the oxidation state of As with 
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changes in Eh and pH conditions is variable, the measured proportions of As species in soil 

porewaters may not be as expected for those particular soil conditions (Marin et al., 1993; 

O'Neill, 1995). Whereas As(III) can convert to As(V) within a matter of days under moderately 

oxidising conditions (> +100 mV) (Quastel and Scholefield, 1953; Deuel and Swoboda, 

1972), the reduction of As (V) to As(III) may take several weeks (Takamatsu et al., 1982). As a 

result, significant concentrations of thermodynamically unstable As(V) may be present under 

reducing conditions (Masscheleyn et al., 1991). Therefore, although the increase in As 

solubility with decreased redox potential is often attributed solely to the reduction of As(V) to 

the generally more soluble As(III), it may actually be controlled by the reduction of ferric 

arsenates, and other fonns of Fe(III) which are combined with arsenate, to a more soluble 

ferrous form rather than a change in the speciation of As itself (Deuel and Swoboda, 1972). 

Masscheleyn et al. (1991) also found that, under moderately reducing conditions (Eh= Oto 

+ 100 mV), the solubility of As was controlled by the dissolution of Fe oxides and hydroxides. 
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Figure 2.2: The Eh-pH diagram of Masscheleyn et al. (1991) for the system As-H2<). The 
superimposed Mn and Fe redox couples are represented by dashed lines; activities of As, 
Mn and Fe were all taken to be 10-4 mol/L. 
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Figure 2.3: The Eh-pH diagram of Bowell et al. (1994) for the system As-0-H; the assumed 
activity of As is10-5 mol/L. 

2.4.2.2 Fe, Al and Mn oxide content 

The fact that a significant correlation has been found between the Kci value 1 for 

As(III) and the dithionite2-extractable Fe content of a soil has been interpreted to show that 

the adsorption of As(III) within a soil, and therefore presumably the solubility of As, is 

controlled by the amorphous Fe oxide and hydroxide contents of the soil (Sakata, 1987). 

O'Neill (1995) states, however, that the sorption of As(V) is greater for both Al and Fe 

hydroxides than is the sorption of As(III). The sorption experiments of Xu et al. (1991), 

conducted over a pH range of 3 to 8, also showed that the overall adsorption of As(V) in soils 

was greater than that of As(III). Whereas the maximum sorption of As(III), as HsAs03, occurs at 

a pH of 7 to 8, the maximum adsorption of As(V), as H2As04-, occurs at a significantly lower 

1 the Kci value (distribution coefficient) for As(III) is calculated as the ratio of the concentration 
of As(III) in solution relative to the concentration of adsorbed As(III) 

2 dithionite is used to extract metals bound specifically to Fe oxides (Mitchell et al., 1994; 
cited in Mitchell and Barr, 1995) 
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pH of 4 to 5 (Gosh and Yuan, 1987; O'Neill, 1995). Yoshida et al. (1978; cited in Seyler and 

Martin, 1989) also cite an adsorption maximum for As(V) at a relatively low pH of 5.5, with a 

drastic decrease in sorption at both higher and lower pH values. 

The behaviour of As in soil environments was examined by Sadiq et al. (1983) in 

terms of the thermodynamically predicted solubility relationships of a range of metal 

arsenates under changing soil solution conditions (Figure 2.4). They concluded that 

Ca3(As04)2 was likely to be the most stable As mineral in well-oxidised, alkaline soils, 

followed by Mn3(As04)2. The possibility that Mn3(As04)2 may precipitate under more acidic 

and/or reducing soil conditions is predicted by both Sadiq et al. (1983) and Masscheleyn et 

al. (1991). In fact, Masscheleyn et al. (1991) state that where high concentrations of Mn are 

present under reduced soil conditions, the occurrence of thermodynamically unstable As(V) 

may also be due to the presence of a Mn3(As04)2 phase. The association of As(V) with Mn 

under reducing conditions is a consequence of the extremely efficient oxidising ability of Mn 

for As(III) (SuUivan and Aller, 1996). 
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Figure 2.4: Diagram showing the relative stability of a range of metal arsenates under 
varying pH conditions, as determined by Sadiq et al. (1983); C02(g) = 0.0003 atm. 
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The relative stabilities of As(III) oxides and As(III) sulphides in various soil 

environments were also examined by Sadiq et al. (1983), using Ca:3(As04)2 as an arsenate 

reference mineral (Figure 2.5). The results indicated that whereas As(III) oxides were 

relatively unstable at pH 7 as compared to the As(III) sulphides, even under reducing 

conditions, they are able to co-exist with sulphides at pH s6. The As(III) sulphides, however, 

will only precipitate if the pH is >6 and the redox potential is low. 

0 

-4 __EH=~ 

Ca3(As0 )2 

N -8 
~ I ---

0 I pH=6 

0 pH=6 I 1 
<C -12 pH=a/ I 
::c I / pH=6 

I 

C) 
0 -16 ..J 

-20 

-24 .._ _ ____.._____._.___...___ _ ___._ __ __,_ __ __._ __ __, 

0 2 4 6 8 10 12 

pe+pH 

Figure 2.5: Diagram showing the effect of redox and pH on the stability of As(III) oxides and 
As(III) sulphides, as detennined by Sadiq et al. (1983); C02(g) = 0.003 atm. The As(III) oxides 
are arsenolite (ars.) and claudetite (claud.). 
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2.4.2.3 Clay and organic matter content 

The fact that As can behave as an oxyanion with a similar adsorption behaviour to that 

of phosphate (O'Neill, 1995) means that is easily adsorbed by minerals with Fe and Al 

coordination sites such as Al hydroxide, kaolinite, montmorillonite, goethite and ferrihydrite 

(Goldberg and Glaubig, 1988; Fuller et al., 1993). Therefore the clay fraction (<2 µm _particle 

size) of a soil is likely to be most enriched in As. However, As availability in soil is also partly 

controlled by organic matter content. The findings of Bowell (1994), that high fulvic acid 

concentrations reduce As adsorption by Fe oxides, are consistent with the proposals that 

fulvic and humic acids increase the negative surface charge of Al and Fe oxides (Davis, 1982) 

and/or decrease As(V) adsorption by transforming the adsorbent minerals to organometallic 

complexes (Anderson et al., 1982). 

2. 4.2. 4 Microbial activity 

Microbial activity in soils can result in a range of transformations involving As 

compounds. These transformations include the oxidation of As(III) to As(V) and the formation 

of a range of organoarsenical compounds via the biomethylation of As(III) (McBride, 1994; 

O'Neill, 1995). Although the biomethylation of As in soils is poorly studied, it appears that the 

activity of certain microorganisms and the type of As species they produce may be restricted 

by the pH conditions of the substrate (O'Neill, 1995). For example, whereas 

monomethylarsonic acid (MMAA) occurs mainly as monomethylarsonate (CHJAs020H-) 

under normal soil pH conditions, the production of dimethylarsinic acid (DMAA) will change 

from its neutral form to its anionic form (dimethylarsinate: (CH3)2Asoo-) at a pH close to 6. 

Although monomethylarsonates are sorbed by soil components in a similar way to arsenates, 

dimethylarsinates are less strongly sorbed (Gosh and Yuan, 1987). Hiraki (1993) found that 

the microbial population of As polluted soils under reducing conditions could actually be 

dominated by As(III) tolerant fungi. Whereas the bacterial strains isolated from these polluted 

soils appear unable to volatilise As(III), the fungal strains have the ability to produce a volatile 

As compound from As(III) (Hiraki and Yoshiwara 1993). This same study suggested that 

under more oxidising conditions, certain fungal strains may be able to volatilise As as 

trimethylarsine (TMA) using organoarsenicals such as MMAA and DMAA. 
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2.5 Arsenic occurrence in aquatic sediments 

2.5.1 Factors affecting the chemical behaviour of arsenic in aquatic 

sediments 

Aquatic sediments can act as major sinks for As, containing up to 3600 mg/kg in the 

highly polluted Aberjona watershed of the eastern U.S.A. (Aurilia et al., 1995). When 

conditions in the water body change such that As speciation is affected and/or its mobility is 

increased, possibly on a seasonal basis, this As can potentially be released back into solution 

(McLaren and Kim, 1995). Changes in factors such as Eh, pH, ionic strength, temperature, 

presence of competing anions or complexing ligands, status of Fe and Mn oxides, sediment 

sulphide content, adsorption density, microbial activity and/or water stratification have been 

proposed as possible controls on the mobilisation of As from aquatic sediments (Aggett and 

Kriegman, 1988; Reuther, 1992; McLaren and Kim, 1995). Aggett and O'Brien (1985) state 

that the mobility of As in aquatic sediments is not dependent, however, on the formation of 

methylated As species since demethylation is known to occur in anoxic sediments. 

2.5.2 The diagenetic cycling of arsenic in aquatic sediments 

In a series of leaching experiments under controlled pH conditions, Mok and Wai 

(1990) found that As solubility in sediment samples increased markedly at both high and low 

pH values, as a result of the change in As speciation with pH, and concluded that a near­

neutral pH would be necessary to stabilise As within sediments. However, the redox 

potential of aquatic sediments also has a marked and well documented effect on As 

speciation and solubility. Within aquatic sediment profiles As tends to be correlated 

predominantly with Fe and Mn due to its immobilisation via either adsorption on, or 

coprecipitation with, Fe and Mn oxides and hydroxides in the oxic surface sediments 

(Brannon and Patrick, 1987; Mok and Wai, 1990; Loring et al., 1995). This has been 

attributed to the fact that as sediments are buried or play host to intense biological activity, 

reducing conditions come to prevail and result in the reduction and subsequent dissolution 

at depth of As-bearing Fe(III) and Mn(IV) oxides. The upward migration of the solubilised 

As(III), Fe(II) and Mn(II) species in sediment pore waters redeposits them within the surface 

sediments, where, under oxidising conditions they will be reimmobilised as As(V)-bearing 

Fe(III) or Mn(IV) oxides or precipitated as FeAs04 (Aggett and O'Brien, 1985; Farmer and 

Lovell, 1986; Hunt and Howard, 1994; Sullivan and Aller, 1996). Due to this upward 

migration of As within aquatic sediments, the redox potential at the sediment-water interface 

may therefore determine whether the sediments will act as a sink or a source for As 

(Widerlund and lngri, 1995). If the sediment-water interface is, in fact, reducing, possibly as a 
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consequence of a high degree of biological activity, the As will be released into solution 

rather than being oxidised and immobilised in the surface sediments (Reuther, 1992). 

Moore et al. (1988) emphasise that there may be a role for diagenetic metal 

sulphides as As sinks in anoxic aquatic sediments. These metal sulphides, resulting from the 

microbially-mediated reduction of S042- in pore water to H2S, may scavenge the As(III) 

released into the pore water of anoxic sediments following the reduction dissolution of As­

bearing Fe(III) oxides. Subsequent exposure of such As-bearing sulphidic sediments to 

oxidising conditions, as a result of drainage of a water body or dredging, may therefore result 

in the increased mobility and release of As. The proposed diagenetic cycling of As in lake 

sediments is depicted in Rgure 2. 6. 
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Figure 2.6: The proposed transformations of Fe and As in the sediments of Lake Ohakuri, 
New Zealand (Aggett and O'Brien, 1985). All solid Fe species are presumed to contain oxide 
and/or hydroxide groups; S = solid phase, A = aqueous phase. 

2.6 Arsenic occurrence in natural waters 

Chemical species such as As can be present in natural water systems as dissolved 

species or they may be transported via adsorption onto suspended partides or in association 

with colloidal matter (Babb et al., 1985). In addition to the physical parameters controlling flow 

in such a water body, the transport of As and its presence in solution will also depend on the 

inter-related roles played by redox potential, pH and microbial activity (Del Razo et al., 1990). 
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2.6.1 Factors affecting the chemical behaviour of arsenic in water 

2.6.1. 1 Redox and pH conditions 

Although all four oxidation states of As are stable under the Eh conditions found in 

aquatic systems, the fact that Ass- and As(s) are only thermodynamically stable at very low Eh 

values means that the 5+ and 3+ oxidation states also dominate the speciation of As in water 

(Ferguson and Gavis, 1972). Whereas As(III) is generally more mobile than As(V), the latter is 

usually the dominant As species in natural waters due to the prevailing Eh-pH conditions 

(Pontius et al., 1994). When organic As compounds are present, they normally constitute a 

very small percentage of the total As. 

The similarities between the chemical behaviour of As in water and in soil solutions 

can be seen by comparing Figure 2. 7 with Figure 2.3. The Eh-pH diagram (Figure 2. 7) of 

Ferguson and Gavis (1972) indicates that the arsenic acids (H~s04, H2As04-, HAs042- and 

As043-) are soluble in oxygenated waters. However, H~s04 and As043- require pH values 

of <2 and >12, respectively (Figure 2.8), and therefore lie outside the pH range of most 

natural waters (pH = 6 to 8: Dallas and Day, 1993). Under mildly reducing conditions, 

arsenous acid species (H~s03, H2As03- and HAs032-) are stable (Figure 2. 7), but once 

again only H~s03 would occur in natural waters at pH <9. Ferguson and Gavis (1972) state 

that although the arsenic oxides As20 5 and As~3 are too insoluble to appear in their Eh-pH 

diagram, arsenic sulphides such as AsS and As2S3 have low solubilities and only occur as 

stable solids at pH <5.5 and Eh -0 volts in the presence of s2-. Under mildly reducing 

conditions, the only soluble As sulphide species are HAs~. requiring a pH <4, and Ass2-, 

predominating at pH >3. 7. The two As species predicted to be stable under highly reducing 

conditions are As metal, which is considered to be extremely insoluble and has not been 

reported in water, and arsine (AsH3), which is only slightly soluble. 

2. 6. 1.2 Miaobial activity 

As with soils, several organic forms of dissolved As (organoarsenicals) can also occur 

in natural waters, and two of these, MMAA and DMAA, may at times dominate the dissolved 

As speciation of saline or freshwater systems (Anderson and Bruland, 1991). At natural water 

pH values MMAA and DMAA occur as anionic monomethylarsonate and dimethylarsinate, 

respectively, and DMAA can undergo abiotic degradation to As(V) (Anderson and Bruland, 

1991 ). The factors which stimulate biomethylation of As are poorly understood, although it is 

thought to represent a possible detoxification process for the bacteria and fungi responsible. 

By virtue of the fact that As(III), MMAA and DMAA are all less strongly sorbed than As(V), the 

microbial activity responsible for the reduction, and subsequent methylation, of As(V) may 

actually result in increased As mobility in water (Aurilio et al., 1994). Therefore, although the 
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occurrence of these natural organometalloids is not predicted by thermodynamic equilibrium 

models, they may still contribute to As availability. 
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Figure 2.7: The Eh-pH diaeram of Ferguson and Gavis (1972) for As at 25°C and one 
atmosphere; total As = 1 o- mol/l. and total S = 1 o-3 mol/l.. Solid species appear in 
parentheses in the dashed area which indicates solubility <10-5.3 mol/l.. 
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Figure 2.8: The mole fraction distribution of arsenic acid species in aqueous environments 
as a function of pH (Sadiq at al., 1983). 

2.6.2 Factors causing thermodynamic disequilibrium of arsenic speciation in 

water 

A number of studies conducted on natural and contaminated water bodies around 

the world have revealed that, as with soil, inorganic As speciation is rarely at thermodynamic 

equilibrium (Aurilia at al., 1994). Therefore, the speciation of As in water is complex, involving 

a number of possible contributing factors besides the prevailing pH and Eh conditions. A 

study of the depth distribution of As(III) and total As in oxic and anoxic waters of the Oslofjord, 

Norway, whereby the difference between them was assumed to be As(V), revealed that 

although As(V) dominated the oxygenated waters, As(III) was also present contrary to 

thermodynamic stability predictions (Abdullah et al., 1995). The presence of As(III) in these 

oxic surface waters was interpreted to have resulted from run-off containing reduced As 

and/or seasonal planktonic As release. However, it is conceivable that, as with soil, slow 

oxidation-reduction mechanisms may be at least partly responsible. Thermodynamically 

unstable As speciation in a permanently stratified lake in central France was partly attributed 

to a slow and incomplete response of As to the prevailing redox conditions (Seyler ~ 
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Martin, 1989), although the presence of As(V) in the bottom anoxic layer of the lake was also 

interpreted to be a possible consequence of both desorption from solubilising Fe oxides 

and hydroxides with decreasing pH and the possible release of biogenic As(V) from 

degrading diatom tests. The microbial reduction of As(V) to As(III), possibly by sulphate­

reducing bacteria, has also been suggested as a possible cause for the presence of 

significant levels of As(III) in oxygenated surface waters of a dimictic lake in the eastern 

U.S.A., whereas slow reduction of As(V) and the differential scavenging of As(III) and As(V) 

by Fe and Mn oxides and hydroxides has been blamed for the presence of significant As(V) 

in the underlying anoxic layers (Spliethoff et al., 1995). Fuller and Davis (1989) discovered 

that a daily pH fluctuation of up to 0.5 units within a creek in South Dakota, U.S.A., was 

induced by diurnal variations in photosynthetic activity and accompanied by variations in the 

concentration of As(V). Their interpretation that the sorption of As(V) by ferrihydrite was 

affected by variations in the pH of the creek water could have implications for other water 

bodies in which observed seasonal trace element cycling may be related to seasonal 

variations in photosynthetic rates in the oxic surf ace waters. 

2. 7 Environmental arsenic contamination associated with 
mining 

The presence of high As concentrations in soils and groundwater can be a natural 

geological phenomenon (Matisoff et al., 1982; Farmer and Lovell, 1986; Schloemann, 

1994). However, that fact that elevated As levels are associated with many ore deposits, for 

whidl As may actually act as a pathfinder mineral (Grimes et al., 1995), means that the mining 

of these ore deposits results in the production of potential environmental hazards. Such 

hazards may include wind dispersal and teaching into the groundwater of As from fine­

grained waste rock piles, tailings dam material and from the mine workings themselves 

(Bowell et al., 1994). Arsenic teaching into surface water bodies, particularly in high rainfall 

areas (Mitchell and Barr, 1995), must also be considered as a possible means of As dispersal. 

2. 7.1 The geochemistry of arsenic release during mining operations 

The main source of As from most gold mining operations is the oxidation of 

arsenopyrite as a result of exposure, physical weathering and/or microbial activity (LaPerriere 

et al., 1985; Chapman et al., 1993). The oxidation of arsenopyrite results in the release of the 

arsenic acid HJAs04, which is mobile under highly acidic conditions (Wilson and Hawkins, 

1978; Bottomley, 1984). However, As(V) is relatively immobile under weakly acidic or neutral 

conditions, due to co-precipitation with Fe oxides and hydroxides, and will ultimately form the 

mineral scorodite (FeAs04.2H20), according to the equation (Wilson and Hawkins, 1978): 
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Fe(OH)3 + H3As04 =::> FeAs04.2H20 + H20 

Under more alkaline conditions, As(V) is again quite mobile as the arsenic acid species 

HAsOi-. which will, however, co-exist with Fe(OH)3 and eventually coprecipitate with it. 

Depending on the prevailing redox potential, arsenic acid species may be reduced to 

arsenous acid species in solution. In acidic to neutral solutions, As(III) can exist as either 

As(OH)2+ or HJAs03, whereas in more alkaline solutions it may be present as H2As03-, 

As02- or As(OH)4- (Wilson and Hawkins, 1978). 

2.7.2 Examples of arsenic dispersion from gold mining operations 

There are many examples in the scientific literature of gold mining operations posing 

a potential threat to the environment in terms of the high residual As content of their tailings 

and the oxidation of exposed mine workings. One incident, reported by Geyer (1977; cited 

in Frost et al., 1993), occurred in western Poland in 1988 where 60 cases of chronic As 

poisoning were recognised in people living around a gold mine and deriving their drinking 

water from a spring that ran through the mine waste tailings. The As content of this water was 

measured as 25 mg/L. Another example involves the Berkeley Pit, an abandoned open 

pit/underground mine in the Butte Montana mining district of the U.S.A. Since 1983, this pit 

has been filling with an acidic metal sulphate solution due to contaminated surface run-off 

and groundwater inflow (Davis and Ashenberg, 1989). Arsenic contamination in this pit 

results mainly from the dissolution of arsenopyrite, with a minor contribution from the 

leaching of mine timbers which had been treated with As-bearing preservatives. The pH of 

the solution in the pit ranges from 2. 7 at the surface to 3. 17 at the bottom and the Eh 

conditions are oxidising, ranging from +450 mV to a surface high of +817 mV. Therefore, the 

dominant dissolved As species present is As(V), and total As concentrations of up to 0. 7 

mg/L have been measured. If, as predicted, the Berkeley Pit overflows by the year 2009, this 

acidic, As-contaminated solution could pose a potential environmental and human health 

risk. 

At the Ashanti Au mine in Ghana, As occurs mainly within arsenopyrite, although it is 

also present as a trace element within tetrahedrite, pyrite, bournonite, pyrrhotite and 

aurostibite (Bowell et al., 1994). Lateritic weathering results in increasing Eh conditions and 

the oxidation of these sulphide minerals to secondary arsenate and arsenate sulphate 

minerals which include bukovskyite, kankite, pitticite and scorodite. In the upper part of the 

saprolite and within the overlying soil profiles, the secondary As minerals are altered to 

goethite and haematite. Within these natural aerobic weathering profiles overlying areas of 

Au-As mineralised bedrock, soil As concentrations range between 189 and 1025 mg/kg and 

porewater As concentrations measure 0.086 to 0.557 mg/L, whereby ;J!: 78% of the total As 

present is As(V). The acidic condition of nearby soils contaminated by mine tailings from the 

Ashanti mine, however, means that As(III) is the dominant species present (s 45% of total As 
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in the aerobic soils and 79% of total As in the anaerobic soils). The As concentrations within 

these anthropogenically contaminated soils are: 40.5 to 1290 mg/kg in the soils, 0.07 to 

0.11 mg/L in the aerobic porewaters and 0.07 to 0.60 mg/L in the anaerobic porewaters. 

Whereas MMAA and DMAA are also found within the aerobic soils, no methylated As species 

are detectable in the anaerobic soil porewaters. 

Environmental As contamination also originates from the site of the abandoned 

Hillside Au-Ag mine and mill complex in an arid region of western Arizona (Rampe and 

Runnells, 1989). The tailings and waste rock dumps from past mining activities have been 

deposited on the bank of a stream, the Boulder Creek, which is often stagnant during 

summer and intermittently flooded during winter. Two As-contaminated seeps flowing into 

the creek have been located. Seepage originating from a collapsed mine adit was found to 

be weakly acidic (pH 5.4), low in oxygen and to contain 21 mg/L As, whereas drainage from 

the base of a tailings pile is oxygenated, extremely acidic (pH 2.4) and contains 34 mg/L As. 

Compared to the water in Boulder Creek upstream from the Hillside complex, which is alkaline 

(pH 8.4) and has a relatively low As concentration (0.03 mg/L), the water downstream from 

the two seepage sites has a significantly lower pH (7.3) and a much increased As 

concentration (1.2 mg/L). The effect of the alkaline waters on the mine drainage, therefore, 

appears to be similar to that of liming such that decreased As mobility is promoted via the 

sorption on As onto the river sediments at higher pH values. Rampa and Runnells (1989) 

concluded that the similarities between the patterns of total As and Fe concentrations in 

waters downstream from the mine site indicate that As adsorption involves Fe oxides and 

hydroxides. However, as high concentrations of Ca would be expected in these alkaline 

waters, there may also be a role for As precipitation as C.33(As04)2 (Rgure 2.4). Rampe and 

Runnells (1989) also found that the transport of metals from the Hillside mine site by Boulder 

Creek is highly seasonal, with transport via dissolution dominating in summer whereas 

transport as particulate matter dominates during the winter floods. In addition, the high 

buffering capacity of the Boulder Creek water, as a consequence of the arid climate, means 

that pollution from the mine site does not extend more than 2.5 km downstream. 

An attempt to examine the importance of sorption reactions in As partitioning 

between dissolved and sediment fractions in mine drainage waters using the computer 

modelling program MINTEQA2 confirmed the pH-dependence of As sorption (Smith et al., 

1992). The results of this study also suggested that whereas suspended Fe-rich particulates 

play an important role in the sorption of As in mine drainage waters with pH >4, Fe-rich bed 

sediments may only play a limited role. 
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2. 7.3 Potential risks to human health from arsenic dispersion associated 

with mining 

Mitchell and Barr (1995) have reviewed public exposure to As in south west England 

as a consequence of prolonged mining and smelting operations involving As-bearing 

minerals. They foresee the major human health risks associated with mining to be As intake 

via water, the food chain and As-contaminated dust, the latter originating from mine spoils 

and presenting more of a problem in terms of ingestion by children playing in contaminated 

soils than via inhalation. Although As in contaminated soils is potentially available for plant 

and animal uptake, its bioavailability will be dependent on factors such as soil pH, redox 

potential, drainage, organic matter content, clay content and clay mineralogy. Even if the As 

is bioavailable, plant uptake is limited by factors such as seasonal effects, plant species 

characteristics and chemical factors at the soil-root and root-shoot interfaces. Therefore, the 

levels of As found in terrestrial plants, apart from a few known As-tolerant species, generally 

remain well below the levels within their soil substrates. Although the limited uptake of As by 

most plants prevents significant concentrations being passed up the soil-plant- human food 

chain, root vegetables grown in contaminated soils and not washed properly prior to being 

eaten could represent a potential source of As ingestion. Li and Thornton (1993) 

investigated the idea that As could also potentially enter the food chain, via meat or milk 

products, as a consequence of the direct ingestion of contaminated soil by livestock during 

grazing. Although it has been estimated that 34 to 90% of the As intake of cattle on 

contaminated land is due to soil ingestion (Mitchell and Barr, 1995), Li and Thornton (1993) 

concluded that only about 1% of this ingested As is actually absorbed. Therefore, apart from 

the problem of direct ingestion of contaminated dust and soil by children, the main risk to 

human health from environmental As contamination appears to be the drinking of 

contaminated water. 

2.8 Human arsenic consumption 

2.8.1 Arsenic as an essential element 

Despite the notoriety gained by As through the use of arsenic trioxide ('white 

arsenic': As2')3) as a lethal poison, it may in fact be an essential trace element for humans in 

terms of stimulating haemoglobin production and influencing the metabolism of the essential 

amino acid arginine and the vital metals Zn and Mn (Emsley, 1985). Uthus (1992) suggests 

that As deprivation may also affect sulphur amino acid metabolism and states that there may 

be a possible human minimum As requirement in the order of 0.012 mg/day. A normal daily 

intake of As can be derived from water (0.01 to 1 mg/L), meat (0.06 to 1.1 mg/kg) and milk 
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(0.01 to 0.05 mg/L), whereby the values in parentheses represent the naturally-occurring or 

background levels presented by Schroeder and Balassa (1966). 

The uptake of As by plants is relatively small (O'Neill, 1995), with the average 

concentration in grass being 0.30 mg/kg (Li and Thornton, 1993). Therefore, as marine 

organisms appear to accumulate and transform As compounds more efficiently than land­

based organisms (lrgolic, 1986), the major source of dietary As for humans is seafood (10 to 

40 mg/kg fresh weight; Pontius et al., 1994). Arsenic occurs in marine organisms in the form 

of arsenobetaine ((CH3)3AsCH2C02), an essentially non-toxic organoarsenical which is 

excreted in the urine unchanged (Chatterjee et al., 1995), as well as arsenosugars (Le et al., 

1994). The World Health Organisation has recommended a maximum tolerable daily As 

intake of 0.002 mg/kg body mass (WHO, 1983), whereas Brown and Fan (1994) cite a United 

States Environmental Protection Agency (EPA) No-Observable-Adverse-Effect (intake} 

Level (NOAEL) for As of 0.0008 mg/kg bodyweighUday. The lethal dose for acute As 

poisoning is 1 to 4 mg/kg bodyweight (Pontius et al., 1994). 

2.8.2 Arsenic as a toxic element 

2.8.2.1 Arsenic toxicity as a function of its chemical speciation 

The toxicity of As to humans depends on its concentration, speciation and 

bioavailability. Arsenic is at its most toxic in the +3 and -3 oxidation states (Aurilia et al., 1994) 

and inorganic forms are -100 times more harmful than organic forms (Chatterjee et al., 1993; 

Thomas, 1994; Chatterjee et al., 1995; O'Neill, 1995). The order of decreasing toxicity of As 

species is cited as AsH3 >·As(III) > As(V) > MMAA > DMAA (Matisoff et al., 1982; Chatterjee et 

al., 1995), whereby As(III) is between 2.6 and 59 times more toxic than As(V), depending on 

the test system used to evaluate toxicity (Del Razo et al., 1990), and the -3 oxidation state 

(AsH3) is only slightly soluble under highly reducing conditions (Ferguson and Gavis, 1972). 

Most of the As ingested into the human body is extracted by the liver and excreted 

as DMAA in the urine (Emsley, 1985). This process suggests that As methylation represents 

a detoxification mechanism involving the following steps: As(V) ~ As(III) ~ MMAA ~ DMAA 

(Chatterjee et al., 1995). The reduction of As(V) to As(III) within the human body involves the 

enzyme glutathione (GSH), whereas subsequent methylation involves the enzyme­

catalysed oxidative addition of a methyl group to As using S-adenosyl-1-methionine (SAMe) 

as a methyl donor (Thompson, 1993). Although the inorganic As retained within the body 

has been implicated as a causal agent for cancers of the lung, bladder, kidney and liver the 

main cancer associated with the ingestion of As is skin cancer (Mass, 1992). Despite 

conclusive evidence that As is a human carcinogen, it represents a unique carcinogen in that 

there is no substantial supporting evidence linking it to the experimental induction of cancer 

in other animals (McKinney, 1992). There is also no evidence to show that organoarsenicals 

are carcinogenic, mutagenic or teratogenic to humans (Goldman and Dacre, 1991). However, 
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toxic effects have been recognised during the administration of dimethyl As to laboratory 

mice (Thomas, 1994), and Mass (1992) suggests that DNA damage during the actual 

methyfation process within the human body may be cancer-inducing. 

Thomas (1994) states that the discovery that the methylation capacity in humans 

becomes saturated at an As intake level of 0.5 mg/day means that once the methyfation 

capacity for a particular As species (e.g. As(lfl)) has been saturated, it will accumulate within 

the body. This has fed to speculation that As may represent a threshold carcinogen, whereby 

its carcinogenic potential is dependent on the metabolic capacity for its inactivation being 

exceeded. However, the methyfation of As and its excretion in urine only accounts for -50% 

of the As ingested into the human body. Whereas a small amount is also excreted in the 

faeces or bound to keratin in the skin, hair and naifs (Das et al., 1995), a substantial amount of 

ingested As is actually retained by the body (Chatterjee et al., 1995). The results of a study 

by Hopenhayn-Rich et al. (1993) also disagree with the methylation threshold hypothesis. 

These results indicated that an average of 20 to 25% of the inorganic As ingested by 

humans will remain unmethylated regardless of the exposure level. 

2.8.2.2 Arsenic toxicity as a function of its uptake in drinking water 

Since water usually represents the main source of inorganic As, the World Health 

Organisation has recommended a guideline value for As in drinking water. The original 

recommended maximum limit of 0.05 mg/L (WHO, 1984) underwent a significant reduction in 

1993 to 0.01 mg/L (WHO, 1993) in recognition of the fact that the results of various research 

studies implicated As as a causative agent in a range of diseases including skin and internal 

cancers (Pontius et al, 1994). However, despite this reduced limit, the WHO (1993) 

guidelines still fail to take into account that the toxicity of As is directly related to its speciation. 

Brown and Fan (1994) have calculated a Recommended Public Health Level (RPHL) for As in 

drinking water of 0.000002 mg/L (2 ppt) based on the lifetime risk of developing skin cancer 

at an As intake level of 0.05 mg/L This RPHL assumes an average body weight of 70 kg, a 

daily water consumption of 2 Uday, a relative source contribution of 20% for As intake via 

drinking water, and a lifetime risk of 10·6 of contracting another fonn of cancer from As 

ingestion. 

Chatterjee et al. (1995) cite the 1994 report of the COT (Committee on Toxicity of 

Chemicals in Food Consumer Products and the Environment) as stating that the daily intake 

of 1.5 mg of total inorganic As (equivalent to drinking 1.5 L of water containing a total 

inorganic As concentration of 1 mg/L) could produce signs of overt chronic arsenicism in 

humans. Natural As contamination of groundwater in West Bengal, India, is in the order of 

0.05 to 3. 7 mg/L total As, whereby As(fll) may be present in concentrations of up to 2.6 mg/L. 

This contamination within the main drinking water supply for 30 million people has resulted in 

maximum ingestion rates in some districts of >1.5 mg/day of As(flf) (Chatterjee et al., 1995). 
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Long-term ingestion of this As-contaminated groundwater has been linked to a range of 

diseases (Das eta/., 1994; Chatterjee et al., 1995) which Das et al. (1996) have subdivided 

into three dinical stages: initial stage - dermatitis, keratosis, conjunctivitis, bronchitis and 

gastroenteritis; second stage - peripheral neuropathies, hepatopathy, melanosis, 

depigmentation and hyperkeratosis; and last stage - gangrene in the limbs and malignant 

neoplasm. Within the victims of this chronic arsenicism, As was found to be abnormally high 

in the urine, nails, hair, skin-scales and liver, the latter being found to contain As levels of up 

to 2.6 mg/kg on biopsy compared to the normal liver concentration of only 0.005 to 0.015 

mg/kg (Das et al., 1996). 

On the southwest coast of Taiwan, chronic As poisoning has manifested itself as a 

peripheral vascular disorder, known as 'blackfoot disease', which results in gangrene of the 

lower limbs (Lin et al., 1995). This condition is due to the ingestion of high levels of As, 

mostly As(III) (Chen et al., 1994), in artesian well water. Lin et al. (1995) believe that the As 

may cause lipid peroxidation (oxidative deterioration of polyunsaturated fatty acids) such that 

cellular injury and death occur. Water collected from one of three affected wells in the area 

had a pH of 8.1±0.4 indicating that the soluble As(III) and As(V) species present should be 

H2As03 and HAs042-, respectively (Chen et al., 1994). The fact that the ratio of As(lll):As(V) 

within the aquifer averages 2.6:1 not only indicates a high toxicity of the water in this area, 

which averages 0.67±0.015 mg/L total As, but, according to the thermodynamic equilibria of 

Ferguson and Gavis (1972; Figure 2.7), it also suggests the presence of a reducing 

environment. Methylated As species were below detection limit (0.001 mg/L) within this 

groundwater (Chen et al., 1994). 

In contrast to the above studies, which indicate that high levels of As within drinking 

water can prove to be extremely toxic to humans, a similar study by Varsanyi et al. (1991) in 

the Southern Great Hungarian Basin concluded that a prolonged average As intake of 0.137 

mg/L in drinking water, over ten times the WHO (1993) recommended limit, does not 

constitute a serious health risk. However, this study, which attempted to correlate high As 

intake, from the naturally contaminated Pleistocene groundwater used for drinking 

purposes, with mortality rates, failed to examine the speciation of the As. If the As was 

present within the water predominantly as As(V), the conclusions of Varsanyi et al. (1991) 

may well be valid. 

Other human health risks associated with the ingestion of high levels of inorganic As 

in drinking water include birth defects, possibly due to As acting as an oxidant within the 

placenta and again causing lipid peroxidation (Stone, 1994), neurological disturbances and 

hepatic abnormalities (Abernathy and Ohanian, 1992). 

The South African Department of Water Affairs and Forestry (DWAF) 'have 

summarised the effects on human health of a range of As concentrations in drinking water 

(Table 2. 1 ). They recommend that although the As concentration in potable water should 

ideally not exceed 0.01 mg/L, it should never exceed 0.2 mg/L, above which they state 

28 



"human health is seriously at risk". Once again, however, the DWAF (1995b) 

recommendations take no cognisance of the effect of As speciation on the level of toxicit)'. 

Table 2.1: The effects on human health of As intake in drinking water, as stipulated by 
DWAF (1995b). 

Arsenic Range (mg/L) 
Target Water 

Quality Range 
0- 0.01 

0.01 - 0.2 

0.2 - 0.3 

0.3 - 0.6 

0.6 - 1.0 

1.0-10 

>10 

Effects 

No health effects expected; ideal concentration 
range. 

Tolerable concentration, but low risk of skin cancer in 
highly sensitive individuals over long term. 

Increasing possibility of mild skin lesions over long term. 
Slight possibility of induction of skin cancer over long term. 

Possible adverse, chronic effects in sensitive individuals; 
brief exposure has no effect; skin lesions, including 
hyperpigmentation, will begin to appear on long-term 
exposure. 

Symptoms of chronic poisoning such as skin lesions, 
including hyperpigmentation, will appear on long-term 
exposure. 

Cancer or death will result from chronic poisoning. 

Death will result from acute poisoning. 

2.8.2.3 Factors which may increase the toxic effects of arsenic 

The toxicity of As to humans appears to be enhanced by malnutrition. As reported by 

Das et al. ( 1996), Vitamin C and methionine have been found to reduce the toxicity of As 

whereas Vitamin A deficiencies increase sensitivity to the toxic effects of As. The failure to 

maintain a well balanced diet, such that it is excessively high in carbohydrate, protein or fat, 

also appears to increase the toxic effects of As. The fact that As has been found to inhibit the 

action of Se (Ohlendorf, 1989), whereby Se represents a component of the glutathione 

peroxidase enzyme (GSH-Px) and works in association with vitamin E to protect membranes 

from peroxidation (Rotruck et al, 1973; Underwood, 1977; Diplock, 1981), may have 

implications for the occurrence of blackfoot disease in Taiwan. In a study of people affected 

by this disease, Lin and Yang (1988) did in fact find marked deficiencies in both Zn and Se. 
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2.9 The remediation of environmental arsenic contamination 

Although research into the remediation of As from contaminated water bodies is 

continuing, several methods are already in use. Conventional methods of As removal at 

water treatment plants in the U.S.A. include coagulation with metal salts, Fe-Mn oxidation and 

'softening', all of which can convert soluble As into insoluble As products prior to physical 

removal from the water body via filtration or sedimentation (Edwards, 1994; McNeil! and 

Edwards, 1995). 

2.9.1 The removal of arsenic from water via coagulation, coprecipitation or 

adsorption 

Arsenic removal via coagulation involves the addition of Fe or Al coagulants to water 

in order to convert soluble As(III) and As(V) into insoluble products via processes of 

adsorption, precipitation or coprecipitation. Whereas adsorption involves the formation of 

surface complexes between As and a solid oxide/hydroxide, precipitation occurs when the 

solubility product of either FeAs04 or AIAs04 is exceeded, and coprecipitation involves the 

adsorption of As into a growing hydroxide phase via inclusion, occlusion or adsorption 

(Edwards, 1994). Arsenic removal via Fe-Mn oxidation involves similar mechanisms to 

coagulation, whereby oxidation to remove Fe(II) and Mn(II) results in the formation of Fe or Mn 

hydroxides (Fe(OH)3 and MnOOH, respectively) which also remove soluble As species via 

either coprecipitation or adsorption (Edwards, 1994). The method known as 'softening' 

involves the removal of As via adsorption onto either calcite or Mg(OH)2 solids. Ry ash, a by­

product from coal-fired power stations, has also been proposed as an effective As(V) 

adsorbant although the degree of As removal from water by flyash is highly pH-dependent 

(Diamadopoulos et al., 1993). 

In a review of the methods used for arsenic removal from water in the U.S.A., McNeil! 

and Edwards ( 1995) found that Al was not as effective a coagulant as expected, and that the 

oxidation of Mn(II), in isolation from Fe(II), failed to remove significant amounts of As from 

water. The enhanced coagulation method of As removal from water involves the use of FeCl3 

as a coagulant, which was found to be significantly more effective than Al (Cheng et al., 

1994). Pretreatment of the water with chlorine presumably oxidises the As(III) to As(V) and 

enhances the ability of the FeCl3 to remove As (Scott et al., 1995). During the 'softening' 

process, McNeil! and Edwards (1995) found that whereas calcite precipitation removes less 

than 30% of the total As in solution, the precipitation of Mg(OH)2 can remove over 90% of 

the total As. 
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2.9.2 The treatment of arsenic-bearing mine wastes 

Several methods have been proposed for treating As-bearing mine wastes, 

although most are still under investigation. For example, Peng and Di (1994) propose a 

method of adsorbing colloid flotation (ACF) for treating aqueous mine wastes. This method 

involves adding ferric hydroxide to the waste water in order to produce a floe which adsorbs 

and coprecipitates with the As. Sodium dodecyl sulphate (SOS) is then added as a surfactant 

and its adsorption onto the As-bearing Fe(OH)3 floes renders them hydrophobic. Nitrogen 

microbubbles can then be used as a flotation technique in order to remove the floes. Otte et 

al. (1995) have investigated the use of wetlands as sinks for As and other metalloids. 

Oxidation of the rhizosphere by wetland plants results in the precipitation of Fe oxides and 

hydroxides on the root surfaces of the plants which have the potential to accumulate As via 

adsorption or coprecipitation. Voigt et al. (1996) found that, although As within contaminated 

soils can be chemically fixated and immobilised using a combination of iron sulphate, 

portlandite and Portland cement, they were unable to identify the exact insoluble As-bearing 

phases formed during the process. 

Ahmann et al. (1994) have recently discovered an anaerobic bacterium, known as 

MIT-13, which gains energy and grows from the electron transfer involved in reducing As(V) 

to As(III). This discovery suggests that bioremediation of As contamination may be possible in 

the future, whereby the microbially-mediated dissolution of As from sediments into water may 

allow for its subsequent removal via ion exchange or other remediating processes (Newman, 

1995). 

Ripley et al. (1996) report a case study in Ontario, Canada, where remediation 

methods are being successfully applied to As-contaminated Au mine tailings dams and 

drainage waters. At the abandoned Delora Au mine and mineral processing site, crushed 

limestone has been spread over the tailings to reduce the acid drainage, and an on-site 

arsenic treatment plant has been installed to treat contaminated ground and surface waters. 

This water treatment, which removes 99.5% of the total As present, involves pumping the 

contaminated waters into clay-lined settling tanks, prior to the addition of FeCl3 in order to 

precipitate the As as ferric arsenate. The resulting toxic sludge is retained in storage lagoons 

while the treated water is discharged into the adjacent Moira River. By 1989, 10 years after 

remediation began, the daily As contribution to the Moira River from the Delora mine site had 

decreased from 35 kg to 6 kg. However, even though it is now more than 30 years since 

mining in the area ceased, a comparison of As concentrations in the Moira River upstream of 

the mine site (0.007 mg/L) with the concentration just downstream of the Delora mine site 

(0.23 mg/L) indicates that the legacy remains (Azcue and Nriagu, 1995). 

31 



2.1 O Conclusions 

The risks to the environment and human health associated with the release of As 

during Au mining activities are dependent on the range of chemical, physical and biological 

factors which control the speciation, solubility and mobility of As. Those of most importance 

in determining the solubility of As in soil/sediment porewaters and aquatic systems include 

pH, redox potential and the amount and composition of the clay component within the soil or 

sediments. Although the concentration of total dissolved As is important in terms of its threat 

to human health, the speciation of the As present, whereby inorganic forms are significantly 

more toxic than organic forms and As(III) is substantially more toxic than As(V), dictates just 

how much of a risk this As contamination may represent. 

Although it must be concluded that gold mining activities can result in increased 

human exposure to As, the degree to which this occurs will vary with each individual mining 

site. Therefore, in order to assess the risks and make recommendations regarding possible 

remediation requirements, detailed chemical analyses must be performed on leachates from 

the mine and tailings dumps, local surface and ground water bodies likely to have 

experienced inflow from mine seepages, as well as the local soils and aquatic sediments. 

The mineralogy of the tailings dumps, soils and aquatic sediments is also of considerable 

importance in assessing the potential for As sorption and attenuation considering the high 

sorption/coprecipitation capacity of any Fe, Al and Mn oxides/hydroxides which may be 

present within their clay fractions. 
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CHAPTER 3 

An assessment of arsenic release into the 
Barbrook environment 

3.1 Introduction 

Gold mining and processing operations in the Barberton area of South Africa have 

the potential to cause severe degradation and pollution of the local environment if 

inadequate management and monitoring practices are employed. The decision to undertake 

the current investigation was based on the knowledge that the mining of a sulphide-hosted 

gold deposit such as Barbrook constitutes a particular threat to the environment in terms of 

potential As and heavy metal dispersion. Although this study is aimed at determining 

whether the current As levels and, to a lesser extent, heavy metal concentrations in the 

groundwater, surface waters, soils and sediments in the Barbrook area are of concern with 

respect to the health of the local population, the results also allow for speculation about the 

potential of the Barbrook operations to leave behind a legacy of future environmental 

hazards. 

3.2 Sampling sites 

Sampling within the area demarcated by the Barbrook gold mine lease was carried 

out in mid-August 1996. Two main areas were delineated for the purposes of this study, 

namely the tailings dam area and the mining area. Sampling was aimed at gathering 

representative samples from water bodies (BW samples) in each area, as well as 

accompanying sediments (BS samples) where possible. Several specimens of the Barbrook 

ore bodies (BOR samples) and waste rock pile (BR samples) were also collected. 

3.2.1 Barbrook tailings dam area 

Sampling locations for the water and sediment samples collected in the Barbrook 

tailings dam area, located -5 km northwest of the Barbrook processing plant, are listed in 

Table 3.1. The tailings dam comprises two dams which will be referred to separately 

throughout this report as the calcine dam and the slimes dam ( Figure 3.1). The calcine dam, 
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representing the smaller of the two tailings dams, was originally designed to receive the 

residue from the calcine circuit of the gold processing operation. This circuit was associated 

with the processing of the refractory sulphide-rich ore using the now defunct roaster, and 

these slimes were kept separate for possible later reprocessing. Water sample BW15 and 

sediment core BS7 were collected from a shallow greenish-coloured pond of standing water 

at the northwestern end of the calcine dam (Figure 3.2). Sample BW21 represents tailings 

material collected from residue tank three at the gold processing plant immediately 

preceding its discharge to the tailings dams. Sample BW20 was collected from the thickener 

overflow pond at the processing plant (Figure 3.3). 

Discharge from the calcine dam emerges through two outlets in the dam wall (Figure 

3.4) to form a shallow stream of black slimes (Figure 3.5: sample BW14) which includes 

visible fine-grained pyrite and enters the southern end of the main slimes dam. This slimes 

dam is located in a large valley immediately downslope from the small side valley occupied by 

the calcine dam (Figure 3.6). It was originally designed to receive the flotation plant residue 

which derived from the processing of the oxidised ore that did not require roasting. A pond 

at the southern end (Figure 3.7: water sample BW4 and sediment core BS3) acts as a sump 

from which water is pumped back to the processing plant. The main slimes dam comprises 

fine grey tailings material (sample BS4) which is covered in places by a white secondary 

efflorescence, the latter visible in Figure 3.7. Several shallow bodies of standing water were 

present on top of the slimes dam at the time of sampling. Sample BW13 was collected from 

one such water body, a greenish pond $30 cm deep at the northern end of the dam. 

Table 3.1 : List of samples collected from the Barbrook tailings dam area and gold 
processing plant. 

Sample Locality 
Water samples: 
BW1 Pond located -50 m east of Crystal Stream 
BW2 Seepage from base of slimes dam wall 
BW3 Seepage near base of slimes dam wall 
BW4 Pond at southern end of slimes dam 
BW9 Borehole below slimes dam wall - depth to water table = 19.5 m 
BW1 O Borehole below slimes dam wall - depth to water table = 14.9 m 
BW11 Borehole below slimes dam wall - depth to water tabie = 22.9 m 
BW12 Borehole below slimes dam wall - depth to water table = 17.3 m 
BW13 Pond at northern end of slimes dam 
BW14 Stream between calcine and slimes dams 
BW15 Pond at northwestern end of calcine dam 
BW20 Thickener overflow pond at processing plant 
BW21 Residue tank at processing plant 

Soll/sediment samples: 
BS1A Crystal Stream sediment core (upper 12 cm) 
BS 1 B Crystal Stream sediment core (lower 8 cm) 
BS2 Slimes seepage pond sediment core (17 cm) 
BS3 Slimes dam southern pond sediment core (14 cm) 
BS4 Slice through upper 0.5 m of slimes dam 
BS7 Calcine dam pond sediment core (8.5 cm) 
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Calcine dam 

Figure 3.1: Plan of the Barbrook calcine and slimes dams showing the location of water 
and sediment sampling sites; adapted from the 1 :10 000 orthophoto map series (2531 CB 
21 Barbrook; 1988) published by the South African Department of Surveys and Mapping. 
Groundwater samples were collected from the row of boreholes labeUed BVV9 to BW12 -
BW10 and BW11 are not individually labelled. 

35 



Sampling in the Barbrook tailings dam region included two areas of limited seepage 

from the base of the main slimes darn wall (Figure 3.8). Sample BW2 was collected from a 

small stream of clear water emerging from a broken day pipe at the base of the wall (Figure 

3.9), whereas sample BW3 was collected from a muddy puddle located -5 m east of the wall 

(Figure 3.10). The latter was lined with a yellow, presumably Fe-rich precipitate, and 

appeared to have filled with upwelling water, possibly also from a broken pipe. Due to the lack 

of any pumping apparatus, the four boreholes located directly west of the slimes darn wall 

had to be sampled with the aid of a weighted sample bottle lowered on a length of string 

(Figure 3.11 ). The resulting water samples (BW9 to BW12) were extremely sediment-rich. 

The slimes seepage pond is a depression, approximately 10 m deep, designed to 

collect water discharging from the underdrains located beneath the slimes dam as well as any 

seepage from the base of the slimes darn wall. It was empty and lined only with dry, cracked 

mud (sediment core BS2) and bullrushes at the time of sampling (Figure 3.12). Sample BW1 

was collected from a muddy pond situated further to the west of the slimes darn and -50 m 

east of Crystal Stream. Despite recent unseasonably heavy rains in the region, Crystal 

Stream was dry at the time of sampling apart from a few muddy depressions. Sediment core 

BS1 was collected in one such depression, immediately adjacent to the road crossing 

(Figure 3.13). All of the standing water bodies in the tailings dam area were surrounded by 

cattle hoof prints and were obviously used as drinking holes by the local animals and birds 

(Figure 3.14). 

Figure 3. 2: Pool of standing water on the calcine darn from which water sample BW15 and 
sediment core BS? were collected. 
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Figure 3. 5 : Black stream of tailings extending between calcine and slimes dam, from which 
sample BW14 was collected. The calcine dam wall is visible in the immediate background. 
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Figure 3. 6: View of the slimes dam looking south towards the calcine dam wall in the 
background. The slimes dam wall is located in the far right of the photo. 

Figure 3.7: Collection of slimes dam sample BS4 in front of the southern slimes dam pond 
from which water sample BW4 and sediment core BS3 were collected. The calcine dam wall is 
visible in the background. 
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Figure 3.8: View of the main slimes dam wall; Crystal Stream is located to the right of the 
area photographed. 

..: -· .,; . 

Figure 3.9: Sample BW2 comprised water seeping from a broken clay pipe at base of the 
slimes dam wall. 
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Figure 3.10: Puddle of upwelling water near the base,of the slimes dam wall from which 
sample BW3 was collected. 

Figure 3. 11 : Sampling groundwater from four boreholes located west of the base of the 
main slimes dam wall. The slimes dam wall is visible in the background, on the right side of the 
photo. 
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Fig ure 3 . 1 2 : Collecting sediment core BS2 from the slimes seepage pond. 

Figure 3. 1 3 : Collecting sediment core BS1 from Crystal Stream. 



Figure 3.14: Cattle drinking from the southern slimes dam pond. Wind erosion of the dry 
tailings material is visible in the background. 

3.2.2 Barbrook mining area 

Sampling locations for the water, sediment, rock and mineral samples collected in the 

Barbrook mining area are listed in Table 3.2 and depicted in Figure 3.15. Most of the current 

mining operations are concentrated around the level 10 mine adit (Figure 3.16). The water 

used during the mining operations at Barbrook is largely recycled, with - 70% of the 

groundwater which discharges into the level 10 mine adit (sample BW18) being re-used in 

the processing plant after clarification and filtration. The remaining fraction is pumped from 

the main drain in the mine adit (sample BW19) directly into Low's Creek. Low's Creek flows 

past the entrance to the level 10 mine adit, through the adjacent waste rock pile (Figure 3.17: 

samples BW7 and BW8) and alongside the gold processing plant before converging with 

Barbrook Creek (sample BW26). Additional Low's Creek samples were collected upstream of 

the mine site, adjacent to the explosives magazine (sample BW25), and downstream of the 

mine site and processing plant just prior to the confluence with Barbrook Creek (sample 

BW5). Barbrook Creek flows from the Shiyalongubo Dam (Figure 3.18: BW16), via an outlet 

tunnel/waterfall (BW17) and past, although not in direct contact with, the mine site (Figure 

~ 3.19: sample BW6). The Low's Creek Irrigation Board controls the amount of water released 
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from Shiyalongubo Dam at any one time in accordance with the domestic and agricultural 

requirements of the local population. 

Tab I e 3. 2 : List of samples collected from the Barbrook mining area. 

Sample locality 
Water samples: 
BWS 
BW6 
BW7 
BW8 
BW16 
BW17 
BW18 
BW19 
BW22 
BW23 
BW24 
BW25 
BW26 

Law's Creek downstream of mine site before confluence 
Barbrook Creek near mine site 
Law's Creek at base of waste rock pile 
Law's Creek just upstream of processing plant 
Shiyalongubo Dam 
Waterfall above Barbrook Creek 
Diamond drill hole in side wall, level 1 O mine adit - groundwater 
Main drain in main haulage, level 10 mine adit 
Main drain in main haulage, level 7 mine adit 
Recycled mine water tanks above French Bob mine 
Pond in disused Clifford Scott open cut mine 
Law's creek at magazine and upstream from mine site 
Below confluence of Barbrook and Law's Creeks 

Soil/sediment samples: 
BS6 Law's Creek sediment core, adjacent to waste rock pile - 10 cm 
BS8 SoU under waste rock pile 
BS9 Clifford Scott open cut mine sediment core - 33 cm 

Secondary mineral precipitates: 
BR1 Oxidised rock from base of waste rock pile 

Rock samples: 
BR2 Waste rock pile - base of -6 m high slope 
BR3 Waste rock pile - half-way up 8 to 10 m high slope 
B0R1 - BOR4 Samples from ore pile containing primary sulphide minerals 

The waste rock resulting from underground mining in the level 1 O adit extends for 

several hundred metres along the steep eastern bank of Law's Creek (Figure 3.20). 

Although it is largely a legacy of past mining activities at Barbrook, it remains the current site 

of waste rock disposal and is of particular concern in terms of potential As leaching into the 

local surf ace waters and underlying soil. Therefore, in addition to the water samples collected 

from Law's Creek, samples of the soil underneath the waste rock (BS8), the adjacent Law's 

Creek stream sediments (BS6) and the actual waste rock pile (BR2 and BR3) were also 

collected. Sample BR 1 represents a chunk of oxidised waste rock collected from the base of 

the waste rock pile, the surface of which is covered by a range of fine-grained secondary 

minerals. In addition to sampling the waste rock pile, four rock samples were also collected 

from the ore pile adjacent to the processing plant in order to determine the primary sulphide 

mineralogy of the Barbrook ore bodies. 

Although sample collection in the Barbrook mining area was concentrated around 

the level 1 O mine adit entrance and adjacent waste rock pile, limited sampling was also 

undertaken around the upper mining levels at Barbrook. The main drain in the level 7 adit 
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contains water (sample BW22) derived from the recycled water tanks above the disused 

French Bob open cut mine (sample BW23) which in tum is derived from the groundwater 

discharging into the level 10 mine adit. The only one of the disused Barbrook open cut 

mines to contain water at the time of sampling was the Clifford Scott mine (Rgure 3.21) from 

which water sample BW24 and sediment core BS9 were collected. 

Low's Creek 

Tailings dam , ....... ,,,,.,...., 
- BW6 

Barbrook Creek 

~ 

Waterfall 

Shiyalongubo Dam 

Waste rock pile 

Level 10 adit 

Level 7 adit 

~ BW22 

.,....-...l 
Open cut 

mines 

N 

0.5 km 1 

Figure 3. 1 5: Location of water and sediment sampling sites associated with the Barbrook 
level 10 mine adit entrance area and nearby creeks; adapted from the 1 :10 000 orthophoto 
map series (2531 CB 21 Barbrook; 1988) published by the South African Department of 
Surveys and Mapping. 
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Figure 3. 16: Entrance to the Barbrook level 10 mine adit. 

Figure 3. 1 7: Law's Creek immediately adjacent to the level 10 mine adit entrance and the 
waste rock pile at Barbrook. 
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Figure 3. 18: Shiyalongubo dam located in the mountains above the Barbrook gold mine. 

Figure 3. 19: Location of Barbrook Creek sampling site BW6, looking north. The Barbrook 
gold mine and processing plant are located across the road on the right and a small 
settlement is located immediately adjacent to the left side of the creek at this site. 
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Figure 3.20: Low's Creek adjacent to the waste rock pile where sample BR3 was 
collected. Stream sediment core BS6 was also collected at this location. 

Figure 3 .21: Pond in the disused Clifford Scott open cut mine. 
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3.3 Sampling and analytical methods 

3.3.1 Water samples 

Triplicate 200 ml water samples were collected at each of 26 locations in the 

Barbrook area. Prior to sampling, each sample bottle was rinsed several times at the site in 

order to equilibrate it with the water to be collected. Where possible, samples were collected 

from approximately mid-depth and mid-stream within each of the water bodies, taking care to 

avoid disturbing the substrate in the immediate vicinity of the sampling site. Sample bottles 

were completely filled and sealed in order to exclude air. All samples were transported to the 

laboratory within five days of collection, after which they were refrigerated in an unfiltered, 

unacidified state until analysis so as to minimise the risk of chemical interaction (solute 

precipitation and/or adsorption) with the sample container. In order to calculate the mass 

discharge of individual chemical species from the Barbrook minesite, and thereby provide 

baseline data for future environmental monitoring in the area, it would have been desirable to 

measure the flow rate and cross-sectional dimensions of the individual streams from which 

the water samples were collected. Although time limitations precluded the gathering of such 

information, it should be considered an essential part of any future studies. 

A brief description of the methods used to analyse the Barbrook water samples will 

be given here; further details are outlined in Appendix 1. The majority of water analyses were 

performed by the author in the Department of Geological Sciences at the University of Cape 

Town. Samples were initially analysed for pH and electrical conductivity (EC) using an 

automated Metrohm 691 pH meter and an automated CAISON microCM 2201 conductivity 

meter, respectively. Alkalinity was determined via a method of potentiometric titration to a 

preselected pH of 4.5 using 0.01 M HCI and an automated Radiometer DTS 800 multi­

titration system with a glass and calomel reference electrode pair attached. The redox 

potential of each water sample was determined using a platinum and saturated calomel 

electrode pair attached to the same Radiometer DTS 800 multi-titration unit operated in mV 

mode. The water samples were then filtered through 0.2 µm Millipore filters prior to analysis 

for their various constituents. The majority of the cation (K+, Na+, NH4+, Ca2+ and Mg2+) and 

anion (Cl-, N02-. N03- and S042-) data were obtained via high performance ion 

chromatography (HPIC) using a Dionex ion chromatograph. The methods used to determine 

Si02 and F-, namely the heteropoly blue colorimetric method and the ion selective electrode 

method, respectively, are as described in Standard Methods (1985). Phosphorus 

concentrations were determined using the ascorbic acid colorimetric method of Murphy and 

Riley (1962). Barbrook water samples were also analysed by inductively coupled plasma­

atomic emission spectrometry (ICP-AES) for a range of elements, including Zn, Pb, Co, Ni, 

Si, Mn, Fe, Cr, Al and Cu. These analyses were performed on a Joby Yvon 70C (JY70C) 

spectrometer in the Chemistry Department at the University of Cape Town. Total As was 

determined using hydride generation-atomic absorption spectroscopy (HG-AAS) at the 

Scientific Services department of the Cape Town City Council. 

49 



3.3.2 Soil and sediment samples 

Sediment cores were collected from nine sites in the Barbrook area using a hand 

corer. After their transportation to the laboratory in Cape Town, the cores were frozen within 

the outer casings. Following removal of the casings, the sediments were air-dried, gently 

crushed and passed through a 2 mm sieve. Core lengths ranged from 8 to 33 cm, with 

different horizons only recognisable in sample BS1. The main slimes dam was sampled by 

digging a pit and extracting a vertical slice through the upper 0.5 m of the sediments. A similar 

technique was employed to sample the soil underlying the waste rock pile, although the 

vertical slice was actually removed from the exposed surface on the slope next to Low's 

Creek (Figure 3. 7). These samples were also air-dried, crushed and passed through a 2 mm 

sieve. The range of analytical techniques used to ascertain the chemical properties and 

constituents of the soil and sediment samples are detailed in Appendix 2 (Sections A2.1 to 

A2.4). Discussions of the expected precision and accuracy of the various methods are 

included where appropriate. The following section therefore represents only a brief synopsis 

of the techniques involved. 

Soil and sediment pH values were determined using an automated Metrohm 691 pH 

meter on two separate soil solutions which were prepared tor each sample using water and 

an electrolyte solution ( 1 M KCI). The Karbonat-Bombe method of Birch ( 1981 ), whereby 

CO2 pressure is measured following sample reaction with cone. HCI, was employed to 

determine the CaC03 content of each sample. Total concentrations of a range of major and 

trace elements were analysed by X-ray fluorescence spectrometry (XRFS) on pressed 

powder briquettes using a Philips PW1480 spectrometer in the Department of Geological 

Sciences at the University of Cape Town and the method described by Norrish & Chappell 

(1977). Arsenic extractions were undertaken using the NaHC03 method of Olsen and 

Sommers ( 1982) and As concentrations in the extractants were measured by inductively 

coupled plasma-mass spectrometry (ICP-MS) at the Institute for Soil, Climate and Water 

(ISCW) in Pretoria 

3.3.3 Rock samples 

Two large (>2 kg) samples of waste rock (BR2 and BR3), comprising variably-sized 

and partly oxidised rock chips, were collected from different parts of the exposed face of the 

pile immediately adjacent to Low's Creek. Both samples were crushed in a jaw crusher and 

milled in a carbon steel swing mill prior to analysis. Detailed descriptions of the analytical 

techniques employed are presented in Appendix 3 (Sections A3.1 to A3.3). Analyses 

included XRFS determination of total major and trace element concentrations and 

determination of CaC03 content using the Karbonat-Bombe method (Birch, 1981). In order 

to determine the leachability of the waste rock for a range of elements including As, both 
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samples were also subjected to the toxicity characteristic leaching procedure (TCLP) at the 

Anglo American Research Laboratories in Johannesburg. This involved leaching the 

powdered samples for 24 hours using an acetate buffer solution at pH 5.0 and the rolling 

bottle technique (EPA, 1993), prior to multi-element analysis of the leachate via inductively 

coupled plasma - optical emission spectrometry (ICP-OES) and ICP-MS (As, Se and Te). 

The methods used to analyse the primary and secondary minerals found at Barbrook 

are detailed in Appendix 3 (sections A3.4 to A3.5). Quantitative chemical analyses of the 

sulphide minerals present within the ore rock samples were obtained using the electron 

microprobe whereas secondary minerals were analysed semi-quantitatively by scanning 

electron microscopy (SEM). 

3.4 Analytical results from the Barbrook area 

3.4.1 Water samples 

3.4. 1. 1 Tailings dam area 

The complete results of the analyses performed on the Barbrook water samples 

collected from the tailings dam area and processing plant are presented in Tables 3.3 to 3.7. 

Apart from sample BW1, the EC values of the water samples from this area are all high relative 

to the South African Department of Water Affairs and Forestry (DWAF) water quality 

guidelines for domestic (s70 mS/m; DWAF, 1995b) and agricultural (s40 mS/m; DWAF, 

1995c) use. In terms of their pH values and redox potential, these samples are all near­

neutral to highly alkaline (pH 6.04 to 11.02), and span a limited range of Eh values (0.17 to 

0.46 V). In terms of their ionic constituents, and consistent with their high EC and TDS 

values, all of the samples except BW1 contain high ionic concentrations. Compared to the 

WHO (1993) drinking water guideline value for As of s0.01 mg/L, most also contain high As 

levels. 

The two samples collected from the Barbrook processing plant (BW20 and BW21) 

are dlaracterised by high EC (>250 mS/m), neutral to slightly alkaline pH values (6.92 to 

7.68) and identical Eh measurements (0.32 V). These samples have particularly high 

concentrations of S042·(>1400 mg/L), Ca2+ (>300 mg/L) and Mg2+ (>180 mg/L), all of which 

are sUghtly more enridled in BW21 than in BW20. Arsenic concentrations in both samples 

are approximately twice as high as the WHO ( 1993) drinking water guideline value. 

The samples collected from the calcine dam pond (BW15), the stream of tailings 

extending between the calcine and slimes dams (BW14), and the pool of standing water at 

the southern end of the slimes dam (BW4) have the highest EC (>300 mS/m) and pH (8.9 to 

11.0) values, as well as the lowest Eh (0.17 to 0.24 V) measurements, of all samples 

collected within the tailings darn area Although all three samples are high in S042- (>1270 

mg/L), Na+ (>280 mg/L), NH4+ (~8 mg/L) and Ca2+ (~ 230 mg/L), BW14 and BW15 are 
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particularly enriched in Na+ (>600 mg/L) relative to BW4 (283 mg/L), whereas BW4 has 

particularly high ca2+ (318 mg/L). All three samples have high As contents compared to the 

WHO (1993) drinking water guideline value, and sample BW14 has the highest value (4.12 

mg/L) measured at Barbrook. 

Table 3.3: Electrical conductivity (EC), total dissolved solids (TDS), pH and redox (Eh and 
pe) measurements for the water samples collected from the Barbrook tailings dam area. 

Sample 
BW1 
BW2 
BW3 
BW4 
BW9 
BW10 
BW11 
BW12 
BW13 
BW14 
BW15 
BW20 
BW21 

EC (mS/m) 
28.1 
211 
152 
319 
207 
274 
163 
182 
243 
519 
510 
255 
297 

TDS (mg/L) 
186 

1393 
1003 
2105 
1366 
1808 
1076 
1201 
1604 
3425 
3366 
1683 
1960 

pH 
7.28 
6.04 
6.74 
9.15 
7.86 
7.54 
7.94 
7.75 
7.04 
11.02 
8.93 
6.92 
7.68 

Note: TDS (mg/l) = EC (mS/m) x 6.6 (Dallas and Day, 1993) 

Eh (V) 
0.34 
0.46 
0.27 
0.20 
0.35 
0.36 
0.35 
0.36 
0.31 
0.17 
0.24 
0.32 
0.32 

pe 
5.74 
7.77 
4.60 
3.46 
5.92 
6.01 
5.92 
6.01 
5.26 
2.88 
4.00 
5.35 
5.34 

These same three calcine/slimes dam water samples are also anomalous in tenns of 

their poor anion-cation charge balances, as a result of an excess of cations over anions 

(Section A1.5). The anion-cation charge balances of samples BW14 and BW15 are 

particularly poor, with differences of 19.7% and 16.1% respectively. These values lie well 

outside the acceptable limits (10%) for good quality data. Although sample BW4 has a charge 

balance which lies within the 10% acceptable limit, it has the next highest anion-cation 

charge difference of 9.8%. The addition of 10M HN0:3 to these three water samples during 

preparation for HG-AAS As analysis resulted in a drop in pH to values between 0.86 and 1.22 

and the immediate fonnation of a white (BW4 and BW15) or pink (BW14) precipitate. The 

XRD analysis of this precipitate in samples BW14 and BW15 (Rgure 3.22) revealed it to be 

copper thiocyanate (~CuSCN). Therefore, the poor charge balance exhibited by these 

samples may be due to the presence of appreciable amounts of cyanide (CN·) or thiocyanate 

(SCN") in solution which was not detected by HPIC but became insoluble with increased 

acidity. The pink colour of the BW14 precipitate is not explained by the XRD scan, which is 

identical to that of BW15, but it is presumed to be due to the presence of Mn. 

Compared to the pond on the southern end of the slimes dam (BW4), the pool at the 

northern end (BW13) has a slightly lower EC, a substantially lower and neutral pH, lower Na+ 

and S042·, higher Eh and Mg2+, and a similar ca2+ concentration. Although the As content 

of the water in this northern pond is over 100 times less than that in the southern pond, it is 
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still high (0.012 mg/L) and approximately equivalent to the WHO (1993) recommended 

upper limit for drinking water. 

Table 3.4: Cation concentration data (mg/L) for the water samples collected from the 
Barbrook tailings dam area, as measured by HPIC; nd = not detected. 

Sample 
BW1 
BW2 
BW3 
BW4 
BW9 
BW10 
BW11 
BW12 
BW13 
BW14 
BW15 
BW20 
BW21 

Na+ 
3.43 
97.5 
119 
283 
191 
320 
131 
159 
47.8 
642 
673 
42.3 
30.8 

6.17 
nd 

20.4 
27.6 
nd 
nd 
nd 
nd 

10.1 
67.1 
37.6 
11.5 
13.3 

20.4 
14.6 
7.14 
43.3 
7.28 
7.63 
3.73 
2.83 
38.6 
150 
34.0 
38.2 
38.5 

Mg2+ 
18.3 
84.0 
61.6 
101 
146 
152 
86.4 
109 
155 
89.9 
99.9 
182 
217 

ca2+ 
18.5 
338 
99.9 
318 
85.9 
131 
136 
45.5 
299 
236 
230 
322 
410 

Table 3.5: Anion concentration data (mg/L) for the water samples collected from the 
Barbrook tailings dam area, as measured by HPIC; *alkalinity is expressed as mg C032-1L for 
sample BW14; nd = not detected. 

Sample 
BW1 
BW2 
BW3 
BW4 
BW9 
BW10 
BW11 
BW12 
BW13 
BW14 
BW15 
BW20 
BW21 

20.7 
36.6 
42.8 
14.8 
195 
307 
101 
140 
11.9 
17.3 
32.6 
12.8 
13.7 

nd 
nd 
nd 
nd 

21.7 
nd 
nd 
nd 
nd 

76.9 
9.64 
nd 
nd 

0.590 
74.8 
nd 

60.9 
5.32 
2.91 
nd 
nd 

46.5 
43.0 
63.4 
82.7 
68.8 

174 
44.4 
239 
83.3 
448 
560 
304 
340 
88.9 
118* 
156 
64.3 
142 

4.03 
1276 
487 
1412 
443 
469 
432 
442 
1128 
1436 
1578 
1434 
1799 

The lowest pH values (6.04 to 6.74) found in the Barbrook tailings dam area are 

associated with the water seeping from the base of the slimes dam wall (samples BW2 and 

BW3). Sample BW2, which constitutes clear water seeping directly from the base of the wall, 

has a slightly lower pH than BW3 as well as higher N03-, S042-, K+ and Mg2+. The high ca2+ 

concentration of BW2 is second only to processing plant sample BW21 in magnitude. 

However, sample BW3, which was collected from an upwelling puddle close to the base of 

the wall, has a substantially higher HC03- content than BW2 and an As content (1.64 mg/L) 

which is similar to that of the southern slimes dam pond but approximately ten times higher 
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than that of sample BW2 (0.166 mg/L). In addition, sample BW3 was the only Barbrook 

sample found to contain detectable P (0.08 mg/L). 

The four boreholes at the base of the slimes dam wall yielded groundwater samples 

(BW9 to BW12) which share near-neutral pH values (7.54 to 7.94), identical redox potentials 

(Eh= 0.35 to 0.36 V) and EC measurements which are high compared to DWAF (1995b; 

1995c) standards but at the lower end of the range measured within waters in the tailings 

dam area. These groundwaters are characterised by the highest HC03- (304 to 560 rng/L), 

c1- (101 to 307 mg/L) and F- (0.29 to 0.44 mg/L) values within the tailings dam area, as well as 

negligible As contents. Of the borehole samples, BW1 O is distinct in that it has substantially 

higher Na+, HC03- and c1-, plus slightly higher Mg2+ and S042-, compared to the other 

groundwater samples. Both BW1 O and BW11 have higher ca2+ than the other two 

groundwater samples. Only sample BW9 contains any detectable N02-, whereas little if any 

N03- is present within any of the borehole waters. 

Table 3.6: Total arsenic, silica and fluoride data (mg/L) for the water samples collected from 
the Barbrook tailings dam area; nd = not detected 

Sample As SI02 F· 
BW1 0.007 2.95 0.08 
BW2 0.166 6.54 0.14 
BW3 1.64 6.20 0.16 
BW4 1.67 1.47 0.06 
BW9 nd 3.51 0.44 
BW10 0.003 7.61 0.34 
BW11 nd 2.79 0.29 
BW12 0.002 4.70 0.43 
BW13 0.012 1.75 0.07 
BW14 4.12 2.25 nd 
BW15 0.423 1.22 nd 
BW20 0.023 1.32 0.06 
BW21 0.019 1.90 nd 

Table 3.7: Elemental concentration data (mg/L) for the water samples collected from the 
Barbrook tailings dam area, as measured by ICP-AES; Zn, Pb, Cr, Al and Cu concentrations 
were all below detection limit; nd = not detected. 

Element BW2 BW3 BW10 BW21 

Co 0.268 0.321 0.215 nd 
Ni 0.312 0.223 0.257 nd 
Mn 1.15 1.61 3.70 4.58 
Fe nd nd 0.366 0.106 

Sample BW1, collected from a small man-made pond close to Crystal Stream which is 

presumably filled by rainwater, is the only water body in this immediate area which has a low 
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EC value (28 mS/m). It contains negligible As and has the lowest concentrations of all the 

cations except K+ and all the anions except er- and HC03·. 

The Si02 concentrations of the water samples collected in the tailings dam area are 

variable. The highest values (6.2 to 7.6 mg/L) occur in the water seeping from the base of the 

slimes dam wall (BW2 and BW3) and in borehole sample BW10. The other borehole samples 

have Si02 concentrations of 2.8 to 4. 7 mg/L. All other samples, apart from BW1 and BW14 

(2.95 mg/Land 2.25 mg/L, respectively) have Si02 contents of <2 mg/L. Four of the water 

samples associated with the tailings dam and processing plant were analysed by ICP-AES for 

a range of elements in order to check for the presence of heavy metals. Only Co, Ni, Mn and 

Fe were above detection limit in these samples. 
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Figure 3.22: XRD scans for the copper thiocyanate precipitates formed during acidification 
of Barbrook water samples BW14 and BW15. The d-spacings (A) for the numbered peaks are 
as follows: 1 = 5.50, 2 = 3.27, 3 = 2. 74, 4 = 2.59, 5 = 1.93, 6 = 1.82, and 7 = 1.58. Note that 
the intensity of the upper scan was increased in order to separate the two scans on the 
above plot. · 
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3.4.1.2 Mining area 

The complete results of the analyses performed on the water samples collected from 

the Barbrook mining area are presented in Tables 3.8 to 3.12. These water samples are 

characterised by neutral pH values (7.03 to 7.97), a limited range of Eh values (0.32 to 0.62 

V) and generally low EC measurements. Ionic concentrations are also low and, apart from 

sample BW24, As levels are generally at or below the WHO (1993) drinking water guideline 

value of 0.01 mg/L. 

Table 3.8: Electrical conductivity (EC), total dissolved solids (TDS), pH and redox (Eh and 
pe) measurements for the water samples collected from the Barbrook mining area. 

Sample 
BWS 
BW6 
BW7 
BW8 
BW16 
BW17 
BW18 
BW19 
BW22 
BW23 
BW24 
BW25 
BW26 

EC (mS/m) 
18.5 
6.3 
7.5 
7.1 
6.0 
5.6 

26.7 
136 

95.4 
106 
19.4 
6.1 
7.3 

TDS (mg/L) 
122 
41.6 
49.5 
46.9 
39.6 
37.0 
176 
898 
630 
700 
128 

40.3 
48.2 

pH 
7.29 
7.87 
7.47 
7.60 
7.03 
7.37 
7.97 
7.44 
7.88 
7.73 
7.15 
7.58 
7.60 

Eh (V) 
0.32 
0.42 
0.41 
0.41 
0.59 
0.62 
0.34 
0.39 
0.38 
0.39 
0.40 
0.38 
0.39 

pe 
5.42 
7.09 
7.01 
6.90 
10.0 
10.5 
5.74 
6.52 
6.40 
6.57 
6.68 
6.43 
6.52 

Only samples BW19, BW22, and BW23, all of which represent recycled water used 

in the underground mining operations, have EC values (95 to 136 mS/m) greater than the 70 

mS/m drinking water quality guideline value of DWAF (1995b). Compared to the other 

samples collected from the mining area, these three samples are also characterised by 

having the highest concentrations of every measured anion and cation and being the only 

samples to contain N02·. They also contain the highest N03· concentrations (91 to 188 

mg/l) of all the Barbrook water samples. Sample BW19, from the main drain of the level 10 

mine adit, has the highest ionic concentrations and is the only sample from this area to 

contain detectable F· (0.05 mg/l). 

Apart from sample BW5, the samples collected from Shiyalongubo Dam, Barbrook 

Creek and Law's Creek (BW6, BW7, BW8, BW16, BW17, BW25 and BW26) all share similarly 

low EC values (5.6 to 7.5 mS/m), low ionic concentrations and negligible As contents 

(<0.007 mg/l). However, sample BW5, collected from Law's Creek at a point downstream of 

the mine site and processing plant but prior to the confluence with Barbrook Creek, has a 

higher EC (18.5 mS/m), higher concentrations of all measured ionic constituents apart from 

K+, and an As content (0.011 mg/L) which is equivalent to the WHO (1993) suggested upper 
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limit for drinking water. Sample BW5 also has the lowest Eh value (0.32 V) of all the mine site 

water samples. 

Table 3.9: Cation concentration data (mg/L) for water samples collected from the Barbrook 
mining area, as measured by HPIC; nd = not detected. 

Sample 
BW5 
BW6 
BW7 
BW8 
BW16 
BW17 
BW18 
BW19 
BW22 
BW23 
BW24 
BW25 
BW26 

Na+ 
5.35 
3.73 
3.01 
3.11 
2.29 
3.07 
8.51 
13.2 
7.40 
8.47 
1.62 
2.92 
3.53 

nd 
nd 

0.270 
nd 
nd 
nd 
nd 

38.7 
11.48 
16.31 
0.083 

nd 
nd 

0.529 
0.380 
0.765 
0.196 
0.283 
0.323 
1.14 
5.38 
2.84 
2.85 

0.682 
0.091 
0.306 

Mg2+ 
11.5 
4.27 
4.39 
3.71 
2.74 
1.44 
14.7 
95.0 
83.2 
87.6 
14.1 
4.31 
5.06 

ca2+ 
12.9 
2.16 
4.07 
5.85 
1.60 
4.61 
24.7 
101 
68.8 
66.9 
12.8 
3.50 
3.99 

Table 3.10: Anion concentration data (mg/L) for water samples collected from the 
Barbrook mining area, as measured by HPIC; nd = not detected. 

Sample 
BW5 
BW6 
BW7 
BW8 
BW16 
BW17 
BW18 
BW19 
BW22 
BW23 
BW24 
BW25 
BW26 

Cl" 
5.24 
4.34 
4.25 
4.52 
3.62 
3.88 
4.52 
7.96 
5.02 
5.56 
2.38 
4.10 
4.18 

nd 
nd 
nd 
nd 
nd 
nd 
nd 

7.68 
1.44 
1.25 
nd 
nd 
nd 

7.52 
1.04 

0.249 
0.230 
0.591 
1.07 

0.483 
188 
91.3 
158 
11.5 

0.113 
1.16 

50.6 
27.6 
32.6 
32.4 
17.1 
20.6 
157 
110 
88.0 
112 
7.98 
27.0 
29.7 

29.6 
3.06 
5.51 
4.60 

0.916 
1.30 
9.43 
370 
342 
349 
65.5 
2.62 
5.34 

The standing water within the Clifford Scott open cut mine (BW24) is quite distinct 

from that found elsewhere within the Barbrook mining area. Compared to the surrounding 

creek waters (BW5 aside), is has higher concentrations of Mg2+, ca2+, N03- and S042- as 

well as a higher EC reading, although all of these values are lower than that found within the 

water samples collected from the underground mining operations. In addition, BW24 

possesses the lowest Na+, c1-, HC03- and Si02 concentrations and the highest As content 

(0.021 mg/L) of all the mining area samples. 

The only other sample collected from the Barbrook mining area was of the 

groundwater entering the level 1 O mine adit (BW18). This water has the highest pH (7 .97) 

and Si02 content (8.1 mg/L) of the mining area samples, a similarly low Eh to BW5 (0.34 V) 
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and an EC reading (26. 7 mS/m) second only to that of the three recycled underground water 

samples (BW19, BW22 and BW23). In terms of its ionic constituents, BW18 has the highest 

HC03- concentration, and higher cation concentrations than the surrounding creeks. The As 

content (0.011 mg/L) of this water is similar to that of the water in the main drain of the level 

10 mine adit and equivalent to the WHO (1993) suggested upper limit for drinking water. 

Only three samples from the Barbrook mining area were analysed by ICP-AES for a 

range of metals. Of the elements analysed, only Zn, Ni, Mn and Fe were above detection limit 

in some of these samples. 

Table 3.11: Total arsenic and silica data (mg/L) for the water samples collected from the 
Barbrook mining area; nd = not detected. 

Sample 
BW5 
BW6 
BW7 
BW8 
BW16 
BW17 
BW18 
BW19 
BW22 
BW23 
BW24 
BW25 
BW26 

As 
0.011 
0.001 
0.005 
0.007 
0.003 
0.002 
0.012 
0.011 
0.004 
0.004 
0.021 

nd 
0.002 

4.94 
4.14 
4.61 
4.81 
3.46 
3.97 
8.12 
5.02 
3.29 
3.82 
1.77 
4.40 
4.13 

Table 3.12: Elemental concentration data (mg/L) for the water samples collected from the 
Barbrook mining area, as measured by ICP-AES; Pb, Co, Cr, Al and Cu concentrations were 
all below detection limit; nd = not detected. 

Element 
Zn 
Ni 
Mn 
Fe 

BW6 
nd 
nd 

0.047 
0.147 

BW7 
nd 
nd 
nd 

0.122 

BW19 
0.167 
0.347 
3.36 
nd 

3.4. 1.3 Comparison of the results from the Barbrook tailings dam and mining areas 

In terms of the majority of measured chemical parameters and constituents, the water 

samples collected from the Barbrook mining area are substantially different from the water 

samples collected around the tailings dam area, the latter including the processing plant 

samples (Figures 2.23 and 2.24). The plots presented in Figure 3.23 provide an indication of 

some of the major differences between the two areas. Apart from sample BW1, the tailings 

dam area samples have substantially greater EC, S042-, Na+, Mg2+, and Ca2+ contents than 

the mining area samples, although the underground recycled water samples (BW19, BW22 

58 



0. 7 .---.----,-....---..---,-----r-r--,--r---,-~---, 

0.6 

0.5 

~ 
~ 0.4 
w 

0.3 

0.2 

I 

1 
--1 
j 
i 

~ 
0.1 '--~--''--~-'--.....___.__~_._--~~~ 

600 

jsoo 
400 

+ 
! 300 

200 

100 

..-. 1500 

~ 
E 
'7' 1000 

d' 
en 

500 

6 7 8 9 10 11 12 

pH 

0 100 200 300 400 500 600 

EC(mSlm) 

Mine area 

Tailings dam a 

0 k,!lil,,-0!~'--~--1.-.....___,__~_;_--~~__J 

0 100 200 300 400 500 600 

EC(mSlm) 
500 .--~----,-------r---~~--,-~ 

0 50 100 150 200 250 

Mg2+ ( mg,'l..) 

Figure 3.23: Plots of various chemical parameters which distinguish the water samples 
collected from the tailings dam area (filled circles = boreholes, filled squares = calcine/slimes 
dams, filled diamonds = seepage from base of slimes dam wall, fHled triangle = dam near 
Crystal Stream (BW1), and crosses= processing plant) and the mining area (open circles= 
underground mining operations, open square= groundwater entering level 10 adit (BW18), 
open diamond= Clifford Scott open cut and open triangles = Barbrook and Low's creeks) at 
Barbrook. 
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Figure 3.24: Piper diagram illustrating the relative anion and cation compositions (mg%) of 
the water samples collected from the Barbrook tailings dam (open circles) and mining (filled 
cirdes) areas. Numbers on the composite diamond plot represent BW sample numbers; 
numbers enclosed by squares are tailings dam samples whereas encircled. numbers are 
mining area samples. 
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and BW23) are generally intermediate in composition between the two areas. The tailings 

dam area samples also have a greater range of pH values and extend to lower Eh values than 

the mining area waters. Sample BW1 has a greater chemical similarity to the surface waters 

and groundwater from the mining area than to any of the tailings dam area samples. 

The Piper trilinear diagram of Figure 3.24 is a combined cation-anion plot which is 

useful for illustrating the fact that the various Barbrook water samples form distinct chemical 

groupings. This is particular1y evident in terms of the similar position occupied by sample 

BW1 and the creek and groundwater samples from the mining area, whereas Law's Creek 

sample BW5 plots slightly separately. According to the hydrochemical fades subdivisions 

which can be applied to the Piper diagram (Freeze and Cherry, 1979), all of these waters can 

be described as the bicarbonate fades type in terms of their anion compositions, but no 

dominant type in terms of cations. A separate group of samples occupying the approximate 

centre of the diagonal plot represent the four borehole samples (BW9 to BW12) and the 

slimes dam wall seepage sample BW3. According to Freeze and Cherry (1979), these 

samples have no dominant geochemical f acies type in terms of either their anion or cation 

compositions. The top end of the diagonal plot is occupied by the processing plant samples, 

the recycled waters from the underground mining operations, the water collected from the 

Clifford Scott open cut mine, the northern pond on the slimes dam and slimes darn seepage 

sample BW2. Although all of these samples conform to the sulphate facies type in terms of 

their anion compositions, those samples collected from the mining area approximate the 

magnesium facies type whereas the tailings darn area samples correspond to the calcium 

fades type in terms of their cation compositions. Samples BW4, BW14 and BW15 extend 

down the right side of the diamond plot and are once again different from the other Barbrook 

water samples in that they can be classified as sulphate, sodium facies waters. 

3.4. 1.4 MINTEOA2 modelling of Barbrook water data 

The chemical data for Barbrook water samples with As concentrations ~.01 mg/L 

have been manipulated using the computer program MINTEQA2 (version 3.10: EPA, 1991) 

which represents a geochemical speciation model for dilute aqueous systems and is 

complemented by the PRODEFA2 interactive input program. This program allows As to be 

entered as either HsAs03 or HsAs04, representing an As(III) and an As(V) species, 

respectively. The main aim of using MINTEQA2 is to investigate whether any secondary 

mineral phases resulting from the weathering of the waste rock and/or tailings material may be 

having an influence on water chemistry at Barbrook. Of particular interest is the possibility that 

As solution chemistry may be controlled by solid phases such as Caa(As04)2, stated by 

Sadiq et al. (1983) to be the most likely arsenate mineral to precipitate under oxidising, 

alkaline conditions. 
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Tab I e 3. 1 3 : Saturation indices calculated for a range of representative mineral phases by 
MINTEQA2 for the water samples collected from the Barbrook tailings darn area 

Mineral: Saturation Indices 
BW2 BW3 BW4 BW13 BW14 BW15 

Calcite (CaC03) -2.02 -0.68 1.58 -0.40 0.72 1.51 
Dolomite (CaMg(C03)2) -4.36 -1.30 2.95 -0.81 1.29 2.94 
Gypsum (CaS04.2H20) -0.04 -0.76 -0.07 -0.15 -0.21 -0.21 
Quartz (Si02) 0.11 0.08 -1.04 -0.65 -1.77 -1.40 
Sepiolite(A) 
(Sif3Mg4015(0H)2.4H20) -12.2 -9.49 -3.05 -9.87 2.06 -5.10 
Ca-arsenate (C~(As04)2.6H20) -13.0 -9.98 -3.85 -12.6 -0.25 -6.05 

Note: Alkalinity was entered into MINTEOA2 as mg coi-/L, Si02 was entered as mg 
H4Si04/L and As was entered as either mg H~s031L or mg H~s04'L. The saturation 
indices were calculated by MINTEQA2 based on the following relationship between the ion 
activity product (IAP) and the thermodynamic calculation for the solubility product (Ksp): 

f1Ap1 
Sl=IOQ10~ 

[Ksp] 

Tab I e 3. 14 : Saturation indices calculated for a range of representative mineral phases by 
MINTEQA2 for the water samples collected from the Barbrook processing plant. 

Mineral: 

Calcite (CaC03) 
Dolomite (CaMg(C03)2) 
Gypsum (CaS04.2H20) 
Quartz (Si02) 
Sepiolite(A) 
(Sif3Mg4015(0H)2.4H~) 
Ca-arsenate (C~(As04)2.6H20) 

SI 
BW20 BW21 
-0.69 0.53 
-1.35 1.07 
-0.07 0.07 
-1.17 -0.65 

-11.8 -7.18 
-12.2 -10.5 

Table 3 .15: Saturation indices calculated for a range of representative mineral phases by 
MINTEOA2 for the water samples collected from the Barbrook mining area 

Mineral: 

Calcite (CaC03) 
Dolomite (CaMg (C03)2) 
Gypsum (CaS04.2H~) 
Quartz (Si02) 
Sepiolite(A) 
(Sif3Mg4015(0H)2.4H20) 
Ca-arsenate (C~(As04)2.6H20) 

Saturation Indices 
BW5 BW18 BW19 BW24 
-1.33 0.13 -0.19 -2.31 
-2.44 0.30 -0.13 -4.31 
-2.41 -2.68 -0.86 -2.10 
-0.04 0.19 -0.02 -0. 72 

-8.63 -5.07 -6.56 -11.1 
-14.6 -12.3 -12.5 -16.5 

The calculated saturation indices (SI) for representative sulphate, carbonate, silicate 

and arsenate minerals within the Barbrook water samples are presented in Tables 3. 13 to 

3. 15. An SI value which approaches zero indicates that the solution is approaching 
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equilibrium for a particular mineral phase, at which point it should neither precipitate nor 

dissolve it. A positive SI value implies that the water is supersaturated with respect to a 

mineral phase, such that the mineral could be expected to precipitate out of solution. 

However, not only does the MINTEQA2 model employed here disallow precipitation, but it 

also assumes thennodynamic equilibrium. Therefore, if the solution chemistry is being 

controlled by a metastable component, MINTEQA2 may indicate supersaturation with 

respect to that phase although in nature it would not actually precipitate out of solution. 

The results of the MINTEQA2 modelling program indicate that all of the Barbrook 

samples with As contents .!!0.01 mg/Lare undersaturated with respect to As minerals. If As is 

entered as HJ,4s03, MINTEQA2 calculates SI values for the As oxide (As203) minerals 

arsenolite and claudetite. However, if As is entered as HJ,4s04, SI values are calculated for 

the arsenic oxide As205 and calcium arsenate (Ca3(As04)2.6H20) instead. The only sample 

which approaches equilibrium with respect to calcium arsenate is BW14 (SI = -0.25), 

collected from the stream of tailings material traversing between the calcine and slimes darns. 

Although a negative SI value implies undersaturation with respect to a certain mineral phase, 

this could actually be a consequence of the contact time between the water and the mineral 

being too short for equilibrium to be reached. 

The MINTEQA2 results for the water samples collected from the tailings dam area are 

presented in Table 3. 13. Consistent with their relatively high Si02 concentrations, the 

samples collected from the base of the slimes dam wall (BW2 and BW3) are both 

oversaturated with respect to quartz, which is therefore the most likely mineral to precipitate 

out of solution. As a result of its higher Ca2+ and S042- contents, sample BW2 is only slightly 

undersaturated (SI = -0.04) with respect to the evaporitic sulphate mineral gypsum. An SI 

value so close to zero suggests that, within analytical uncertainty, this water could well be in 

equilibrium with gypsum. Calcine and slimes darns samples BW4, BW14 and BW15 have 

quite similar saturation indices which reflect their alkaline pH values. They are all 

oversaturated with respect to the carbonate minerals, calcite and dolomite, and 

undersaturated with respect to gypsum. In addition, sample BW14 is also oversaturated with 

respect to sepiolite. By comparison, the water collected from the northern end of the slimes 

darn (BW13) is undersaturated with respect to calcite and gypsum, reflecting its lower and 

more neutral pH. 

The saturation indices of the two processing plant samples (BW20 and BW21) also 

reflect their different pH values. Whereas BW20, with a pH of 6.92, is undersaturated with 

respect to all of the representative phases presented in Table 3.14, sample BW21, with a 

more alkaline pH of 7.68, is oversaturated with respect to calcite, dolomite and gypsum. 

The MINTEQA2 results for the water samples from the Barbrook mining area which 

contain significant As contents are presented in Table 3. 15. Both the Low's Creek sample 

collected downstream of the processing plant (BW5) and the recycled mine water from the 

main drain in the level 10 adit (BW19) could be considered to be approaching equilibrium 

with quartz, with SI values of -0.04 and -0.02, respectively. In addition to quartz, however, the 
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groundwater entering the level 10 mine adit (BW18) is also oversaturated with respect to 

calcite and dolomite. 

The results of the MINTEQA2 modelling also include proposed speciation for the 

various dissolved chemical components in solution. In terms of As, the speciation is primarily 

dependent on how As data were entered into the program as well as the pH of the solution. 

When the total As content was entered as HJAs03, it was speciated as either just HJAs03, a 

combination of HJAs03 and H2As03-, or, at still higher pH values (BW14: pH 11), as 

HJAs03, ~As03- and HAs032-. However, when the total As content was entered as 

HJAs04, nominated species included either HAs042· alone or combinations of H2As04· and 

HAs042·, or HAs042· and As043·, once again depending on the measured pH of the 

solution. Therefore, although measured Eh values were also entered as part of the data 

input procedure, MINTEQA2 only speciates As on the basis of pH. In addition the results 

indicated that the As in solution would not combine with any of the other ionic species. 

3.4.2 Soil and sediment samples 

3.4.2.1 Tailings dam area 

Analytical data tor the sediment cores and slimes darn material from the Barbrook 

tailings darn area are presented in Table 3. 16. The sediment cores collected from Crystal 

Stream (BS1) and the slimes seepage pond (BS2) are similar in terms of their near-neutral 

pH(H~) and slightly acidic pH(KCI) values, their low CaC03 contents (s3%) and their 

concentrations of elements such as Mn and Pb. However, compared to the BS1 sediments, 

sample BS2 does have higher concentrations of Fe, Al, Zn, Cu, Ni, Co and Cr. Both total and 

extractable As are also higher in BS2 than in BS1, the latter having a total As concentration 

within the usual range for unpolluted soils (s40 mg/kg: Chatterjee et al., 1993; O'Neill, 1995). 

The subdMsion of the BS1 sediment core, primarily on the basis of colour, revealed an 

increase in pH (H20 and KCI), Fe, Mn and extractable As with depth, although the 

concentrations of most other constituents were found to either remain the same (Co and V) 

or decrease slightly (Al, total As, Zn, Cu, Ni, Cr, and Pb) with depth. 

By comparison with the Crystal Stream and slimes seepage pond sediments, the 

sediment cores and tailings material collected from the slimes (BS3 and BS4) and calcine 

(BS7) darns have substantially higher pH (H20 and KO) values, CaC03 contents (c!:5.8%) 

and concentrations of Fe, Zn, Cu, Mn and Pb. Total and extractable As concentrations are 

also substantially higher, with the highest values occurring in the calcine darn sediments. 
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Tab I e 3. 1 6 : Analytical data for the soil and sediment samples collected from the tailings 
dam area at Barbrook; XRFS data represent total major and trace element contents analysed 
on powder briquettes, whereby the major elements were analysed as wt % F9203, Al203 
and CaO. 

Parameter: BS1A BS1B BS2 BS3 BS4 BS7 
Munsell colour yellowish dark yellow yellowish light greyish light 

brown brown brown grey brown grey 
10YR5/6 10YR4/4 10YR5/8 10YR7/2 2.5Y5/2 10YR7/2 

Texture clay loam clay clay silty clay fine sandy silty clay 
loam 

pH(H20) 6.28 7.11 6.52 8.25 8.18 8.67 
pH (KCI) 5.27 6.22 5.79 7.92 7.86 8.54 
CaC03(%) 3.0 2.8 3.0 6.8 5.8 7.6 
Extractable As (mg/kg) 0.46 0.71 13.6 97.9 91.9 172 
*Extractable As (%) 1.8 3.2 6.3 5.9 4.7 7.9 

XRFS data (mg/kg): 
Fe 77637 80434 90226 115406 100718 104915 
Al 75154 72507 88385 82563 57688 72507 
Ca 2780 4560 3945 17096 13372 14673 
As 25.2 22.2 217 1658 1964 2169 
Zn 84.4 78.4 103 440 296 381 
Cu 59.1 58.0 64.2 193 98.2 128 
Ni 349 322 491 389 339 355 
Co 41.9 42.2 60.5 43.7 47.2 45.4 
Mn 1345 1461 1407 1716 1667 1889 
Cr 865 799 1233 1109 862 1267 
V 118 118 149 152 121 167 
Pb 16.2 15.0 14.9 479 235 195 

Note: Colour was determined according to the Munsell (1992) soil colour charts; textural 
class was determined according to the Soil and Irrigation Researdl Institute (SIRI, 1991) 
guidelines; *Extractable As(%) refers to the percentage of total As that was extracted using 
the NaHC03 method of Olsen and Sommers (1982). 

3.4.2.2 Mining area 

The analytical data for the sediment cores and soil collected from the Barbrook 

mining area are presented in Table 3.17. These samples are all characterised by near-neutral 

pH(H20) and slightly more acidic pH(KCI) values, low CaC0:3 contents (s3%) and high 

concentrations of total As relative to the range usually observed in unpolluted soils. 

Extractable As contents are intermediate to those observed in the Crystal Stream sediment 

core (8$1: 0.46 to 0. 71 mg/kg) and the slimes seepage pond sediment core (BS2: 13.6 

mg/kg) although both BS6, collected from Law's Creek adjacent to the waste rock pile, and 

BS9, collected from the Clifford Scott open cut mine, have higher total As than BS2. 

Therefore, the percentage of extractable As is more variable in the mining area sediments 

than the tailings dam area sediments. 

The Clifford Scott open cut sediments (BS9) are characterised by having not only 

the highest total As content of the mining area sediments, but also the highest 
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concentrations of Fe, Al and Cr of all the Barbrook soil and sediment samples. However, the 

soil underlying the waste rock pile (BS8) has the highest concentrations of Zn, Cu, Ni, Co, 

Mn and Pb within the mining area samples and the concentrations of Zn, Ni, Co and Mn within 

this soil are substantially greater than the concentrations measured within any of the tailings 

dam area samples. The Pb contents of the mining area samples are up to ten times less than 

in the slimes/calcine dam sediments. 

Table 3.17: Analytical data for the soil and sediment samples collected from the Barbrook 
mining area; XRFS data represent total major and trace element contents analysed on 
powder briquettes, whereby the major elements were analysed as wt% Fe:P3, Al203 and 
Cao. 

Parameter: BS6 BS8 BS9 
Munsell colour Yellowish Reddish Yellowish 

brown brown red 
10YR5/6 5YR4/3 5YR5/6 

Texture clay loam clay sandy loam 

pH(H20) 6.46 7.31 6.66 
pH (KCI) 5.38 6.62 6.11 
CaC03(%) 2.9 3.2 2.9 
Extractable As (mg/kg) 6.9 8.7 3.5 
Extractable As(%) 1.9 6.5 0.56 

XRFS data (mg/kg): 
Fe 97920 94423 105614 
Al 69861 84151 90502 
Ca 6111 3259 3930 
As 354 133 617 
Zn 179 1085 168 
Cu 75.9 116 93.7 
Ni 314 544 334 
Co 42.2 115 76.0 
Mn 1248 4693 2183 
Cr 782 582 1050 
V 118 133 172 
Pb 26.6 39.6 26.5 

3.4.3 Waste rock samples 

Analytical results for the two waste rock pile samples are presented in Table 3. 18. 

Both of these samples have substantial CaC03 (~10%) and total As contents. However, 

sample BR3, collected from a higher elevation within the waste rock pile than BR2, has a total 

As concentration twice as high as BR2 plus substantially greater concentrations of Zn, Cu, Ni, 

Co, Mn, Cr and Pb. The results of the Toxicity Characteristic Leaching Procedure (Table 

3.19) indicate that although no detectable As was leached from the waste rock samples, 

substantial amounts of Fe and Mn were. The BR3 leachate contained higher concentrations 

of most of the measurable elements, apart from Ca and Mg. The higher Ca concentration in 

the BR2 leachate is consistent with the higher CaC03 content of BR2. 
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Table 3.18: Analytical data for the waste rock samples collected from the Barbrook mining 
area; XRFS data represent total major and trace element contents analysed on powder 
briquettes. 

Parameter: BR2 BR3 
CaC0a(%) 11.3 9.7 

XRFS major element data (wt o/o): 
Fe 15.95 17.70 
Al 12.38 12.02 
Ca 4.04 2.83 

XRFS trace element data (ppm): 
As 79.5 186 
Zn 239 361 
Cu 61.9 147 
Ni 329 415 
Co 31.9 48.4 
Mn 1284 2256 
Cr 798 802 
V 124 123 
Pb 6.23 34.1 

Tab I e 3. 1 9: Results of the Toxicity Characteristic Leaching Procedure (TCLP) for the 
waste rock samples collected from the Barbrook mining area; Ag, As, B, Ba, Be, Cd, Mo, P, 
Sb, Se, Sn, Te were all below detection limit in the leachate. 

Element 
Al 
Bi 
Ca 
Co 
Cr 
Cu 
Fe 
Mg 
Mn 
Ni 
Pb 
s 
Si 
Zn 

Leachate concentration (mg/L) 
BR2 BR3 
24 48 
0.7 0.8 
720 650 
nd 1.0 
nd 0.7 
nd 1.0 

188 316 
205 205 
30 61 
0.7 3 
nd 0.16 
26 64 
8 18 
1 5 

3.4.4 Primary and secondary mineral samples 

3.4.4. 1 Primary sulphide minerals 

Microscopic examination and analysis of four samples from the Barbrook ore pile 

revealed a range of primary sulphide minerals in varying associations (Rgures 3.25 and 3.26). 

Representative mineral analyses are presented in Table 3.20. The dominant mineral 

association comprises aggregates of inter1ocking coarse-9rained pyrite containing inclusions 

of chalcopyrite and galena. lntergranular spaces are mainly occupied by intergrown 
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Figure 3.25 : Photomicrograph of part of the Barbrook ore body showing intergrown grey 
galena (G) and white ullmannite (U), plus chalcopyrite (C), occupying intergranular spaces 
created by interlocking pyrite (P) grains; scale of photo: 4 cm= 1 mm. 

Figure 3. 2 6 : Photomicrograph of part of the Barbrook ore body showing intergrown pyrite 
(P) and arsenopyrite (A) in a matrix of scattered arsenopyrite and gangue (dark) minerals; 
scale of photo: 4 cm = 1 mm. 
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chalcopyrite and pyrrhotite, the latter often occurring as inclusions in chalcopyrite, as well as 

small patches of galena containing bleb-like intergrowths of ullmannite (Rgure 3.25). The 

presence of ullmannite in the Barbrook ore bodies was not reported by Houstoun (1990). 

Where arsenopyrite is present it occurs as scattered fine-grained laths and coarser subhedral 

rhombs which are often intergrown with pyrite crystals (Rgure 3.26). Arsenopyrite may also 

occur as fine inclusions within pyrite. Other occurrences of galena, apart from its intimate 

association with ullmannite, include large infrequent and irregularly-shaped aggregates, 

inclusions within chalcopyrite, or rims around chalcopyrite crystals. Sphalerite and stibnite 

were not identified in the four ore samples examined despite their reported presence within 

the Barbrook ore bodies (Houstoun, 1990). 

Although the main source of As is arsenopyrite, small amounts are also present 

within ullmannite and some pyrite crystals. Within ullmannite, the As substitutes for Sb 

(Palache et al., 1944) due to the fact that As is isostructural with, and displays similar 

behaviour to, Sb (Baur and Onishi, 1978). Within pyrite, As is only present in detectable 

amounts when arsenopyrite is present as inclusions or intergrown crystals. 

Tab I e 3. 20: Chemical analyses (wt %) of sulphide minerals within the Barbrook ore bodies, 
as determined by electron microprobe. 

Pyrite Pyrrhotite Galena Chalcopyrite Ullmannite Arsenopyrite 
(Fe&.2) (Fe1 -xS) (PbS) (CuFeS2) (NiSbS) (FeAsS) 

s 52.70 39.47 12.84 35.00 15.04 22.24 
Fe 46.22 59.93 0.50 30.94 0.21 35.84 
Cu 0.69 35.06 
Ni 27.73 
Zn 0.11 
As 0.34 1.40 45.60 
Pb 87.51 
Sb 56.03 
Total 99.26 99.40 101.54 101.00 100.52 103.68 

3.4.4.2 Secondary minerals and precipitates 

Rve different secondary minerals, which had crystallised on the exposed and 

oxidised surfaces of waste rock sample BR1, were analysed semi-quantitatively using the 

scanning electron microscope. The EDS X-ray spectra are presented in Rgure 3.27. The 

most abundant crystalline material consists of fine needle-like crystals (Rgure 3.28) 

dominated by S, Al and O (Rgure 3.27a) and therefore presumably representing an 

aluminium sulphate mineral. White fluffy-looking patches of an anhedral sulphate mineral 

(Rgure 3.29) are also common, and individual grains contain minor amounts of Zn, Mn, Fe 

and Ni (Figure 3.27b). Dark irregular-shaped crystals of a mineral with apparently well-defined 
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Figure 3.27: Scanning electron microscopy EDS X-ray spectra for single crystals of a 
range of secondary minerals found on the oxidised surfaces of Barbrook waste rock pile 
sample BR1: a) a needle-like secondary sulphate mineral; and b) a white anhedral sulphate 
mineral. 
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Figure 3.27 (continued): Scanning electron microscopy EDS X-ray spectra for single 
crystals of a range of secondary minerals found on the oxidised surfaces of Barbrook waste 
rock pile sample BR1: c) an Fe-oxide mineral; and d) an Fe and Mg-bearing aluminosilicate 
mineral. 

71 



Spec,; !"Um: RL2 _ 3 

I O Kal 

Spectrum: RL1_4 

If. 

O Kal 

i: 
I' 
I. 

I 
1: 

Ii 
1, 

Al!ial 
1: 
11 

• I 

, I, 
. I 

'i 
, i 
: 1 

Range: 20 keV 

Range: 20 keV 

FeKal 

TiKbl 
T Kal 

Total Counts•29B2l 7. Linear Auto-VS.-6450 

rKal 

J 
i I 
'I 
! I 
Ii 
/ \ 
I , JeKbl 

MnKa1. ~/1\ 

Total Counts•229010. Linear Auto-VS-3853 

AsKal AsKbl 

1 ~ J 

Figure 3.27 (continued): Scanning electron microscopy EDS X;ay spectra for single 
crystals of a range of secondary minerals found on the oxidised surf aces of Barbrook waste 
rock pile sample BR1: e) another secondary aluminosilicate mineral; and f) a pyrite crystal -
the Si and Al in this scan represent reflorescence products as the pyrite crystal is s3 µm 
across (D. Gemeke, personal communication, 1996). 
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cleavage are scattered throughout the white precipitate (Rgure 3.29). Chemical analysis 

suggests that this mineral is an Fe-oxide containing substantial amounts of Zn and Mn as well 

as minor amounts of Ca and S (Figure 3.27c). Two aluminosilicate minerals were also 

analysed. The first (Rgure 3.30) contains substantial Fe and Mg (Rgure 3.27d) whereas the 

second (Figure 3.31) is an aluminosilicate containing Fe, K and Mg plus minor S and Ti 

(Figure 3.27e). 

Therefore, despite the fact that a single analysis of a pyrite crystal (Figure 3.32) from 

the same piece of waste rock did reveal a minor amount of As to be present (Rgure 3.27f), As 

was not detected within any of the secondary sulphate, oxide or aluminosilicate minerals 

produced by oxidation of the waste rock. 

Figure 3.28: Scanning electron microscopy backscattered electron image showing 
abundant needle-like crystals of a secondary sulphate mineral (Flgure 3.27a) within the 
Barbrook waste rock pile sample BR1. The analysed grain, to the left side of the photo, is 
indicated with an arrow. 
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Figure 3.29: Scanning electron microscopy backscattered electron image of a patch of the 
white anhedral sulphate minerals (Figure 3.27b) within the Barbrook waste rock pile sample 
BR1. Scattered dark irregular-shaped Fe-oxide crystals (Figure 3.27c) are also visible. 
Analysed crystals are marked b and c. 

Figure 3.30: Scanning electron microscopy backscattered electron image of an Fe and 
Mg-bearing aluminosilicate mineral (Figure 3.27d) within the Barbrook waste rock pile sample 
BR1 . The analysed grain, on the left side of the photo, is indicated with an arrow. 
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Figure 3.31: Scanning electron microscopy backscattered electron image of the second 
aluminosilicate mineral (Figure 3.27e) within the Barbrook waste rock pile sample BR1. The 
analysed grain (lower right) is indicated with an arrow. 

Figure 3.32: Scanning electron microscopy backscattered electron image of pyrite cubes 
within the Barbrook waste rock sample BR1. The analysed grain (Figure 3.27f) is located in 
the centre of the photo and indicated with an arrow. 

75 



sulphate-rich waters, and the fact that they do drink from the ponds on the slimes dam 

(Figure 3.14) suggests that they are also not affected by the poor palatability which normally 

accompanies such high S042- concentrations (DWAF, 1995d). However, the overall scarcity 

of water in the area at the time of sampling may have necessitated the consumption of the 

slimes dam water despite its poor quality. The Co, Ni and Mn contents of the water seeping 

from the base of the slimes dam wall do not constitute any problem for consumption by 

livestock in terms of the local guidelines (DWAF, 1995d). 

Tab I e 3. 21 : Summary of the target water quality guidelines for South Africa as stipulated by 
OWAF (1995b, 1995c, 1995d and 19950). 

Water Usage: Domestic Livestock Irrigation Industrial 

pH 6-9 6.5 - 8.4 6.5 - 8.0 
EC (mS/m) s70 s300 s40 s30 
SAR <2.0 

Upper limit (mg/L): 
TDS 450 2000 264 200 
Total hardness (CaC03) 50 - 100 100 
As 0.01 1.0 0.1 
Si 10 
Na+ 100 2000 70 
K+ 50 
NH3 (as NH4+ + NH3) 1.0 
Ca2+ 32 1000 
Mg2+ 30 500 
c1- 100 1500 100 40 
F· 1.0 2.0 2.0 
N as (N03- + No2- ) 6.0 
Inorganic N 5.0 
N03- 100 
N02- 10 
S042- 200 1000 80 

Co 1.0 0.05 
Ni 1.0 0.2 
Mn 0.05 10 0.02 0.1 
Fe 0.1 10 5.0 0.2 
Zn 3.0 20 1.0 

Note: Industrial guidelines refer to the values stipulated for category 2 industrial processes 
which require intermediate quality water; agricultural guidelines refer to the values required 
for cattle where different animal species were specified. 
Total hardness (mg CaC03/L) = (2.497 x mg ca2+/L) + (4.118 x mg Mg2+/L) 
Sodium adsorption ratio (SAR) is calculated using mmol/L data and the equation (McBride, 
1994): 

SAR= 
Na+ 

(ca2+ + Mg2+)o.s 

Due to the fact that As contents of more than 1.5 mg/L in drinking water can cause 

adverse effects such as haemorrhagic diarrhoea and dehydration in cattle (DWAF, 1995d), 
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the ponds of standing water on the calcine dam (BW15) and southern end of the main slimes 

dam (BW4), as well as the stream of tailings (BW14) extending between them, must be 

deemed unsuitable for livestock watering. The high pH values associated with these waters 

could also constitute a problem for consumption in that a pH >9 can result in the 

deprotonation of species such as NH4+ to NH3, both of which can be microbially transformed 

into N03- and N02- (Schlesinger, 1991) within the rumen of cattle (DWAF, 1995d). The 

water in the stream of tailings extending between the two tailings dams (BW14) has both the 

highest pH and the highest No2- content of all the Barbrook water samples. Although cattle 

can become adapted to relatively high N02- levels, whereby it is reduced to NH3 via a 

detoxification mechanism in the rumen, nitrite poisoning can cause methaemoglobinaemia 

as a result of N02- combining with haemoglobin to prevent oxygen uptake. This is a particular 

danger where carbohydrate intake is poor and drinking water has high TDS and S042-

contents (DWAF, 1995d). 

The four groundwater samples collected from the tailings dam area are also classified 

as very hard water in terms of their total hardness values (>500 mg CaCOJIL) and are 

unsuitable for domestic use in terms of their high EC, Na+, Mg2+, Ca2+ and soi- contents. 

Although MgS04 can act as a laxative and induce diarrhoea in non-adapted individuals, the 

DWAF (1995b) guidelines state that high Na+ is really only a problem in terms of taste and 

high Ca2+ in terms of getting soap to lather, rather than causing any adverse health effects. 

The main problem to human health associated with the groundwater in this area is the high 

N02- content and total N content (N02· + N0:3- = 8.22 mg/L N) of borehole sample BW9. 

According to DWAF (1995b), the presence of high N03- in drinking water poses a problem in 

terms of its potential for microbial conversion to N02· within the human body. High N02· 

levels are unacceptable as they can result in methaemoglobinaemia. This constitutes a 

particular danger for infants under 3 months of age and is exacerbated by poor Vitamin C 

intake. The Mn and Fe concentrations in groundwater sample BW1 O are high compared to 

the domestic guidelines of DWAF (1995b), although the effects would be mainly aesthetic 

and no adverse health effects should result from human consumption. 

3.5.1.2 Mining area 

The Shiyalongubo Dam, from which the local population ultimately derives water for 

domestic and agricultural purposes, contains high quality drinking water with low EC (6.0 

mS/m), a neutral pH, and ionic concentrations well within the DWAF (1995) guidelines for 

domestic use, livestock watering, crop irrigation and industrial purposes. The overall quality 

of the water samples collected from the Barbrook and Law's Creeks, representing the 

conduits via which the Shiyalongubo water and surface run-off from the mountain catchment 

is transported through the Barbrook mining area, are also within the DWAF (1995) 

guidelines. Despite having higher concentrations of most constituents, the water sample 
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collected from Law's Creek just downstream from the processing plant but prior to the 

confluence with Barbrook Creek (BWS) is only questionable in terms of its suitability for 

drinking purposes as a result of its high As content (0.011 mg/L), which is approximately 

equivalent to the upper limit stipulated by both the WHO (1993) and DWAF (1995b) 

guidelines. The quality of the groundwater entering the level 10 mine adit (BW18) is also 

acceptable apart from its relatively high As (0.012 mg/L) content. 

The DWAF (1995c) guidelines state that, although the target range for As in irrigation 

water is O to 0. 1 mg/L, the maximum acceptable concentration for fine-textured neutral to 

alkaline soils is 0.1 to 2 mg/L. Therefore, the sampled waters from the Barbrook and Low's 

Creeks are all suitable for irrigation purposes in terms of their As contents. The calculated 

sodium adsorption ratios (SAR) for all of the Barbrook mining area waters are <1.0, indicating 

that these waters also have a low potential for inducing sodic conditions in soils during 

irrigation (DWAF, 1995c). The calculation of total hardness values reveals that most of the 

samples collected from the Barbrook and Low's Creeks, apart from the sample collected just 

downstream of the processing plant (BWS: 79.6 mg CaC03'1-), are soft waters (<50 mg 

CaC03'L) whereas the groundwater entering the level 10 mine adit (BW18: 122 mg 

CaC03'L) constitutes moderately hard water. According to DWAF (1995b), the main 

problems associated with excessively soft water are its potential corrosive nature and its poor 

buffering capacity. Although the two Low's Creek samples (BW6 and BW7) analysed for 

heavy metals both have Fe contents above the target guideline value for domestic use, this 

will only affect the palatability of the water (DWAF, 1995b). 

In contrast to the creek waters in the Barbrook mining area, the recycled water used 

in the mining and processing operations, and collected from the level 7 (BW22) and 1 O 

(BW19) mine adits as well as the water tanks located above the French Bob open cut mine 

(BW23), have EC values ~95 mS/m, and unacceptably high concentrations of NH4+, Mg2+, 

Ca2+, N (as N02· + N03·) and S042- relative to the DWAF (1995b) guidelines for domestic 

use. They are also classified as very hard (>300 mg CaC03/L) waters, with total hardness 

values >500 mg CaC03/L. Of these three water samples, however, only the water from the 

level 10 mine adit has a relatively high As (0.011 mg/L) content. Apart from As, the main 

problems with the compositions of these waters, in terms of human drinking water standards, 

are the high S042· and Mg2+ concentrations, due to the possible laxative effect of MgS04, 

plus the risk to infants associated with the high N02· and N03· contents. According to the 

DWAF (1995c) guidelines, the high Ni and Mn contents of the level 10 mine adit water 

(BW19) could constitute a potential problem in terms of crop yield if this water was to be used 

for irrigation purposes. However, although the Ni and Mn values are above the target values, 

the DWAF (1995c) guidelines do state that such concentrations are within the acceptable 

range for the irrigation of fine-textured, neutral to alkaline soils. Manganese contents >2 

mg/L can be a problem in terms of industrial usage, however, resulting in the precipitation of 

Mn compounds which can interfere with processing operations and damage equipment 

(DWAF, 19950). Although it is highly unlikely that these recycled mine waters will be used 
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3.5 Discussion 

3.5.1 Water quality in the Barbrook area 

Since the water bodies in the Barbrook tailings darns and mining areas could 

potentially be used for different purposes, it is important to examine them separately here in 

terms of how they compare to the South African water quality guidelines (Table 3.21 ). The 

surface waters in the Barbrook mining area are most likely to be used by the local human 

population for domestic and agricultural purposes, whereas the groundwater entering the 

level 1 O mine adit is recycled for use in the mining and processing operations at Barbrook. In 

addition to the recycling of the surface waters from the tailings dams for further use in the 

processing plant, their other main use is as a source of drinking water for the local cattle and 

birds. These waters could only be expected to contribute to human domestic use as a result 

of possible surface run-off and incorporation into Crystal Stream during periods of flooding 

and/or via groundwater consumption. 

3.5.1.1 Tailings dam area 

The surf ace water bodies associated with the Barbrook tailings darn area are 

generally of poor quality in terms of the DWAF (1995) guidelines (Table 3.21) for human 

domestic use but appropriate for livestock watering in certain cases due to the less stringent 

guidelines applied. Most constituents within the water collected from the small pond (BW1) 

near Crystal Stream are within domestic quality guidelines but it does have a high NH4+ 

content, presumably as a result of the observed contamination by cattle dung. Although 

ammonia is not considered toxic in its ionic form (DWAF, 1995b), and the water can therefore 

be classified as suitable for livestock watering, the likely contamination by faecal coliforms, 

which are present within the faeces of a range of warm-blooded animals (WHO, 1984), may 

preclude its use by humans. 

Whereas the total hardness value ( 122 mg CaC03'L) calculated for sample BW1 

indicates that it is only slightly hard (DWAF, 1995b), all of the other surface waters in the 

tailings dam area have total hardness values of between 500 and 1400 mg CaC03/l and are 

classified as very hard and potentially problematic for industrial use due to scaling effects. 

The high As, N (as NQ3- + No2-). Na+, Mg2+, Ca2+ and SQ42- concentrations of these waters 

preclude their use for domestic purposes and the high S042- concentrations of all samples, 

except for the upwelling water near the base of the main slimes dam wall (BW3), make the 

suitability of these water bodies for livestock watering questionable. Sulphate concentrations 

above 1000 rng/l, as occur in most of the tailings darn surface waters, can result in chronic 

diarrhoea, particularly in immature and/or non-adapted animals (DWAF, 1995d). However, the 

animals living in the tailings dam area may well be physiologically adapted to consuming these 
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intentionally and/or in an undiluted form as drinking water, the excessive hardness of these 

waters may constitute a particular problem for use in the Barbrook processing plant, whereby 

the high TDS values, and in particular the high concentrations of Mg2+ and Ca2+, may result 

in scaling. 

The standing water within the disused Clifford Scott open cut mine (BW24) is 

unlikely to be used for any particular purpose although it may eventually overflow and 

contribute to surface run-off. The quality of the water is good apart from its high As (0.021 

mg/L) content. 

3.5.2 The chemistry of the Barbrook soils and sediments 

3.5.2.1 Tailings dam area 

The sediment core collected from Crystal Stream (BS1) comprises alluvial clay-rich 

soil which appears to be relatively unpolluted compared to the other sediments collected in 

the Barbrook tailings dam area Heavy metal concentrations within both the upper and lower 

sections of this core lie within the ranges for unpolluted soils presented in Table 3.22, and 

are therefore assumed to represent background concentrations for the soils of this area. The 

fact that the near-neutral pH values measured in soil solutions prepared with H20 become 

more acidic when measured in KCI is a function of the cation exchange capacity (CEC) of the 

soil (Rowell, 1988). Due to the fact that water is a weak acid which barely dissociates, the 

exchange of H+ ions in solution for cations on the surf aces of the clay particles is negligible 

compared to the cation exchange which occurs when a soil is swamped by an electrolyte 

solution such as KCI. The release of acidic cations such as H+ and A'f>+- during this cation 

swamping, whereby Ala+ is equivalent to the behaviour of three H+ ions in terms of its effect 

on acidity, would therefore cause the lower pH values observed in the KCI generated soil 

solution. The difference between the measured pH(H:P) and pH(KO) values is greater for 

BS1A than for BS1B, suggesting that the upper horizon has a higher CEC. The higher 

concentrations of most heavy metals, except for Co, Mn and V, in the upper horizon may 

therefore possibly be related to different organic matter contents and the greater formation 

of organometallic complexes in the top section of the core. 

By comparison with BS 1, substantial heavy metal enrichment is present within the 

sediment samples collected from the tailings dams. This enrichment is most evident in terms 

of the high Zn, Cu, Mn, Cr and Pb contents of the slimes (BS3 and BS4) and calcine (BS7) 

dam samples. Jambor (1994) describes the tailings material produced from the processing of 

sulphide-rich ore bodies as the "ground mill-processed gangue in which the ore minerals 

occurred". However, "because recoveries of the valuable minerals are never 100%, the 

tailings always contain small amounts of ore minerals". Therefore, the elevated heavy metal 

concentrations in the mine tailings and associated sediments can be explained in terms of 

the sulphide and gangue minerals associated with the Barbrook ore bodies which were 
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Table 3 .22: Summary of average concentrations of heavy metals in unpolluted soils. 

Element Range Average Reference 
(mg/kg) (mg/kg) 

As 0.1 - 40 10 Chatterjee et al. (1993); O'Neill (1995) 
Zn 10 - 300 50 Kiekens (1995) 
Cu 2 - 100 20 - 30 Baker and Senft (1995) 
Ni s5000 24-53 McGrath (1995) 
Co 0.05 - 300 10 - 15 Smith and Paterson (1995) 
Mn 50 - 11 500 Smith and Paterson (1995) 
Cr s10 000 41 - 200 McGrath (1995) 
V 20 - 500 100 Edwards et al. (1995) 
Pb <20 Davies (1995) 

Note: References cited are not necessarily primary references, but have often compiled the 
results of numerous studies to ascertain average soil compositions. 

crushed and oxidised during ore processing and transported as fine-grained residuals to the 

tailings dams. The ore minerals contributing to the heavy metal concentrations would include 

chalcopyrite (Cu), galena (Pb), ullmannite (Ni) and, although it was not observed within the 

ore samples examined during the course of this study, the sphalerite (Zn) reported by 

Houstoun (1990). Although Sb was not included within the element analyses performed on 

the Barbrook soils and sediments during the course of this study, the identification of 

ullmannite and the reported presence of stibnite (Houstoun, 1990) within the ore bodies 

indicate that Sb could also be present in elevated concentrations. The main gangue mineral 

which appears to contributing to elevated heavy metal concentrations is the Cr-muscovite, 

fuchsite, within the green fuchsite-carbonate-quartz schists (Houstoun, 1990) which host 

the Barbrook ore bodies. The high concentrations of Fe, As and Ca in the tailings dams 

sediments can also be explained in terms of the Barbrook processing operations. Whereas 

Fe is present in a range of sulphides, including pyrite, pyrrhotite and arsenopyrite, As would 

be present mainly as arsenopyrite. The elevated Ca concentrations of the tailings material are 

not only due to the carbonate minerals present within the gangue material, but also to the 

fact that CaO is added during ore processing. The similar concentrations of Co, V and Al in 

BS 1 and the tailings material suggests that these elements are not present in elevated 

concentrations within the Barbrook ore bodies. 

The coarser grainsize of the tailings material, in comparison to the day-rich cores 

collected from Crystal Stream and the slimes seepage pond, is consistent with the findings of 

Jambor (1994) that most mine tailings contain sand- or silt-sized partides. The alkaline pH 

(H~ and KCI) values obtained for the tailings material are a function of both the abundance 

of CaC03 (up to 8%), as a result of the carbonate-rich host rocks at Barbrook, and the liming 

which occurs as part of the gold processing operation. Due to the fact that heavy metal 

mobility generally decreases markedly under neutral to alkaline pH conditions (McBride, 

1994), any leachate seeping from the tailings dams could be expected to contain relatively 

low heavy metal concentrations. 

81 



Despite the prevailing alkaline conditions in the tailings dam material, some heavy 

metal contamination is evident in the sediment core collected from the slimes seepage pond 

(BS2). This seepage pond is lined with a similar clay-rich alluvial soil to that found in the 

Crystal Stream core (BS1). It also has a similar CaC03 content, and pH(H20 and KCI) values 

which are intermediate between the BS 1 upper and lower horizons. Compared to the Crystal 

Stream core, however, the slimes seepage pond core has elevated levels of Fe, Zn, Ni, Cr, 

As and, to a lesser extent, Cu. This implies some heavy metal and As contamination due to 

seepage from the tailings darns. 

3.5.2.2 Mining area 

Although the original intention was to collect sediment cores from the Barbrook and 

Law's Creeks at the same sites from which water was sampled, this was not possible due to 

the scarcity of sediment within the creek beds at the time of sampling. Therefore, the 

sediment core collected from Law's Creek immediately adjacent to the waste rock pile (BS6) 

and the soil from underneath the waste rock pile (BS8) provide the only indication of whether 

leachate from the waste material is actually contaminating the sediments and soils in the 

immediate area. The chemical composition of an uncontaminated soil (BS5), sampled near 

the main entrance to the Barbrook mine site (Chapter 4), provides possible background 

levels for this area By comparison with BS5 and the Law's Creek core (BS6), the soil 

underneath the waste rock pile is highly contaminated with respect to Zn, Ni, Co, Mn, and Pb, 

thereby implying that heavy metals are being leached downwards from the overlying waste 

material. Although most of this waste material would be expected to comprise gangue 

minerals, waste rock piles can contain substantial amounts of low-grade ore material due to 

the dependence of cut-off grade on the prevailing market gold prices (Funke, 1990). The 

presence of primary sulphides is indicated by the high heavy metal concentrations within the 

underlying soil. Significant As contamination is also evident in the soil and sediments in the 

immediate vicinity of the waste rock pile. 

The sediment core collected from the Clifford Scott open cut mine is also 

contaminated with respect to As and Pb, but particularly so with respect to Cr which is 

presumably derived from the fuchsite in the host rocks. 

3.5.3 The chemistry of the Barbrook waste rock pile 

Although the waste rock pile at Barbrook constitutes a definite aesthetic problem for 

the Caledonia Mining Company (Figures 3.17 and 3.20), the analytical results obtained in an 

attempt to detennine whether or not it constitutes a current or future geochemical problem 

are somewhat contradictory. The two waste rock pile samples (BR2 and BR3) have 
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substantially different concentrations of Fe, As and certain heavy metals, including Zn, Cu, 

Ni, Mn, and Pb, suggesting that the distribution of primary sulphide minerals within the waste 

rock pile is highly heterogeneous. Consistent with the higher concentrations of most 

elements in sample BR3, the leachate produced from this sample during TCLP analysis also 

contained higher concentrations of heavy metals and Fe than the BR2 leachate. However, 

neither leachate contained any detectable As. 

It is difficult to interpret the TCLP results in terms of water quality guideline values 

due to the fact that they were extracted in a pH 5 solution and are therefore not 

representative of what would occur with simple leaching by rainwater in such a well buffered 

system. In addition, any leachate produced is likely to be either diluted by the adjacent Law's 

Creek waters or interact with the underlying soil. According to the EPA (1993) guidelines, 

the maximum allowable As concentration in a standard TCLP leachate extracted from As­

bearing wastes is 5 mg/l. Despite the lack of As at anywhere near this level in the Barbrook 

TCLP leachates, several elements are present in high enough concentrations to be 

potentially problematic. These elements include Fe, Mn, Ca and Mg as weU as certain heavy 

metals. Whereas the Fe is likely to derive predominantly from the Fe-sulphide minerals and 

the Mg and Ca from carbonate and talc gangue minerals, both Fe and Mg are also present in 

chlorite. The source of the Mn is not so obvious, although it is likely to occur in minor 

amounts in the Fe-sulphide minerals, due to solid solution substitution for the Fe, and it may 

also be present within some of the carbonates, namely ankerite and siderite, the latter also in 

a solid solution scenario. Although the heavy metals would presumably be leached from the 

primary sulphide minerals present within the waste rock pile, SEM analyses performed on a 

number of secondary minerals from waste rock sample BR 1 also revealed the presence of 

Zn, Mn, Fe, and Ni within secondary sulphate and oxide minerals (Section 3.4.4.2). 

The aforementioned contradiction which occurs in relation to the waste rock pile 

analytical results sterns from the fact that although the heavy metal contamination of the soil 

underneath the waste rock pile (BS8) is in agreement with the TCLP leachates containing 

heavy metals, substantial As is also present within the underlying soil but undetectable in the 

TCLP leachates. This will be discussed further in Section 3.5.4.4. 

3.5.4 Arsenic in the Barbrook environment 

The results of this study indicate that As is present in significant concentrations 

within some of the water bodies, soils and sediments in the immediate vicinity of the 

Barbrook mining and tailings dams areas. The chemical analysis of the primary sulphide 

minerals within the Barbrook ore bodies has revealed that although arsenopyrite is the main 

As-bearing sulphide mineral, containing ~ wt% As, the presence of minor amounts of As in 

pyrite, which is the most abundant sulphide mineral at Barbrook (Houstoun, 1990), and 

ullmannite means that their oxidation will also release As. 
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3.5.4. 1 Arsenic occurrence in the Barbrook water bodies 

Despite the fact that not all of the sampled water bodies with the Barbrook area would 

be considered or even available for human domestic use (Section 3.5.1 ), the fact that the 

Barbrook and Law's Creeks have low As concentrations (s0.007 mg/L) suggests that 

background levels are below the drinking water guideline value of s0.01 mg/L (WHO, 1993; 

DWAF, 1995b). 

In terms of the various water bodies sampled in the Barbrook area in August 1996, 

the highest As levels were detected in the surface waters located in the tailings dam area. 

However, substantial amounts of As were also measured in some of the mining area waters, 

including Law's Creek downstream from the processing plant (BW5), the groundwater 

entering the level 10 mine adit (BW18) and present within the main drain at this level (BW19), 

as well as the water in the Clifford Scott open cut mine (BW24). Although the results of this 

study represent the state of the Barbrook water bodies at a single point in time, analyses 

performed by the Caledonia Mining Company since February 1995 (Table 3.23) confirm that 

certain water bodies in the Barbrook area do contain consistently high As concentrations. 

Such As-contaminated waters include the slimes seepage pond (0.05 to 5.18 mg/L), which 

was completely dry and therefore not sampled during the course of this study, and the main 

drain in the level 10 mine adit (0.12 to 0.45 mg/L), although the latter was only sampled twice 

prior to August 1996. Other water bodies which have revealed intermittently high As levels 

since February 1995 include Crystal Stream just west of the slimes dam (up to 0.78 mg/L), 

Law's Creek downstream from the processing plant (up to 0.022 mg/L) and Law's Creek 

adjacent to the explosives magazine and upstream of the main mining area (up to 0.015 

mg/L). 

Compared to the tailings slurries sampled at the processing plant (BW20 and BW21 ), 

which contain As levels of -0.02 mg/L, water bodies associated with the calcine and slimes 

dams have considerably higher As contents of up to 4.12 mg/l. Therefore, it appears that 

although substantial amounts of As are being pumped to the tailings dams from the 

processing plant, this As is becoming increasingly concentrated within the pools of water on 

the two dams and within the waters leaching from the base of the slimes dam wall. Climatic 

data for the Barbrook area include high monthly evaporation rates of between 115 and 195 

mm (Ralph Morris and Associates, 1996), suggesting that evaporation is a likely mechanism 

for increasing As concentrations within the tailings dam area waters. The other possible 

mechanism involves further oxidation of the primary sulphide minerals present within the 

tailings material subsequent to discharge from the processing plant, thereby resulting in 

increased As release. 

Although the water in the small pond (BW1) located west of the main slimes dam wall 

and dose to Crystal Stream had a negligible As content at the time of sampling, the high As 

concentrations determined for Crystal Stream on previous occasions (Table 3.23) suggest 

that it may be intermittently subject to contamination from tailings dam leachates. This implies 
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that surface run-off, possibly involving the seepage from the base of the slimes dam wall, may 

be occurring during periods of heavy rainfall. However, little is known about the prevailing 

conditions associated with previous sampling periods. 

Despite the high As concentrations within the surf ace waters in the tailings dam area, 

the water samples collected from the four boreholes (BW9 to BW12) recently drilled below 

the main slimes dam wall indicate that no groundwater contamination has yet occurred in this 

area. In contrast, the groundwater entering the level 10 mine adit (BW18) does contain 

substantial As. The fact that the recycled water used in the mining operations, and sampled 

from the water tanks above the French Bob open cut mine (BW23) and the main drain in the 

level 7 mine adit (BW22), contains negligible As, suggests that the groundwater may be 

naturally contaminated with As rather than contaminated by leachate associated with the 

mining operations. If this is the case, the relatively high As content of the water in the main 

drain of the level 10 mine adit (BW19) may be due to direct contamination by the 

groundwater entering at this level, whereas subsequent dilution may be responsible for the 

lower As contents of the recycled mine waters. 

With the exception of the water sample collected from Low's Creek just downstream 

of the processing plant (BW5), the As contents of the Barbrook and Law's Creeks in August 

1996 were s0.007 mg/L. Since the usual As contents of unpolluted rivers have been 

reported as s0.01 mg/L (Ferguson and Gavis, 1972), the creeks in the Barbrook region 

could be considered to have been unpolluted at the time of sampling. By comparison, the 

slightly elevated EC value and higher concentrations of As (0.011 mg/L) and other ionic 

constituents in the water collected from the vicinity of the Barbrook processing plant (BWS), 

indicate that Law's Creek was experiencing contamination from the processing plant. 

However, below the point where the Barbrook and Low's Creeks converge, just downstream 

of the BWS sampling site, the As content of the Law's Creek water was found to be a much 

more acceptable 0.002 mg/L (BW26). This downstream decrease in the As concentration of 

Law's Creek may simply be due to dilution by the converging Barbrook Creek waters or it may 

be due to the removal of As from solution. Although As sorption onto Fe and Mn oxides and 

hydroxides in aquatic surface sediments is a well-documented phenomenon (Brannon and 

Patrick, 1987; Mok and Wai, 1990; Loring et al., 1995), the creek beds in this area are quite 

rocky and relatively devoid of surface sediments. In a study of the effects of mixing between 

As-bearing seepage from mine tailings and surface stream waters, Babb et al. ( 1985) found 

that the influx of oxidising waters resulted in the oxidation of Fe(ll) to Fe(lll) in stream 

sediments and the precipitation, via subsequent hydrolysis, of colloidal hydrous oxides 

which scavenged As. Jackson and Bistricki (1995) found that As in mine polluted lakes is also 

scavenged by plankton which have outer coatings of FeOOH. A comparison of dilution 

factors for the various elements analysed in samples BW5 and BW26 indicate that the As, 

S042· and N03· concentrations of sample BW26 are more than five times less than sample 

BWS, whereas ca2+ is about three times lower and the other elements are all s2 times more 

dilute. The greater dilution of As, S042· and N03· suggests that, in addition to dilution by the 
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converging creek waters, some sort of anion sorption may also be occurring within Low's 

Creek. 

The water in the bottom of the Clifford Scott open cut mine (BW24) also has a high 

As content compared to the other water bodies in the area. Prior to its closure, this mine 

operated within the oxidised ore zone, and high As levels could therefore naturally be 

expected within any water collecting in or leaching from this site. 

Tab I e 3. 2 3 : Arsenic data tabulated from the results of water analyses performed in the 
Barbrook mining area by the Caledonia Mining Corporation since February 1995; numbers in 
parentheses represent corresponding sample numbers from this study. 

Arsenic (mg/L): 

Date: 21/2/95 23/3/95 23/4/95 24/5/95 21/6/95 
Sampling location: 
Slimes seepage pond 0.053 0.580 0.360 1.30 0.550 
Crystal Stream 0.010 <0.010 0.039 nd nd 
Waterfall (BW17) nd nd 0.008 nd <0.050 
Law's Creek below plant (BW5) nd 0.017 0.008 0.022 0.018 
Law's Creek at Magazine (BW25) nd nd 0.008 0.015 nd 
No. 10 adit (BW19) 

Arsenic (mg/L): 

Date: 21/8/95 8/11/95 13/2/96 21/5/96 
Sampling location: 
Slimes seepage pond 5.18 0.40 0.80 0.78 
Crystal Stream 0.017 0.009 
Waterfall (BW17) nd nd 0.008 nd 
Law's Creek below plant (BWS) 0.007 0.007 nd 0.016 
Law's Creek at Magazine (BW25) nd nd nd nd 
No. 10 adit (BW19) 0.12 0.45 

Note: nd <0.005 mg/L 

3.5.4.2 Arsenic speciation and toxicity in the Barbrook water bodies 

The measured Eh and pH values for the Barbrook water samples with As contents 

2-0.01 mg/l are plotted in Figure 3.33 relative to the thermodynamic stability fields calculated 

by Ferguson and Gavis (1972). Since the As within the Barbrook water samples is assumed 

to be predominantly inorganic (Section A1.9), no allowances have been made for any 

organic As species. This diagram indicates that, although elevated As levels occur in some of 

the Barbrook water bodies, this inorganic As should be present as the less toxic As(V), with 

arsenic acid speciation primarily dependent on pH. Whereas the alkaline waters from the 

tailings dam area (BW4, BW14 and BW15) all plot within the stability field for HAs042-. the 

more neutral pH samples cluster around the dividing line between HAs042- and HAs04· 
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Figure 3.33: Plot of measured Eh and pH values for the Barbrook water samples with As 
contents ;?!0.01 mg/I... superimposed on the As Eh-pH diagram of Ferguson and Gavis 
(1972); Barbrook samples are represented by sample numbers and distinguished as tailings 
dam area (squares) and mining area (circles) samples. 
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indicating that both species would be present in solution. The sample with the lowest pH, 

comprising seepage from the base of the slimes dam wall (BW2), plots in the HAs04- stability 

field. The As speciation assigned during MINTEQA2 modelling of the Barbrook water 

samples, when all of the As was entered into the program in the pentavalent state as 

H;3-As04, is similar to that observed in Figure 3.33 although the samples which plot well within 

a stability field on this diagram are assigned significant amounts of the adjoining As species 

via MINTEQA2. For example, sample BW14 is listed as containing 57% of its As content as 

HAsOi- and 43% as As043-. 

The validity of using a diagram like Figure 3.33 to predict the As speciation of the 

Barbrook water samples is highly questionable. One reason for this is the uncertainty 

associated with the method (Section A1.4) which was used to measure redox potential in the 

water samples. Sposito (1989) states that the determination of redox potential using the 

platinum electrode method is subject to such uncertainty that any derived Eh values can be 

considered to provide only a qualitative indication of pe. Drever (1988) also questions any 

quantitative interpretation of data derived for oxidising waters via this method due to the fact 

that such measurements can rarely be related to a specific redox pair. In addition to the 

uncertainty associated with the actual method, the fact that the measurements were 

perfonned several weeks after sample collection, albeit on sealed and refrigerated samples, 

also places doubt on the analytical results. A third reason to question the validity of plotting 

the Barbrook data directly onto Figure 3.33 is the fact that As speciation is complex and rarely 

in thermodynamic equilibrium (Aurilia et al., 1994). As discussed in Chapter 2, a number of 

factors, besides just the prevailing pH and Eh conditions, can contribute to determining the 

speciation of As in water. 

The quantitative detennination of As speciation is highly desirable as a means to 

assess the relative toxicity of elevated As levels in different water bodies. Although the 

scientific literature lists numerous methods via which various inorganic and/or organic As 

species can be measured, many of which are summarised in Van Loon and Barefoot (1995), 

time constraints precluded such measurements during the course of this study. Therefore, 

the tentative interpretation of the measured Eh and pH values of the various Barbrook water 

samples, taking cognisance of the concerns outlined above, is that most of the As in these 

waters is present as arsenic acids and therefore not as toxic as the arsenous acid species 

which could form under more reducing conditions. 

According to the stability diagrams of Sadiq et al. (1983) presented in Chapter 2 

(Figures 2.4 and 2.5), the most likely arsenate mineral to precipitate under oxidising, alkaline 

conditions is Caa(As04)2. The results of the MINTEQA2 modelling, however, indicated that 

only the stream of tailings extending between the two tailings dams (BW14), which 

constitutes the sample with the highest As content, was approaching equilibrium with 

Ca3(As04)2. Based on these results, it appears unlikely that As would be removed from 

these waters via the precipitation of any arsenate minerals under the conditions prevailing at 

Barbrook. 
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3.5.4.3 Arsenic occurrence in the Barbrook soils and sediments 

The background concentration of As in the soils and sediments of the Barbrook area 

appears to be -20 mg/kg, based on the sediment core (BS1) collected from Crystal Stream 

and a sample of uncontaminated soil (BS5) collected from outside the main entrance to the 

mine site (refer to Chapter 4 for a discussion of this soil). This value is within the range (1 to 

40 mg/kg) stated by O'Neill (1995) to normally occur in unpolluted soils, but higher than his 

average value of -10 mg/kg. By comparison, all of the other soil and sediment samples 

collected from the Barbrook area contain substantially higher total As concentrations of up to 

2170 mg/kg. 

Although the Barbrook soils and sediments in the vicinity of the tailings dams, waste 

rock pile and Clifford Scott open cut mine all share some degree of heavy metal 

contamination, their near-neutral to alkaline pH values mean that the mobility of these metals 

would be greatly reduced as compared to a more acidic environment (McBride, 1994). As 

discussed in Chapter 2, the behaviour of As is not as simple since its mobility is highly 

dependent on its speciation which is in turn dependent on redox potential (Masscheleyn et 

al., 1991). The pH(H;P) values obtained for the As-contaminated Barbrook soils and 

sediments range from 6.5 to 8. 7 which covers the range (pH 7 to 8) at which maximum As(ll I) 

sorption occurs (Gosh and Yuan, 1987; O'Neill, 1995). However, surface sediments, and 

presumably the tailings darn material down to a depth of -2 m (Funke, 1990), could be 

expected to represent relatively oxidising environments whereby most of the As would be 

present as As(V). If most of the As is present in the pentavalent state, the fact that the 

sorption of As(V) peaks strongly at pH 4 to 5 (Gosh and Yuan, 1987; O'Neill, 1995) means 

that it may be more mobile at these higher pH(H20) values than if it was present in the more 

toxic As(III) state. This As(V) mobility may be a particular problem as regards the calcine and 

slimes darns sediments with their pH(H;P and KCI) values of :i!:7.9, since the results of 

experimental studies have shown that the combination of oxidising conditions and an 

alkaline pH can result in a substantial increase in the mobility of As due to the replacement of 

As(V) on soil sorption sites by hydroxyl ions (Masscheleyn et al., 1991). Despite the 

dependence of As mobility on redox potential, however, the fact that total As solubility is 

highest under acidic conditions due to the dissolution of Fe oxides and hydroxides 

(Masscheleyn et al., 1991; Marin et al., 1993) suggests that, as is the case with heavy metals, 

the neutral to alkaline conditions present within the Barbrook soils and sediments will help to 

reduce As mobility. In addition, the possible precipitation of Cc13(As04)2 under oxidising, 

alkaline conditions (Sadiq et al., 1983), and the presumed presence of calcite which sorbs As 

under alkaline conditions (Goldberg and Glaubig, 1988), may also help to reduce As mobility 

within the alkaline tailings dam material. 

Since the total concentration of As in a soil is a poor indication of how much is actually 

available or potentially mobile (Sheppard, 1992), As was extracted from the Barbrook soils 

and sediments using a 0.5M NaHC03 solution in order to obtain an index of As availability. In 
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a review of the relative effectiveness of a range of different solutions for extracting As from 

soil, Johnston and Barnard (1979) state that 0.5M NaHC03 has a low As-releasing potential. 

However, they also state that it is the preferable method for use in extracting P from alkaline 

soils. This is due to the fact that in calcareous, neutral or alkaline soils, where Ca phosphates 

are present, the Ca precipitates as CaC03 during the extraction procedure and releases P 

(Olsen and Sommers, 1982). If a more acidic extractant were to be used, there is the 

possibility that rapid neutralisation of the acid by CaC03 will occur, thereby limiting P 

extraction. Since As is considered to behave in a similar manner to P (Johnston and Barnard, 

1979), the use of a NaHC03 solution can also be justified for As extraction in calcareous, 

neutral or alkaline soils. 

The amount of extractable As in the contaminated Barbrook soils and sediments 

ranges from 3.5 to 172 mg/kg, but is always less than 8% of the total As concentration. 

Although extractable As (mg/kg soil) appears to be positively correlated with the total As 

content and pH(KCI) values of the soils and sediments, observed correlations between 

extractable As and the Ca and percentage CaC03 contents are of doubtful validity due to the 

fact that they simply comprise lines extending between two point clusters (Figure 3.34). 

Whereas a correlation between total and extractable As would be expected, in that the more 

As there is present the more that can be extracted, any correlation between CaC03 content 

and total and extractable As concentrations may suggest some link in terms of As mobility 

within the Barbrook soils and sediments. Since As sorption by calcite increases from pH 6 to 

pH 12 (Goldberg and Glaubig, 1988), higher pH(KCI) samples would also be expected to 

correlate with higher As concentrations if As is being sorbed by calcite. The MINTEOA2 

results for the calcine and slimes dams water samples (BW4, BW14 and BW15) indicate 

oversaturation with respect to calcite and dolomite, suggesting that another possible 

mechanism controlling As mobility under such alkaline conditions may be coprecipitation with 

calcite. Although the correlation between extractable As and the total Ca content of the soils 

and sediments is questionable, it is also possible that As has precipitated as Ca3(As04)2 

within the tailings dam sediments. The MINTEQA2 results indicated that none of the tailings 

dam area waters were in equilibrium with Ca3(As04)2, although sample BW14 was only 

slightly undersaturated (SI = -0.25) and therefore interpreted to be approaching equilibrium. 

However, if Ca3(As04)2 has precipitated, it may be that the analysed waters have not been in 

contact with the sediments long enough to establish equilibrium. 

Since inorganic As forms anionic species, the presence of Fe, Mn and Al oxides and 

hydroxides within the clay content of a soil is of particular importance. The fact that the anion 

exchange capacity (AEC) of these amphoteric oxides and hydroxides is greatest under acidic 

pH conditions (McBride, 1994) has already been alluded to when discussing the pH 

dependent sorption of the different As species. Although no linear correlation exists 

between extractable As and the total Fe (Figure 3.34), Al and Mn (not shown) contents of the 

Barbrook soils and sediment, this does not preclude a significant role for the oxides and 

hydroxides in terms of As sorption at Barbrook. The work of Sakata (1987) suggests that a 
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more valid method of investigating a possible correlation between these factors would have 

been to determine the concentrations of extractable Fe, Al and Mn using the dithionite­

citrate-bicarbonate method (Appendix A2.10) in order to examine the possible role of free 

oxides in As sorption. 

The presence of primary sulphide minerals within the calcine and slimes dam 

sediments necessarily complicates any discussion of purported correlations between 

extractable As and the range of variables which may influence As mobility. Whereas the 

primary sulphides may well be responsible for the high total As, Fe and Pb concentrations 

(Figure 3.34) of the calcine and slimes dam sediments, the presence of carbonates within 

the host rocks and the liming of the tailings material during ore processing could be 

responsible for the high CaC03 contents such that little, if any, sorptive relationship exists 

between them. Therefore, the combination of soil and overlying tailings material within the 

sediment cores collected from the calcine and slimes dams makes it difficult to interpret the 

behaviour of As except to state that substantial amounts are present and extractable. 

3.5.4.4 Arsenic occurrence in association with the Barbrook waste rock pile 

Despite the fact that no As was detected in the TCLP leachates from the waste rock 

pile samples, high As concentrations are present in both the soil underlying the waste rock 

pile and the immediately adjacent Low's Creek sediments. Although the sediments could 

have accumulated As as a result of the discharge into Low's Creek of As-bearing water from 

the level 1 O mine adit, it seems most likely that the soil underneath the waste rock pile was 

directly contaminated by leaching of the waste rock. The fact that the concentrations of 

various heavy metals are also enriched in the underlying soil, implies that the waste rock pile 

is contributing to the contamination of the immediate environment. 

Although the TCLP is a standard procedure designed by the U.S. Environmental 

Protection Agency "to determine the mobility of both organic and inorganic analytes present 

in [a range of] liquid, solid or multiphasic wastes" (EPA, 1993), its applicability to the Barbrook 

environment is questionable. The prevailing neutral to alkaline conditions at Barbrook, due to 

the high degree of buffering provided by the carbonate minerals present in the host schists, 

make it highly unlikely that a pH 5 leachate will form within the foreseeable future, despite the 

fact that rainwater in equilibrium with atmospheric CO2 has a pH of 5.6 (Drever, 1988). This 

stance was also adopted by Sadler et al. (1994) who performed a modified TCLP on As 

contaminated soil using pH 7 distilled water for much the same reason. In addition, the 

presence of As in such an acidic leachate is likely to be decreased by the fact that 

arsenopyrite oxidation results in the release of an arsenic acid (HJAs04) species (Wilson and 

Hawkins, 1978; Bottomley, 1984), and As(V) is strongly sorbed at pH 4 to 5 (Gosh and Yuan, 

1987; O'Neill, 1995). Davis and Ashenberg (1989) note that the mineral scorodite 

(FeAs04.2H20) actually controls As solubility at pH 4 to 5 in an oxic environment. 
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The two samples from the Barbrook waste rock pile were collected mainly to provide 

an indication of the total and leachable As contents of the waste rock. However, the limited 

size of these samples means that they are by no means representative of the waste rock pile 

as a whole. In fact, the substantial variation in the chemical compositions of these samples 

indicates a high degree of heterogeneity in the waste rock pile, particularly in terms of the 

distribution of sulphide minerals. This heterogeneity may be due to variations in ore cut-off 

grades over the lifetime of the mine. As a result, the concentrations of As and heavy metals in 

leachates emanating from along the length of the waste rock pile could vary substantially 

depending on the relative distribution of residual primary sulphide minerals and gangue 

material. 

3.5.5 Is there a current or potential problem at Barbrook? 

3.5.5.1 Acid mine drainage 

Sulphide oxidation is a naturally-occurring, microbially-mediated process which may 

be enhanced by activities such as mining. The exposure of previously buried and reduced 

sulphide material to the atmosphere, and subsequent leaching by water, can result in the 

formation of an acidic, sulphate-rich effluent known as acid mine drainage (Jambor, 1994). 

Depending on the original composition of the gangue and ore minerals, this effluent may 

contain high concentrations of heavy metals, the mobility of which is enhanced by the acidic 

conditions (McBride, 1994). Although the potential for acid mine drainage is of major concern 

in many mining operations involving sulphide minerals, the abundance of carbonate minerals 

within the intercalated banded iron formation, shales and schists which host the Barbrook ore 

bodies (Houstoun, 1990) means that the formation of any acidic effluent is buffered in much 

the same way that liming is used as a remediation mechanism for acid mine drainage. A similar 

situation is described by Bottomley (1984) for an area of Nova Scotia where auriferous 

arsenopyrite is closely associated with calcite in quartz veins. Past mining of these veins has 

resulted in As contamination of the groundwaters due to arsenopyrite oxidation but the 

accompanying oxidation of the calcite serves to consume any acidity generated by this 

process, thereby preventing the acidification of the groundwater. 

The actual mechanism involved in the carbonate-driven neutralisation of acid mine 

drainage is described by Blowes and Ptacek (1994). They state that the H+ ions released 

during sulphide oxidation are most effectively consumed by calcite, the most soluble of the 

carbonate minerals, to produce ca2+ and HC03-. This accords with the high concentrations 

of these ions in many of the tailings dam waters at Barbrook. When calcite is present, the pH 

is buffered in the range of 6.5 to 7.5. As the dissolution of other carbonate minerals 

proceeds more slowly than that of calcite, the order of carbonate depletion, which begins 

with calcite, is followed by dolomite, ankerite and siderite, all of which are present in fhe 

Barbrook country rock. Once the calcite is consumed, the pH range at which the acid 
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leachate is buffered is lowered. According to Blowes and Ptacek (1994), the dissolution of 

calcite and the generation of intermediate pH values results in the precipitation of amorphous 

and crystalline metal hydroxides which decrease heavy metal mobility. 

The seepage from the base of the main slimes dam wall (BW2) and the nearby 

puddle of upwelling water (BW3) have the lowest pH values (6.04 to 6.74) of all the Barbrook 

samples and, as such, are the dosest that Barbrook currently comes to generating acid mine 

drainage. Whereas the saturation indices calculated by MINTEOA2 for the tailings dams 

surface waters (BW4, BW14 and BW15) indicate oversaturation with respect to calcite and 

dolomite, both BW2 and BW3 are undersaturated with respect to both. Assuming that the 

seepage was in equilibrium with the matrix which generated it, this suggests that in certain 

areas of the main slimes dam, an acid leachate is being generated which is resulting in 

carbonate dissolution. The fact that sample BW2 has a pH value which is at least one whole 

pH unit lower than any of the surf ace water bodies associated with the tailings dams, and 

lower than the calcite-buffering pH range of 6.5 to 7.5 (Blowes and Ptacek, 1994), combines 

with its extremely high ca2+ and S042- concentrations to suggest that seepage from the 

base of the slimes dam wall is approaching the composition of acid mine drainage. 

Although the Barbrook system represents a highly buffered system at this point in 

time, the sheer volume of tailings material which has already been dumped and the proposal 

to continue gold processing at the Barbrook site until at least the year 2000 (Ralph Morris and 

Associates, 1996) makes it difficult to predict whether the buffering capacity of the system 

will be exhausted before all of the primary sulphide material has been oxidised. Blowes and 

Ptacek (1994) state that sulphide oxidation within mine tailings, and the consequent release 

of acid mine drainage, can actually last for tens to hundreds of years. Therefore, the character 

of future leachates from the Barbrook slimes dam will depend to a certain extent on the 

treatment of the area during the decommissioning period, and the subsequent, if any, 

maintenance and monitoring undertaken. According to the Barbrook Mines EMPR (Ralph 

Morris and Associates, 1996), the current plan is to undertake "shaping of the slimes dam in 

order to minimise penetration of the rainfall". Although it is assumed that this will involve the 

use of an impermeable cover to prevent both water and oxygen infiltration, no specific details 

are provided. In the meantime though, the tailings currently being deposited may be subject 

to immediate oxidation upon exposure, which Jambor (1994) cites as a "vivid demonstration" 

that the generation of acid mine drainage may start long before the decommissioning stage. 

Funke (1990) states that sulphide oxidation in a tailings impoundment is limited to periods 

between the application of successive layers of slime, due to the pore volumes within the 

tailings being filled with water at other times. However, the Barbrook tailings dams were 

extremely dry and exposed in August 1996 and therefore potentially susceptible to large 

amounts of sulphide oxidation. 

The waste rock pile and the underground mine workings are also possible 

contenders for future generation of acid mine drainage. Whereas the Barbrook Mines EMPR 

(Ralph Morris and Associates, 1996) states that the underground mine adits will eventually 
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be sealed in order to prevent contaminated groundwater from discharging into the local 

streams, there appear to be no future plans tor the ever-increasing waste rock pile. The fact 

that the soil underlying the waste rock pile is already subject to heavy metal contamination 

suggests that even though the leachate is not acidic at the stage, it is still able to transport 

and disperse heavy metals into the surrounding environment. 

3.5.5.2 Arsenic dispersion 

Although the possible future generation of acid mine drainage at Barbrook has major 

implications for heavy metal mobility and dispersion into the surrounding environment, the 

implications for As dispersion are not quite as straightforward due to the complex interactions 

which control As mobility (Chapter 2). In the Barbrook area, the main concern associated with 

possible As dispersion from mining operations involves contamination of the Barbrook and 

Low's Creeks which provide drinking and irrigation water for the local population. Therefore, 

although the highest As concentrations have been detected in the tailings dam area, high 

levels of As in the mining area may be of greater concern in terms of the health of the local 

human population. Crystal Stream, which was dry during the August 1996 sampling period, 

did experience elevated As levels during 1995 and could also possibly contribute to 

downstream contamination of local drinking water. 

In August 1996, As dispersion into the Barbrook and Low's Creeks as a result of the 

underground mining operations was negligible. However, some sort of discharge or 

seepage of As-contaminated material was entering Low's Creek in the vicinity of the 

processing plant. The lack of any appreciable sediment lining either the Barbrook or Low's 

Creeks means that As is unlikely to accumulate to any great extent in these creek beds and 

the processing plant discharge appears to be diluted once the two creeks converge 

downstream. The degree of dilution which occurs will depend, however, on both the current 

rainfall and the amount of water being released from the Shiyalongubo Dam into Barbrook 

Creek. 

The fact that background As levels may be enhanced as a result of the natural 

exposure and oxidation of As-bearing sulphide minerals must also be taken into account 

when examining mining-related As dispersion. This appears to be the case for the 

groundwater entering the level 10 mine adit in the vicinity of the Barbrook ore bodies, 

although subsequent dilution by the recycled mine waters results in negligible As discharge 

from the mine into Low's Creek. Natural As contamination of groundwater in an area of West 

Bengal, India, has also been attributed to the oxidation of As-bearing pyrite in borehole 

sediments (Das et al., 1996). Since pyrite is insoluble in water, Das et al. (1996) have 

suggested that the withdrawal of large amounts of groundwater from three interconnected 

and largely unconfined aquifers may have resulted in oxidation of the As-rich pyrite such that 

it decomposed and released the As. This interpretation is supported by the fact that each 
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year an increasing area of West Bengal, dependent on different parts of this same aquifer 

system, is affected by high As levels within the groundwater, suggesting that the 

progressive withdrawal of water from the system is resulting in increasing pyrite exposure and 

oxidation. The fact that As levels of up to 0.45 mg/L have been detected within the level 10 

mine adit water at Barbrook within the last two years could also indicate that the rate at which 

the sulphide minerals are oxidising at depth fluctuates with changing groundwater levels. 

Seasonal fluctuations in the As concentrations of borehole waters in the western United 

States have also been documented by Frost et al. (1993). These seasonal fluctuations were 

a problem in this case as water was abstracted directly from the boreholes for domestic use 

following single As determinations which, it eventually became apparent, were not temporally 

representative of water quality. A similar problem could occur in the Barbrook area as 

groundwater is abstracted for drinking water purposes close to the mine site (Ralph Morris 

and Associates, 1996). Unfortunately, no information is available regarding the As 

concentrations of the groundwater in these boreholes, but fluctuations in groundwater As 

concentrations at the actual mine site could also result in varying degrees of As 

contamination of Law's Creek. 

3.5.5.3 Other potential problems 

Two other potential environmental problems associated with the Barbrook tailings 

dams are wind dispersal of the fine-grained tailings material and cyanide dispersion. 

According to Mitchell and Barr (1995), aerial dispersal of tailings material, such as that 

observed at Barbrook during the August 1996 sampling period (Rgure 3.14), can result in 

the downwind contamination of soils, vegetation and surface waters. Although present 

circumstances make it difficult to prevent such wind-dispersal of the dry tailings, the 

decommissioning of Barbrook must include a procedure for stabilisation of the tailings 

material, possibly involving the use of vegetative cover using tolerant plant species (Runke, 

1990). 

The presence of cyanide within some of the surface waters associated with the 

Barbrook tailings dams is indicated by the precipitation of copper thiocyanate (CuSCN) upon 

water acidification. Although this cyanide, derived from the leaching of the ore at the 

processing plant, will eventually volatilise upon exposure to ultraviolet radiation, the photo­

oxidation process can take up to nine or ten months to occur, depending on the ambient 

temperature (Ripley et al., 1996). In the meantime though, the cyanide is available for 

dispersion via seepage from the tailings dams, and the deposition of subsequent slime 

layers could potentially inhibit the photo-oxidation of previously deposited cyanide. As 

stated by Ripley et al. (1996), residual cyanide within tailings material could represent a long­

term problem due to periodic flushing from the system as equilibrium conditions within the 

tailings material change. The presence of cyanide in solution as the thiocyanate (SCN·) ion 
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can occur as a direct result of the cyanidation process due to production of labile sulphur 

atoms from the attack of cyanide or lime on pyrrhotite or the air oxidation of sulphide ions 

during ore processing (Smith, 1994). Although SCN· is reported to be somewhat less toxic 

than the CN· form, it is still an environmental hazard in terms of the general toxicity of both 

cyanide and its breakdown products (Smith, 1994). The presence of high amounts of NH4+, 

one of the breakdown products of cyanide, within many of the Barbrook tailings dam area 

waters suggests that photo-oxidation of cyanide is occurring. However, the fact that NH4+ 

can itself be deprotonated to form NH3, both of which can be microbially transformed into 

N03· and N02·, indicates that cyanide breakdown can still result in toxicity. 

The proposal to re-open the currently disused open cut mines at Barbrook for heap 

leaching (Ralph Morris and Associates, 1996) may cause a severe impact on the surrounding 

environment. Although heap leaching, whereby a cyanide solution is sprayed over heaps of 

crushed ore, is an economically efficient method for gold dissolution and removal, it is also a 

potentially damaging procedure. Hammond et al. (1993) state that the use of the heap 

leaching technique in the U.S.A. has been widely criticised due to the severe environmental 

damage it has caused as a result of cyanide leakage into waterways. Although the report 

states that the main effect has been the extensive mortality of the aquatic life within these 

contaminated streams, a similar leakage at Barbrook could result in cyanide contamination of 

the drinking and irrigation water used by the local population. Ripley et al. (1996) also criticise 

the practice of heap leaching due to the dangers of cyanide dispersion into the environment. 

3.6 Conclusions and recommendations 

The results of this investigation indicate that past and present mining and processing 

operations at the Barbrook gold mine are responsible for As and heavy metal dispersion into 

the local environment. The main danger associated with this type of environmental 

dispersion is contamination of the local water sources used for drinking and agricultural 

purposes. This is of particular concern for the area around the level 1 o mine adit entrance 

and waste rock pile at Barbrook due to the proximity of the Barbrook and Law's Creeks to the 

mining and processing operations. Despite the fact that Low's Creek receives discharge 

directly from the level 10 mine adit and flows through, and adjacent to, the waste rock pile, 

the only evidence for As contamination in August 1996 was found downstream of the 

Barbrook processing plant. Although elevated As levels were not detected further 

downstream, possibly due to either dilution by the converging Barbrook Creek waters or As 

adsorption by stream sediments or colloidal matter, the fact that As-bearing discharge is 

emanating from the processing plant requires immediate attention. This is particularly so as 

the processing plant was only just being recommissioned at the time of sampling and might 

therefore result in even greater discharge levels once full operation is in progress. The 

added danger that cyanide could be present within this discharge, due to its extensive use 
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within the gold processing operations, indicates that the investigation of this area should 

constitute a high priority for the Caledonia Mining Company. By comparison with Law's 

Creek, there is no evidence, and no likely source, of As contamination in Barbrook Creek. 

Contamination of the groundwater in the vicinity of the Barbrook mining area is also 

of concern since locally-abstracted groundwater is used for domestic purposes. Although no 

information is available regarding the quality of the water pumped directly from these 

boreholes, the groundwater in actual contact with the Barbrook ore bodies and discharging 

into the level 1 O mine adit has an elevated As concentration. Since this appears to be a 

natural phenomenon resulting from sulphide oxidation within the aquifer, As concentrations 

could be influenced by changing groundwater levels and differing degrees of sulphide 

exposure and oxidation. The contamination of groundwater distant to the actual ore bodies 

will depend on the direction and rate of groundwater flow, but there is a distinct need for 

regular monitoring of the quality of the groundwater abstracted for use by the local 

population. 

The waste rock pile, located outside the entrance to the level 1 O mine adit and 

alongside the eastern bank of Law's Creek, constitutes a major eyesore in the Law's Creek 

valley. In addition, the As and heavy metal contamination of the underfying soil and adjacent 

Low's Creek sediments indicates that it is producing a potentially harmful leachate. The 

association of the Barbrook ore bodies with carbonate bearing country rocks has resulted in a 

well buffered system, however, which currently mediates heavy metal mobility. The lack of 

any discernible As contamination of the Law's Creek water in the vicinity of the waste rock 

pile is most likely a function of the low residence times of the water as it passes through the 

waste rock as well as the sorption capacity of the soil (Chapter 4). Although the Barbrook 

waste rock pile is largely a legacy of past mining activities at Barbrook, its location beside a 

stream which is ultimately a domestic water source for the local communities, added to the 

fact that sufficient low grade ore material is present within it to produce a heavy metal and As 

contaminated leadlate, make it a future environmental risk for the area. Based on the results 

of this study, it is suggested that the current owners of Barbrook should discontinue the 

practice of waste rock disposal at this site and consider including a management strategy for 

the waste rock pile within their decommissioning phase plans. 

The high As content of the water in the disused Clifford Scott open cut mine is not of ... 
serious concern at present. The only obvious danger would involve flooding of this quarry 

sudl that, as part of the mountain catdlment area, it contributed to surf ace run-off into 

nearby streams. The intention to heap-leach the abandoned open cut mines at Barbrook 

using a cyanide solution should be re-examined, however, in the light of problems and 

concerns which have been documented in the scientific literature regarding the dispersion 

of highly toxic cyanide into the environment. 

The location of the tailings dams was deliberately chosen to be quite remote from 

human settlements in order to lessen the prospect of contaminating local water sources. 

However, the use of the tailings dams waters, particularfy during the drier months when other 
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surf ace water sources are depleted or non-existent, by cattle, birds and possibly also native 

animals, means that the quality of these waters and any leachates seeping from the main 

slimes dam is also important. The possible contamination of Crystal Stream, located within the 

Kaap subcatchment of the Crocodile River catchment (DWAF, 1995a), by tailings dam 

leachates is also of concern in terms of affecting the quality of the water used downstream for 

domestic and agricultural purposes. Previous analyses of Crystal Stream water have 

indicated that As contamination does occur, but whether the source of this contamination is 

aqueous or particulate, the latter due to wind-dispersal of fine-grained tailings material, is 

unknown. 

Although acid mine drainage is not currently a problem at Barbrook, there is 

evidence, based on the composition and lowered pH of the water seeping from the base of 

the slimes dam wall, that it would occur if it were not for the buttering provided by the 

carbonate minerals present within the tailings material and derived from the host rocks. The 

risk of producing heavy metal-laden acid mine drainage in the future will depend largely on 

the overall buffering capacity of the carbonates as well as the strategy adopted for dealing 

with the tailings dam area in the long term. The need to stabilise and isolate the tailings 

material, in order to minimise exposure to both air and water, is dictated by the risks of both 

acid mine drainage production and wind-dispersal of contaminated material. 

In conclusion, the Caledonia Mining Company faces a number of environmental 

challenges at Barbrook. Some of these, such as the discharge of As-bearing material from 

the processing plant into Law's Creek, the apparent intermittent contamination of Crystal 

Stream, and the possibility that As-bearing waters may be abstracted from the local boreholes 

for domestic use, require immediate attention. However, in most cases, careful monitoring 

over the lifetime of the mine and well planned closure and remediation strategies are 

probably the only requirements. The plan to use the heap leaching technique in order to 

derive full economic benefit from the disused open cut mines should also be carefully re­

examined. 



CHAPTER 4 

A preliminary assessment of the potential for arsenic 
sorption by the Shortlands soil in the Barbrook area 

4.1 Introduction 

As discussed in Chapter 3, the mining and processing operations at Barbrook are 

resulting in As release into the local environment due primarily to the enhanced exposure 

and oxidation of As-bearing sulphide minerals derived from the Barbrook ore bodies. Since 

the main danger, in terms of human health, involves potential As contamination of the 

groundwater and surface streams used by local communities for domestic purposes, the 

capacity of the soil at Barbrook to sorb As and thereby mediate its dispersion is of prime 

importance when investigating its potential environmental impact. 

Several different soil forms, some of which appear to be alluvial in origin, have been 

identified in the Barbrook area. Although the Barbrook Mines EMPR (Ralph Morris and 

Associates, 1996) only reports the presence of the Hutton, Glenrosa and Mispah soil forms, 

the Shortlands fonn was also identified during the course of this study. Due to the 

predominance of red, clay-rich soils in the Barbrook area, and the apparent abundance of the 

Shortlands soil fonn within the actual mining area, it was chosen as a representative soil for 

the area. The Shortlands soil is a sesquioxidic, kaolinitic clay (M. V. Fey, personal 

communication, 1996) which would be expected to have a relatively strong capacity to sorb 

anions, such as those formed by As. Quantifying this capacity is considered desirable as a 

preliminary basis for assessing the potential value of such soils in the Barbrook area for the 

disposal and attenuation of arsenical wastes. 

A concurrent investigation into the P sorption capacity of this same soil was aimed at 

investigating reports in the scientific literature that As and P display similar sorption behaviour 

due to their shared tendency to form oxyanions (e.g. Woolson and Kearney, 1973; O'Neill, 

1995). Compared to As sorption, P sorption has been extensively studied in a wide range of 

South African soils (Bainbridge et al., 1995). Similar sorption behaviours by As and P could 

therefore potentially enable predictions to be made regarding As sorption in soils for which P 

sorption infonnation is already available. 
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4.2 Previous sorption studies 

According to Sposito (1989), the term sorption refers to the uptake of a solute from 

solution via adsorption, absorption or co-precipitation. Natural As sorption is considered to 

be dominated by three processes, which include: (i) adsorption by hydrous Fe, Al and Mn 

oxides, (ii) coprecipitation with Fe oxides, and (iii) replacement of phosphate with 

isomorphous arsenate within certain minerals (Sodek et al., 1988; cited in McLaren and Kim, 

1995). In addition, limited anion sorption by layer silicates within the clay fraction of a son can 

occur due to the presence of dangling protonated hydroxyl ions associated with particle 

edges at relatively low pH (Frost and Griffin, 1977). In contrast, the coating of Fe oxides by 

adsorbed organic matter may result in reduced anion sorption due to the competition for 

negatively charged sites and the resultant increase in the negative surf ace charge resulting 

from the adsorption of fulvic and humic acids (Davis, 1982; Xu et al., 1991). It has been 

suggested, however, that both As(V) and phosphate may be adsorbed by humic substances 

via Al or Fe bridging (Gustafsson and Jacks, 1995). 

To reiterate some of the information presented in Chapter 2, the sorption behaviour 

of As depends primarily on its oxidation state and the dominant sorption sites in soil are 

considered to be provided by the Fe and Al oxide and hydroxide minerals (Pierce and 

Moore, 1982; Sakata, 1987; Hunt and Howard, 1994). The fact that these are amphoteric 

minerals, with valence-unsatisfied surf ace hydroxyl ions, means that when the soil pH is less 

than their individual point of zero charge (pzc) values the development of a positive surface 

charge favours anion sorption (Xu et al., 1988). Therefore, pH is a dominant factor controlling 

As sorption in soils (Blakey, 1984). Whereas maximum As(III) sorption occurs at a pH of 7 to 8, 

maximum As(V) sorption occurs at a pH of 4 to 5 (Frost and Griffin, 1977; Pierce and Moore, 

1982; Gosh and Yuan, 1987; O'Neill, 1995). In terms of organic As, MMAA and DMAA 

sorption peaks at pH 4 (Xu et al., 1991 ). According to Xu et al. (1991), different mechanisms 

may be responsible for the sorption of the different As species. Whereas the major 

mechanism for As(III) sorption appears to be specific adsorption, As(V) sorption may involve 

both specific adsorption and electrostatic attraction. Specific adsorption or chemisorption 

differs from simple electrostatic attraction in that it involves ligand exchange reactions 

whereby the As anion displaces surface - OH- or - OH2 groups (McBride, 1994). As 

opposed to non-specific electrostatic attraction, chemisorption also shows a high degree of 

specificity toward particular anions and is either non-reversible or involves only very slow 

desorption (McBride, 1994). The fact that arsenate diffuses slowly in and out of adsorbent 

aggregates, in a similar manner to phosphate, means that the attainment of sorption 

equilibrium is a slow process (Fuller and Davis, 1989; Fuller et al., 1993). However, 

experimental studies into As sorption have shown that equilibrium can be achieved within 24 

hours (Elkhatib et al., 1984a; Sakata, 1987). 

Pierce and Moore (1982) found that As(III) and As(V) sorption by Fe oxides involves 

two processes. Whereas initial As sorption can be described by a Langmuir-type adsorption 
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isotherm, higher sorption densities require a linear isotherm. The Langmuir-type isotherm 

describes a homogeneous adsorption situation where the surf aces of the soil solids have an 

array of adsorption sites of equal energy, each of which can adsorb one species (O'Neill, 

1995). By comparison, the subsequently derived linear isotherm was interpreted by Pierce 

and Moore (1982) as describing a heterogeneous adsorption situation where sorption was 

not confined to the Fe oxide surfaces as would be expected with a crystalline solid. Langmuir 

isotherms were also found to best describe the specific adsorption of As(V), MMAA and 

OMAA on activated alumina (Gosh and Yuan, 1987), as well as As sorption on bauxite and 

carbon (Gupta and Chen, 1978). By comparison with these mineral sorption studies, Elkhatib 

et al. (1984b) found that As(III) sorption in five different soil types was best described by a 

Freundlich isotherm over an initial As concentration range of 5 to 1000 mg/L. This type of 

isotherm indicates that surface heterogeneity comprises groups of homogeneous 

adsorptive sites of differing energy, each of which describes Langmuir-type sorption 

behaviour (O'Neill, 1995). The definition of Freundlich isotherms by the soils of Elkhatib et al. 

(1984b) was interpreted to result from the presence of a range of different minerals with 

individual surface properties and possible Fe, Al and Mn hydroxide surface coatings (O'Neill, 

1995). 

In their study into the sorption of arsenate on a calcareous (14.7% CaC03), 

montmorillonitic soil under a range of pH conditions, Goldberg and Glaubig (1988) found that 

maximum sorption by the clay minerals, montmorillonite and kaolinite, occurred at a pH of -5 

whereas sorption by calcite increased from pH 6 to 10, peaked at pH 10 to 12, and 

decreased above pH 12. Although Brannon and Patrick (1987) found that As release was 

significantly correlated with the CaC03 equivalent of sediments, Glaubig and Goldberg 

(1988) state that this may be a function of the carbonates having hydrous Al or Fe oxide 

coatings. 

Discussions of P adsorption in soils refer to the chemisorption of ionic P (H2P04·, 

HP042·) from solution onto clays, oxides and hydroxides of Fe and Al, calcium carbonates 

and organic matter (Pierzynski et al., 1994). In addition, P sorption can also involve 

coprecipitation (McBride, 1994). The chemical similarities between As and P, both of which 

belong to the nitrogen group (N, P, As, Sb, Bi) of elements, form oxyanion species in 

solution and have very similar dissociation constants, have been used by some researchers 

to predict that similarly charged As and P species will compete for sorption sites on soil solids 

(O'Neill, 1995). Compared to arsenate, the smaller size associated with the phosphate 

species are thought to result in stronger sorption, such that sorbed As can be displaced by 

phosphate and leach down through the soil profile before being readsorbed within a 

subordinate horizon (Woolson and Kearney, 1973). Peryea (1991) also found that As 

mobility, phytoavailability and phytotoxicity was enhanced by the addition of a phosphate­

containing fertiliser to As-contaminated soil. However, this is a relatively contentious issue as 

Pierce and Moore (1982) found that, although arsenate and phosphate compete for sorption 

sites, the addition of phosphate after arsenate has already been adsorbed does not have a 
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significant effect on As sorption. Pierce and Moore (1982) did find, however, that at low As 

concentrations the adsorption of As can be significantly affected by previously sorbed 

phosphate. 

4.3 Sampling location and soil description 

A large (several kg) soil sample (BS5) was collected from a road cutting located 

immediately outside the main entrance gate to the Barbrook mine complex (Rgure 3.15). 

The actual sampling site was chosen on the basis that it was devoid of any obvious source of 

contamination. The sample was taken from a depth of approximately 30 to 50 m within the B 

horizon of a soil profile classified (M. V. Fey, personal communication, 1996) as belonging to 

the Empangeni family of the Shortlands soil form (Soil Classification Working Group, 1991). 

The Shortlands classification is based on the presence of a red-structured B horizon overlain 

by an orthic A horizon. The more tentative classification of BS5 into the Empangeni family is 

based on the fact that the dystrophic or mesotrophic B horizon is luvic, containing 

significantly more clay than the A horizon, and has a fine subangular structure. A description 

of the sampling site is presented in Table 4.1. The following description of the actual soil was 

prepared according to SIRI (1991) guidelines, with soil colours determined according to the 

Munsell (1992) soil colour charts: 

Moist; yellowish red 5YR4/6 (dusky red 2.5YR3/4 
when moist); clay; strong, fine, subangular blocky; 
hard, firm, slightly sticky; non-plastic; many very fine 
to fine pores; many fine cracks; no cementation or 
slickensides; many clay cutans; few angular gravel 
rock fragments. 

Table 4.1: Description of the Barbrook Shortlands soil sampling site, prepared according to 
SIRI (1991) guidelines. 

Profile No: 
Soil form: 
Soil family: 
Latitude and Longitude: 
Locality: 

Elevation (above sea level): 
Annual rainfall: 
Annual average temperature range: 
Terrain unit: 
Parent material: 
Vegetation: 
Land use: 

BS5 
Shortlands (Sd) 
Empangeni (1210) 
25°43'23"S / 31°16'45"E 
Adjacent to road, immediately outside 
main entrance to Barbrook mine site 
620m 
SOOto 700 mm 
8 to 30°C 
Midslope - southeastern aspect 
Dolerite colluvium 
Valley bushveld 
Cattle grazing 

Note: Soil form and family classifications are according to the Soil Classification Working 
Group (1991) guidelines. Annual temperature and rainfall information was summarised by 
Ralph Morris and Associates (1996). Latitude, longitude and elevation were determined from 
the 1:50000 Topographic Series map (2531CB Kaapmuiden, 1984) published by the Chief 
Directorate, Surveys and Land Information. 
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4.4 Analytical methods 

4.4.1 Characterisation of the Shortlands soil in the Barbrook area 

The following range of analytical techniques was used to ascertain the physical 

properties and chemical constituents of the Shortlands soil sample BSS. Detailed 

descriptions of these techniques, including discussions of their expected precision and 

accuracy, are presented in Appendix 2. The following section presents a brief synopsis of 

the techniques involved. 

Many of the analyses were performed by the author in the Department of Geological 

Sciences at the University of Cape Town on aliquots of air-dried and sieved (s2 mm) soil. The 

determination of pH in two soil solutions, prepared using either water or 1 MKCI, involved the 

use of a Metrohm 691 pH meter, whereas the CaC03 concentration was measured using the 

Karbonat-Bombe method of Birch (1981). A range of major and trace element concentrations 

were analysed by XRFS on pressed powder briquettes using a Philips PW1480 

spectrometer and the method described by Norrish & Chappell (1977). Exchangeable acidity 

was determined by saturating an aliquot of the soil with a 1 MKCI solution prior to undertaking 

an automated potentiometric titration with 0.01 M NaOH to an end-point pH of 8.3. This was 

achieved using an automated Radiometer DTS 800 multi-titration system. Soluble salt 

concentrations were determined in an aqueous saturated paste extract which was prepared 

according to the method of Rhoades (1982a). Cation (Ca2+, Mg2+, Na+ and K+) and anion 

(S042-. er and N03-) concentrations within the saturated paste extract were measured by 

high performance ion chromatography (HPIC) using a Dionex ion chromatograph. The rapid 

dichromate oxidation-titration method of Walkley and Black (1934) was used to determine soil 

organic C content. Soil water content was determined gravimetrically by overnight oven­

drying of a soil aliquot at 110°c. X-ray diffractometry (XRD) was used in order to determine the 

minerals present within the clay fraction of sample BS5 following separation of this fraction by 

dispersion in a dilute Na~03 solution and sedimentation. 

A number of analyses were also performed in other departments at the University of 

Cape Town on soil extracts prepared by the author. Exchangeable cation (Ca2+ and Mg2+) 

concentrations in the 1 M KCI extract were determined by flame atomic absorption 

spectroscopy (AAS) in the Department of Chemical Engineering, whereas the 

concentrations of Zn, Pb, Co, Ni, Si, Mn, Fe, Cr, Al and Cu in the aqueous saturated paste 

extract were analysed by ICP-AES in the Chemistry Department. The specific surface area 

was determined in the Department of Chemical Engineering using nitrogen gas and the BET 

equation (Carter et al., 1986). Analyses performed by the Institute for Soil, Climate and Water 

(ISCW) in Pretoria included the ICP-MS determination of the concentration of As extracted 

from BSS using the NaHC03 method of Olsen and Sommers (1982), the determination of 

particle size distribution by the hydrometer method, and the measurement of extractable Fe 

and Al and Mn using the dithionite-citrate-bicarbonate and sodium pyrophosphate methods 
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(Non-Affiliated Soil Analysis Work Committee, 1990). The P sorption index (%) of BS5 was 

also measured at ISCW using a method which involved equilibrating an aliquot of soil with a 

known quantity of P by shaking on an end-over-end shaker. Following filtration, the P 

content of the supernatant was determined via the ascorbic acid colorimetric method of 

Murphy and Riley (1962) and the amount of sorbed P was expressed as a percentage of the 

initial amount added to the soil. 

4.4.2 Phosphorus sorption experiment 

A detailed description of the method used to determine the P sorption 

characteristics of Shortlands soil sample BS5 is presented in Appendix 4. The method 

involved 24 hour equilibrations of a series of ground, sieved (<2 mm) and air-dried 2.5 g soil 

sub-samples with 25 ml of a solution containing one of a range of phosphate concentrations 

(0 to 500 mg/L P as Na2HP04 in 0.1 M NaCl). The equilibration procedure involved shaking 

for 24 hours on a horizontal shaker, followed by centrifugation and filtration of the 

supernatant prior to analysis. The P concentration of each filtrate was determined using the 

ascorbic acid colorimetric method of Murphy and Riley (1962). The equilibrium P 

concentration was then subtracted from the initial concentration of P added to the soil in 

order to derive the amount sorbed. 

4.4.3 Arsenic sorption experiment 

A similar procedure, to that described above, was employed in order to determine 

the As sorption characteristics of Shortlands soil sample BSS. Individual sample aliquots were 

equilibrated with solutions containing a range of As concentrations (0 to 1209 mg/L As as 

Na2HAs04. 7H20 in 0. 1 M NaCl) which extended over the same concentration (mmol/1...) 

range used for the P sorption study. The equilibrium As concentrations in the filtrates were 

determined by ICP-MS at ISCW. A detailed description of the procedure is included in 

Appendix 4. 

4.5 Results and discussion 

4.5.1 Characterisation of the Shortlands soil in the Barbrook area 

The results obtained from a range of whole-soil chemical analyses performed on 

Shortlands soil sample BS5 are presented in Table 4.2, whereas the results of various 

extraction procedures are presented in Table 4.3. Texturally, sample BS5 can be dassified 

as a clay. It has low organic C, H20 and CaC0:3 contents, a high specific surface area, a 
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neutral pH(H20) value and a slightly more acidic pH(KCI) value. The high total Fe and Al 

contents of this soil, as compared to the other Barbrook soils and sediments discussed in 

Chapter 3, are presumably derived from the primary mineralogy (pyroxene, plagiodase ± 

olivine) of the dolerite parent rock, fragments of which are present within the soil. Basic 

igneous rocks are also relatively enriched in elements such as Zn, Cu, Ni, Co, Cr and V. This 

is due to the fact that these elements are all compatible with respect to the major mineral 

phases within dolerite since they possess the appropriate ionic radii and valence charges to 

enable their substitution within the crystalline mineral structures (Barker, 1983). Therefore, 

although a comparison of the composition of sample BS5 with other Barbrook soil samples 

could suggest some heavy metal contamination of the former, the fact that it has total As and 

Pb contents within the ranges predicted for uncontaminated soils (O'Neill, 1995; Davies, 

1995) indicates that the high heavy metal concentrations are probably accounted for by the 

mafic composition of its parent rock type. 

Table 4.2: Analytical data for the Shortlands subsoil; XRFS data represent total major and 
trace element contents analysed on powder briquettes, whereby the major elements were 
analysed as wt % Fe203, Al20 3 and Cao. 

Parameter: 
Clay(%) 
Silt(%) 
Sand(%) 
Organic C (%) 
H20 (%) 
CaC03(%) 
Surface area (m2/g) 
P sorption (%) 

pH(H20) 
pH (KCI) 

XRFS data (mg/kg): 
As 
Fe 
Ca 
Al 
Zn 
Cu 
Ni 
Co 
Mn 
Cr 
V 
Pb 

BS5 
65 
25 
10 

0.46 
0.45 
2.6 
68 
53 

6.94 
5.45 

20.9 
148279 

1437 
124903 

212 
167 
367 

54.2 
1491 
786 
274 

19.2 
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The Soil and Irrigation Research Institute (SIRI) 1 conducted an investigation into the 

P sorption/fixation ability of 50 selected South African soils, following their equilibration with 

an initial P concentration of 250 mg/kg. Since the red-structured B horizon belonging to the 

Shortlands soil form sorbed 100% of the added P, it was classified as an extremely high P­

sorbing soil (Group I). In contrast to these findings, the Shortlands soil sample collected from 

the Barbrook area sorbed only 53% of the added P and would therefore be classified as a 

medium-sorbing soil (Group Ill). As the soil family was not specified in the SIRI report, this 

obvious difference in anion sorbing properties may be due to the Barbrook soil belonging to 

a different family than the Shortlands soil used in the sorption study. 

The CEC of a soil is most effectively measured by using a technique which involves a 

salt solution containing divalent ions (Arnold, 1978), such as the BaCl2-MgS04 method 

described by Rhoades (1982b). However, an indication that the Shortlands soil has a high 

CEC was obtained by determining the concentrations of the KCI extractable cations ca2+ 

and Mg2+. Although Thomas ( 1982) states that Ca2+ is generally present in higher 

concentrations than Mg2+, the high exchangeable Mg2+ content of sample BS5 may once 

again be attributable to the presence of pyroxene ± olivine within the parent dolerite material. 

In contrast, the exchangeable acidity, which is a measure of the exchangeable 

concentrations of the acidic cations H+ and At3+ on the surfaces of the soil solids (Thomas, 

1982), is low. This is consistent with the near-neutral pH of the soil (Table 4.2). 

The negligible concentrations of heavy metals within the saturated paste extract 

(Table 4.3), as compared to the total amounts measured by XRFS, indicate that their solubility 

in water, and therefore their mobility, is low. This is not surprising, considering the near­

neutral pH of the saturated paste extract and the fact that the heavy metals are relatively 

immobile at pH >6 (McBride, 1994). The EC8 value is low, in terms of the range encountered 

for soils by Ayers and Westcot (1985), confirming that most ionic constituents are bound up 

in the soil in a relatively insoluble state and that the soil is non-saline. 

The amount of As extracted from sample BS5 using the NaHC03 method of Olsen 

and Sommers (1982) constituted 2.7% of the total As concentration of the soil. This is 

comparable to the results obtained for the uncontaminated clay-textured sediment core 

samples (BS1A and BS1B) collected from Crystal Stream in the Barbrook tailings dam area 

(Chapter 3). 

The concentrations of Na pyrophosphate- and CBD-extractable Fe and Al indicate 

that organically bound forms of these metals are negligible and that the free Fe and Al 

content of the Shortlands subsoil is relatively small, as compared with other soils derived from 

basic igneous rocks in subtropical weathering environments (Allen and Hajek, 1989). While 

the red colour of the Shortlands soil is indicative of the presence of hematite, XRD analysis 

also indicated the presence of some goethite (Table 4.4; Figure 4.1) in the clay fraction. 

However, the dominant clay mineral within the Shortlands soil is kaolinite, with goethite, 

1 Final report on the P sorption/fixation investigation on 50 selected soils and 
recommendation for further (routine) work on the remaining 4000 soils of the natural 
resources survey. Unpublished Soil and Irrigation Research Institute Report. 
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hematite, mica, quartz and an undifferentiated 2:1 layer silicate representing only minor 

constituents. The undifferentiated 2:1 layer silicate represented by peak 1 (d-spacing = 

14.85 A) could be chlorite, vermiculite or smectite. Unfortunately, an attempt to distinguish 

between these possibilities by saturating the phyllosilicate exchange sites with Mg prior to 

solvating with a 15% glycerol solution (Whittig and Allardice, 1986) was not successful due to 

the weakened intensity of reflections caused by glycerol salvation. 

Table 4.3: Results of the various extraction procedures performed on the Shortlands 
subsoil. 

Sample No.: 
KCI extraction (cmolc/kg): 
Acidity 
ca2+ 
Mg2+ 
Effective C EC 

Saturated paste extract (mg/L): 
EC8 (mS/m} 
pH 
F-
c1-
N03-
S042-
Na+ 
K+ 
ca2+ 
Mg2+ 
Zn 
Pb 
Co 
Ni 
Si 
Mn 
Fe 
Cr 
Al 
Cu 

CBD extraction(%): 
Fe 
Al 
Mn 

Na pyrophosphate extraction(%): 
Fe 
Al 

NaHC03 extraction (mg/kg): 
As 

BS5 

0.03 
5.54 
11.5 
17.1 

4.92 
6.35 
0.06 
5.76 
7.54 
1.79 
5.29 
0.47 
1.34 
2.20 
0.06 
0.39 
0.06 
0.14 
2.94 
0.05 
0.32 
0.05 
0.34 
0.05 

3.62 
0.17 
0.10 

0.09 
0.13 

0.56 

Note: Effective CEC represents an estimate based on the sum of the KCI exchangeable 
acidity and base cation (Ca + Mg) concentrations, and was calculated according to the 
summation method of Rhoades (1982b}. 
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The fact that the clay fraction of BS5 is dominated by kaolinite, a dioctahedral 1 :1 

phyllosilicate often found within highly weathered soils (Greenland and Hayes, 1978), has 

implications for both the exchange capacity of the soil and the BET specific surface area 

measurement. The limited isomorphous substitution which occurs within the crystal structure 

Tab I e 4. 4 : X-ray diffractometry results for the Shortlands soil sample BS5. 

Peak No. Mineral 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Undifferentiated 2:1 layer silicate 
Mica (10) 
Kaolinite (10) 
Chlorite (8) or mica (2-5) 
Goethite (10) 
Kaolinite (8) + chlorite (7-10) 
Quartz (10) + mica (10) 
Mica (10) 
Hematite (7) 
Goethite (6) 
Kaolinite (6) 
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Figure 4.1: X-ray diffractometry pattern for the clay fraction of Shortlands soil sample BS5. 
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of kaolinite results in only a slight pennanent negative surface charge and a low swelling 

propensity in water (Wild, 1993). In addition to the fact that these properties will result in 

limited contribution to the CEC of the soil, the predominance of kaolinite within the clay 

fraction of sample BS5 means that although the BET measurement of surface area relates 

specifically to external surface area only (Carter et al., 1986), this value may actually be a good 

approximation of reactive surface area (Greenland and Mott, 1978) in this soil. Ultimately, the 

nature of the silicates in the clay fraction will play a subordinate role in terms of anion sorption 

due to the presence of Fe oxides (goethite and hematite) within the clay fraction of the 

Shortlands soil. This is a function of the high specific surf ace area of submicroscopic Fe 

oxide particles, such that they usually dominate the anion sorption behaviour of the soils in 

which they occur (Schwertmann and Taylor, 1989). 

4.5.2 Phosphorus sorption 

The results of the P sorption experiment are presented in Table 4.5. The pH values 

of the BS5 filtrates gradually increased with increasing P concentrations despite the 

corresponding increase in EC. The latter would normally result in a decreased pH for much 

the same reason that pH(KCI) is always less than pH(H~) in this soil. These trends are 

plotted in Flgure 4.2 and provide a clear indication of the ligand exchange mechanism of P 

sorption whereby phosphate displaces hydroxyl ions from sorbing surfaces (Mott, 1988). 

Tab I e 4. 5 : Phosphorus sorption results for the Shortlands soil sample BS5. 

Initial P EC pH Equilibrium P Sorbed P 
(m9/L} (mS/cmi {mg/L} {m9/k9 soil) 
0 9.23 5.46 0 0 
o· 9.22 5.51 0 0 
5 9.34 5.66 0 50 
10 9.40 5.76 0 100 
20 9.43 5.86 0 200 
40 9.43 6.15 0.165 398 
60 9.54 6.37 0.778 592 
80 9.62 6.56 2.49 775 
100 9.59 6.67 5.77 942 
150 9.56 6.86 26.6 1234 
200 9.72 7.03 55.2 1448 
250 9.89 7.12 93.2 1568 
250* 9.75 7.13 99.5 1505 
300 9.93 7.21 134 1664 
400 10.14 7.34 223 1770 
500 10.51 7.43 317 1831 
500· 10.40 7.44 286 2135 

Note:· indicates a duplicate sample 
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The P sorption isotherm plotted in Figure 4.3 can be classified as a high affinity H­

curve isotherm (Sposito, 1989), the best mathematical expression of which is provided by 

the Langmuir equation. This equation is expressed by Pierce and Moore (1982) as follows: 

fA = rA.max Cequil 
(Kt_ + Cequil) 

where r A is the adsorption per unit mass adsorbent (sorbed P in mmol/kg), Cequil is the 

equilibrium concentration of P in solution (mmol/L), r A.max is maximum adsorption per unit 

mass adsorbent, and KL is the Langmuir constant. A linear relationship is derived by plotting 

the equilibrium P concentration versus Kct (. C-equil versus Cf!uil) (Figure 4.4a), using the 

data presented in Table 4.6. This indicates that P sorption by the Shortlands soil can be 

successfully described by the Langmuir equation, according to which the slope of the line in 

Figure 4.4a is equivalent to r 1 
and they-intercept is equivalent to r KL 
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Figure 4.2: Plot of sorbed P (mg/kg soil) versus the pH and EC of each of the BS5 filtrates 
generated during the P sorption experiment. 
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Figure 4. 3: Phosphorus sorption curve determined for the Barbrook Shortlands soil 
sample BS5; circled values represent duplicate samples with initial P concentrations of 250 
mg/L and 500 mg/L. 

In addition to the Langmuir equation, the van Bemmelen-Freundlich isotherm 

equation has also been used to mathematically describe P sorption (Sposito, 1989): 

qi= Aqli 

where qi is surface excess of a chemical species (sorbed P in mmol/kg), q is the equilibrium 

concentration of P in solution (mmol/L) and A and f3 are positive-valued adjustable 

coefficients. A log plot of qi versus q (Rgure 4.4b) shows an excellent linear relationship, 

indicating that P sorption by the Shortlands soil at Barbrook is equally well described by the 

van Bemmelen-Freundlich isotherm equation. The slope of the line in Rgure 4.4b is 

equivalent to log A in the equation and the y-intercept is equivalent to f3. 
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Figure 4.4: Linear expressions of the P sorption data derived for the Barbrook Shortlands 
soil sample BS5 according to a) the Langmuir equation, and b) the van Bemmelen­
Freundlich equation. Circled values represent duplicate samples with initial P concentrations 
of 250 mg/L and 500 mg/L. 



Tab I e 4. 6 : Phosphorus sorption data converted from Table 4. 5 for use in the Langmuir 
and van Bemmelen-Freundlich equations. 

Initial P Equilibrium P Sorbed P Kd 
(mmol/L) (mmol/L) (mmol/kg soil) (x 1 o·2) 
O O O 0 
o· o o o 
0.161 0 1.61 0 
0.323 0 3.23 0 
0.646 0 6.46 0 
1.29 0.005 12.9 0.039 
1.94 0.025 19.1 0.131 
2.58 0.080 25.0 0.320 
3.23 0.186 30.4 0.612 
4.84 0.859 39.8 2.16 
6.46 1. 78 46. 7 3.81 
8.07 3.01 50.6 5.95 
8.07* 3.21 48.6 6.60 
9.69 4.33 53. 7 8.06 
12.9 7.20 57.1 12.6 
16.1 10.23 59.1 17.3 
16.1 * 9.23 68.9 13.4 

. . . equilibrium P Ceguil 
Note:• rndrcates a duphcate sample; l<(1 = b d p or r sore A 

4.5.3 Arsenic sorption 

The results of the As sorption experiment conducted on the Shortlands soil are 

presented in Table 4.7. Since sorption can be affected by changes in pH and ionic 

concentration, it was ensured that the 1209 mg/L As standard solution used throughout the 

As sorption experiment had virtually identical initial pH and EC values (pH = 8. 94; EC = 11. 19 

mS/cm) to the standard solution using during the P sorption experiment. Consistent with the 

P sorption results, the pH and EC values obtained for the various filtrates are all lower than 

the starting values, and display a gradual increase with the increasing addition and sorption of 

As (Figure 4.5). Similar mechanisms to those detailed for the P sorption study are considered 

to be responsible. 

Table 4. 7: Arsenic sorption results for the Shortlands soil sample BS5. 

Initial As EC pH Equilibrium As Sorbed As 
{mg/L} {mS/cm} {mg/L} { mg/kg soi I} 
0 9.14 5.99 0.036 0 
43.38 9.19 6.16 0.072 433 
96.75 9.34 6.63 0.764 960 
145.1 9.27 6.88 4.25 1409 
193.5 9.53 6.79 17.4 1761 
241.9 9.59 6.84 32.8 2091 
362.8 9.56 7.02 108 2544 
483.8 9.81 7.14 217 2665 
604.7 9.90 7.22 324 2810 
725.7 9.95 7.29 428 2972 
967.6 10.30 7.39 653 3143 
1209 10.55 7.47 829 3807 
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Also consistent with the P sorption results, the As sorption data (Table 4.8) define a 

H-curve isotherm (Rgure 4.6), which can be mathematically described by both the Langmuir 

and van Bemmelen-Freundfich equations (Rgure 4. 7). 

11 
0 

0 
10 0 o 0 

0 0 0 
0 0 0 

9 

is 
xxX X 

7 X X 
xx 

X X 

6 X 
X pH 

0 EC 
5 

115 

11 

10 

9 m 
0 
..-. 

8 3 

~ 
7 3 .._. 

6 

5 
0 500 1000 1500 2000 2500 3000 3500 4000 

Sorbed As (mg/kg) 

Figure 4.5: Plot of sorbed As (mg/kg soil) versus the pH and EC for each of the BSS 
filtrates generated during the As sorption experiment. 

4.5.4 Comparison and interpretation of arsenic and phosphorus sorption 

The As and P sorption data derived for Shortlands soil sample BSS describe similar 

H-curve isotherms (Flgure 4.8), which represent extreme versions of the L-curve isotherm 

(Sposito, 1989; McBride, 1994) and can be mathematically described by either the Langmuir 

or the van Bemmelen-Freundlich isotherm equations. According to Sposito (1989), the large 

initial slope of the H-curve isotherm indicates that the soil has a very high affinity for the 

adsorbate, possibly due to inner sphere surface complexation or significant van der Waals 

interactions. The characteristic concave shapes of both the H- and L-curve isotherms are 

explained, however, by the fact that at low adsorbate concentrations, the soil has a high 

adsorptive capacity but as the concentration of the adsorbate in solution increases, the soil 

surfaces become swamped and the amount of adsorbing surface therefore decreases. 

McBride (1994) states that the success of the Langmuir equation in describing the P 
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sorption capacity of a soil means that phosphate solubility is controlled by the degree of 

saturation of limited sorption sites such that, as the soil approaches its saturation limit for 

adsorption, solubility will abruptly increase and anions are much more likely to be leached out 

of the soil. Mott (1988) describes the Freundlich expression as "being produced by a set of 

Langmuir sites with a log nonnal spread of energy levels". 
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Figure 4.6: Arsenic sorption curve determined for the Barbrook Shortlands soil sample 
BS5. 

Table 4.8: Arsenic sorption data converted from Table 4.7 for use in the Langmuir and van 
Bemmelen-Freundlich equations. 

Initial As Equilibrium As Sorbed As Kd 
(mmol/L) (mmol/L) (mmol/kg soil) (X 10"2) 
0 0.0005 0 0 
0.579 0.001 5.78 0.017 
1.29 0.010 12.8 0.078 
1.94 0.057 18.8 0.303 
2.58 0.232 23.5 0.987 
3.23 0.438 27.9 1.57 
4.84 1.44 34.0 4.24 
6.46 2.90 35.6 8.15 
8.07 4.33 37.5 11.5 
9.69 5.71 39.7 14.4 
12.9 8.72 42.0 20.8 
16.1 11.07 50.8 21.8 
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Figure 4. 7: Linear expressions of the As sorption data derived for the Barbrook 
Shortlands soil sample BSS according to a) the Langmuir equation, and b) the van 
Bemmelen-Freundlich equation. 
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The fact that the P sorption curve has a greater initial slope than the As sorption 

curve suggests that at low adsorbate concentrations, the adsorptive capacity of the 

Shortlands soil is greater for P than for As. MINTEOA2 modelling at pH 6, using equivalent 

equilibrium concentrations of As and P, entered as H3As04 and P043-, respectively, 

indicates that the different sorption behaviours exhibited in Figure 4.8 could well be a 

function of the relative speciation of the two elements in solution. The results of the 

MINTEQA2 modelling showed that, under the specified conditions, 92.5% of the P in 

solution would be present as the monovalent species H2P04-, whereas only 81.5% of the 

As would be in the monovalent state, as H2Aso4-. The fact that the Shortlands soil is 

characterised by high effective CEC, confirmed by the markedly lower pH(KCI) than pH(H20) 

value, indicates that it has an overall negative charge. Therefore, any positive charge 

associated with sesquioxides, possibly occurring as surface coatings on other minerals, 

and/or protonated hydroxyl ions associated with phyllosilicate particle edges, is likely to be 

swamped by the overall negative charge. Since the resulting electrostatic repulsion of the As 

and P oxyanions from the surfaces of the soil solids would be greatest for the divalent ions, 

the presence of a greater proportion of monovalent ions for P, as compared to As, may be 

responsible for the enhanced P sorption at low adsorbate concentrations. In addition, the 

smaller size of the phosphate, as compared to arsenate, ions (Woolson and Kearney, 1973) 

means that a denser packing of phosphate ions around positively-charged surface sites may 

be possible. 
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Figure 4. 8: Phosphorus and arsenic sorption curves determined for the Barbrook 
Shortlands soil sample BS5; circled values represent duplicate samples with initial P 
concentrations of 250 mg/L and 500 mg/L. 



It is difficult in a study such as this, whereby only one soil type has been examined, to 

establish which soil properties are actually controlling sorption. In an investigation into the 

As(III) sorption capacity of five different soil types, Elkhatib et al. (1984a) observed that 

whereas Fe oxide content was correlated with sorption at high initial As concentrations, total 

clay content was correlated with sorption at low initial concentrations. This implied that the 

phyllosificate minerals within the clay fraction were involved in As sorption at low adsorbate 

concentrations. For kaolinite, high P adsorption at low concentrations has been related to 

the presence of two different types of sorption sites on the crystal structure, both of which 

differ energetically and correlate with different regions of an adsorption isotherm (Dixon, 

1989). The first type, correlated with the steep initial slope of a P sorption isotherm, is a 

protonated hydroxyl site associated with Al at the edge of the octahedral sheets within the 

kaolinite crystal structure. These sites have a very high affinity for phosphate ions and result 

in largely irreversible sorption. Although the second type of sorption site, correlated with the 

point at which the sorption isotherm becomes convex to the y-axis, is also a protonated 

hydroxyl site, it is associated with Al at the exchange sites in kaolinite. Sorption at these sites 

is still high, but it is also reversible. The high clay content of the Shortlands soil, and its 

dominance by kaolinite, suggest that the high affinity of this soil for As and P at low initial 

concentrations could be, at least partly, related to the strong sorption associated with the 

kaolinite edge effects. In addition, the possible presence of chlorite within the clay fraction of 

this soil may also contribute to anion sorption, to a small extent, due to the presence of a 

positively-charged metal hydroxide sheet within the chlorite structure (McBride, 1994). The 

micas which form part of the clay fraction of sample BS5 could be expected to contribute very 

little to anion sorption since any positive charge is restricted to the broken O and OH bonds 

associated with crystal edges (Fanning et al., 1989). 

In a comparison of As sorption during the flooding of two different soil types, Onken 

and Hossner ( 1996) found that sorption was greater within the soil which had the higher clay 

and Fe oxide contents. The latter is often cited within the scientific literature as being largely 

responsible for As sorption in soils (Jacobs et al., 1970; Pierce and Moore, 1982; Elkhatib et 

al., 1984b; Sakata, 1987; Hunt and Howard, 1994). The Fe oxides in the Shortlands soil are 

therefore likely to have contributed substantially to both As and P sorption. 

Le Mare (1981) discusses a number of studies in which the BET surface area of a 

range of soils was correlated with P sorption. However, the soil leaching experiments of 

Korte et al. (1976) indicated that the attenuation of elements present in their leachates as 

anions was more strongly correlated with Fe oxide content than with surface area. Korte et al. 

(1976) describe a Davidson soil from North Carolina, U.S.A. as containing a large (61%) clay 

fraction dominated by kaolinite, a surface area of 51.3m2/g and 17% free Fe oxides. By 

comparison, the Shortlands subsoil has a higher clay content (65%), also dominated by 

kaolinite, a substantially lower free Fe oxide content (3.6°/o) and a greater specific surface 

area (68 m2tg). Therefore, the high surface area measured for the Shortlands soil may be 

largely a function of the phyllosilicate minerals. The fine-texture of the Shortlands soil 
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appears to be an important property in terms of sorption behaviour since As is reported to be 

more mobile, and therefore more easily extracted and potentially phytotoxic, in coarse­

textured (sandy and loamy) soils as compared to fine-textured soils (Jacobs et al, 1970; 

Korte et al., 1976; Merwin et al., 1994). 

4.5.5 Implications for the mediation of As dispersion at Barbrook 

The results of this study indicate that the As(V) sorption capacity of the Shortlands 

soil is particularly high at low concentrations, but is limited by the number of available sorption 

sites at higher As concentrations. The highest As value ( 4. 12 mg/L) obtained for any of the 

Barbrook water bodies sampled during August 1996 was associated with the stream of 

tailings extending between the calcine dam and the main slimes dam (Chapter 3). Although 

the Shortlands soil is well equipped to mediate As dispersion at these concentrations, the 

continual exposure of the soil to As-bearing leachates from the tailings dams and waste rock 

pile mean that the sorption sites could eventually become saturated. Saturation of the 

sorption sites would enhance the possibility of As-bearing leachates reaching the 

groundwater. 

McBride (1994) states that it is possible to estimate the loading capacity of a soil for a 

certain chemical once the sorption capacity of the soil is known. For the Shortlands soil at 

Barbrook, the maximum sorption of As per unit mass adsorbent (f A.max> can be estimated 

from the slope of the line (= r 1 
) defined by the Langmuir equation (Rgure 4.7a) as 

A.max 

3490 mg/kg. By comparison, the estimated loading capacity of this same soil for P is 1940 

mg/kg. Although, at first glance, this seems contrary to the relative sorption results plotted in 

Figure 4.8 and interpreted as indicating a greater capacity for P sorption at high adsorbate 

concentrations, this is simply a function of the mass difference between P and As. Whereas 

sorption results expressed as mmol/kg provide information regarding the inherent chemical 

receptiveness of a soil for As versus P ions, the expression of the soil loading capacity in 

mg/kg relates to the relative maximum mass volumes of As and P that can be sorbed by the 

soil. According to McBride (1994), slow chemical reactions and diffusion processes within a 

soil can result in a regeneration of the sorption capacity of a soil with time. Therefore, the fact 

that the sorption capacity of a soil is not a temporally fixed parameter means that the mobility 

of a particular element can actually be overestimated, particularly when long time periods are 

involved. 

The predominance of red clay-rich soils in the area covered by the Barbrook gold 

mine lease means that the estimation of the As loading capacity of the Shortlands soil may 

have implications for the environmental management of the Barbrook site. One implication of 

this work is that the Shortlands soil would be suitable for use in the attenuation of As-bearing 

wastes such that it could be used to line slimes dams or possible sites of waste spillage. For 

maximum advantage, the pH of any effluent to be disposed of on such soils should be 
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adjusted to ensure maximum As adsorption. The recognition of at least three other soil forms 

within the area covered by the Barbrook gold mine lease (Ralph Morris and Associates, 1996) 

means that this study can only be considered to represent a very preliminary investigation of 

the potential for As sorption by the local soils. However, the fact that the sorption behaviour 

of As and P within the Shortlands soil has proved to be quite similar means that information 

regarding P sorption in a range of other South African soils (Bainbridge et al., 1995), 

including the Hutton, Glenrosa and Mispah forms found at Barbrook, can be used to estimate 

their As sorption capacity. Combining this information with detailed mapping of the 

distribution of the various soils in relation to the sites, such as the tailings dams and the waste 

rock pile, known to produce As-bearing leachates at Barbrook would then enable an 

estimation to be made regarding the potential for As dispersion through the soils and into the 

underlying groundwater. 

Although phosphate is unlikely to be a problem in the Barbrook area, in terms of 

competition for soil sorption sites, the high sulphate concentrations within many of the 

Barbrook waters may provide some competition for the As anions. Xu et al. (1988) found that, 

at pH <7, the presence of relatively low concentrations of S042· caused a decrease in As(V) 

adsorption on alumina. As the concentration of soi- increased, however, the effect on As 

sorption became negligible, indicating that different sorption mechanisms were involved. 

Sulphate interference with As(V) adsorption on Fe and Al oxides has also been reported by 

Gustafsson and Jacks (1995). 

The potential for the future formation of acid mine drainage in the Barbrook mining 

and tailings dams areas was discussed in Chapter 3. The fact that As(V) sorption by kaolinite, 

the dominant phyllosilicate mineral within the clay fraction of the Shortlands soil, peaks at a 

pH of 5 (Goldberg and Glaubig, 1988) and As(V) sorption by Fe and Al oxides and 

hydroxides reaches a maximum between pH 4 and 5 (Frost and Griffin, 19n; Pierce and 

Moore, 1982; Gosh and Yuan, 1987; O'Neill, 1995) could have implications for the mobility of 

arsenate species within such an acidic leachate. Although heavy metal mobility will increase 

with the onset of acidic conditions (McBride, 1994), the increased sorption of As(V) at lower 

pH values would decrease its mobility as long as sorption sites were available. In addition to 

enhanced adsorption with a slight reduction in pH, some precipitation/co-precipitation with 

Fe could further reduce As(V) mobility (Xu et al., 1991 ). Although it is difficult to distinguish 

between the effects of adsorption and precipitation during sorption experiments, 

precipitation is more likely to occur and influence anion mobility at medium to high 

concentrations (McBride, 1994). If acid mine drainage does eventuate at Barbrook, further 

lowering of the pH to values less than pH 4 could be predicted to increase not only heavy 

metal solubility, but also the mobility of As(V). 
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4.6 Conclusions 

An investigation into As dispersion in the area covered by the Barbrook gold mine 

lease (Chapter 3) has revealed that As-bearing leachates and bodies of standing water are 

present within both the mining and tailings dams area. The measured pH and Eh conditions 

of these waters suggest that inorganic As is dominated by As(V). Although the 

predominance of red day-rich soils, such as the Shortlands form, within the Barbrook area 

may help to attenuate this As(V) dispersion into the local environment, its effectiveness will 

be dependent on a number of factors. Since pH is considered to be of primary importance in 

controlling As sorption by soil solids, the prevailing conditions at Barbrook and the way in 

which they change with time may greatly influence As mobility. Although the current near 

neutral to alkaline conditions associated with the Barbrook water bodies are more likely to 

favour As(III) sorption, the potential future formation of acid mine drainage and the 

accompanying initial reduction in pH is likely to favour As(V) sorption. 

Although the P sorption capacity of a range of South African soils has already been 

established, there is a lack of published information regarding As sorption. Therefore, the 

characterisation of the Shortlands subsoil, in relation to its sorption capacity for both P and 

As, may provide reference data for future studies. In addition, the confirmation of reports in 

the scientific literature that the sorption behaviour of As is very similar to that of P may enable 

the As sorption and loading capacities of a range of South African soils to be predicted from 

the results of P sorption studies, such that appropriate soils can be used effectively in the 

attenuation of arsenical wastes. 
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APPENDIX 1 

Analytical methods used for the 
Barbrook water samples 

A 1.1 Electrical conductivity (EC) 

The electrical conductivity of each water sample was determined using a CRISON 

microCM 2201 conductivity meter. The meter comprises a conductivity cell (cell constant: C = 

1.03/cm) and a temperature probe, the latter to provide automatic temperature 

compensation. Electrical conductivity standards (12.88 mS/cm and 1433 µSiem at 25°C) 

were measured prior to triplicate sample analysis at room temperature (18°C). Individual 

measurements as well as mean and sample standard deviation (SD) values, where 

appropriate, are listed in Table A 1. 1. Relative standard deviation (RSD) values of <2% for all 

replicate analyses indicate good precision. 

Table A1.1: Results of triplicate electrical conductivity (EC) readings for the Barbrook 
water samples. 

Sample EC readings (mS/cm) Mean SD % RSD 
1 2 3 

BW1 0.279 0.281 0.283 0.281 0.002 0.71 
BW2 2.10 2.11 2.11 2.11 0.01 0.47 
BW3 1.52 1.52 1.52 1.52 
BW4 3.19 3.19 3.19 3.19 
BWS 0.185 0.185 0.185 0.185 
BW6 0.063 0.063 0.063 0.063 
BW7 0.075 0.075 0.075 0.075 
BW8 0.071 0.071 0.071 0.071 
BW9 2.06 2.07 2.07 2.07 0.01 0.48 
BW10 2.73 2.74 2.76 2.74 0.02 0.73 
BW11 1.63 1.63 1.63 1.63 
BW12 1.81 1.82 1.82 1.82 
BW13 2.43 2.43 2.43 2.43 
BW14 5.16 5.19 5.21 5.19 0.03 0.58 
BW15 5.07 5.11 5.12 5.10 0.03 0.59 
BW16 0.060 0.060 0.061 0.060 0.001 1.70 
BW17 0.055 0.056 0.056 0.056 0.001 1.79 
BW18 0.266 0.266 0.269 0.267 0.002 0.75 
BW19 1.35 1.36 1.36 1.36 0.01 0.74 
BW20 2.54 2.54 2.56 2.55 0.01 0.39 
BW21 2.95 2.97 2.98 2.97 0.02 0.67 
BW22 0.953 0.954 0.956 0.954 0.002 0.21 
BW23 1.06 1.06 1.06 1.06 
BW24 0.194 0.194 0.194 0.194 
BW25 0.061 0.061 0.061 0.061 
BW26 0.073 0.073 0.073 0.073 
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A 1.2 pH measurements 

Determination of pH was achieved using a Metrohm 691 pH meter which comprises a 

combined electrode (glass indicator electrode plus reference electrode). The pH meter was 

calibrated before use with buffer solutions of pH 7.02 and 4.00. Triplicate sample 

measurements were performed at room temperature (18.3°C). Individual measurements as 

well as mean and standard deviation SD values are listed in Table A 1.2. The <1 % RSD values 

presented in Table A 1.2 indicate good analytical precision. 

TableA1.2: Results of triplicate pH readings for the Barbrook water samples. 

Sample pH readings Mean SD % RSD 
1 2 3 

BW1 7.26 7.28 7.29 7.28 0.02 0.27 
BW2 6.05 6.04 6.03 6.04 0.01 0.17 
BW3 6.74 6.74 6.74 6.74 
BW4 9.12 9.16 9.17 9.15 0.03 0.33 
BWS 7.28 7.29 7.31 7.29 0.02 0.27 
BW6 7.90 7.85 7.87 7.87 0.03 0.38 
BW7 7.44 7.47 7.49 7.46 0.02 0.27 
BW8 7.56 7.62 7.62 7.60 0.04 0.53 
BW9 7.85 7.87 7.87 7.86 0.01 0.13 
BW10 7.53 7.54 7.54 7.54 0.01 0.13 
BW11 7.94 7.94 7.95 7.94 0.01 0.13 
BW12 7.75 7.74 7.75 7.75 0.01 0.13 
BW13 7.05 7.04 7.04 7.04 0.01 0.14 
BW14 11.00 11.02 11.03 11.02 0.02 0.18 
BW15 8.95 8.92 8.92 8.93 0.02 0.22 
BW16 7.06 7.04 6.98 7.03 0.04 0.57 
BW17 7.32 7.36 7.42 7.37 0.05 0.68 
BW18 7.95 7.96 7.99 7.97 0.02 0.25 
BW19 7.43 7.44 7.44 7.44 0.01 0.13 
BW20 6.93 6.91 6.91 6.92 0.01 0.14 
BW21 7.66 7.69 7.70 7.68 0.02 0.26 
BW22 7.86 7.88 7.89 7.88 0.02 0.25 
BW23 7.72 7.73 7.74 7.73 0.01 0.13 
BW24 7.17 7.15 7.14 7.15 0.02 0.28 
BW25 7.56 7.56 7.61 7.58 0.03 0.40 
BW26 7.57 7.61 7.62 7.60 0.02 0.26 

A 1.3 Alkalinity measurements 

Alkalinity was measured by potentiometric titration to a preselected pH using a 

Radiometer DTS 800 multi-titration system comprising a TTT 85 titrator and an ABU 80 

autoburette to which was attached a PHG201 glass electrode and a REF401 calomel 

reference electrode. The procedure involved determining the volume of 0.01 MHCI required 

to titrate 10 ml of each sample to an end-point pH of 4.5. As HC03• is the dominant 

carbonate species in waters at pH 6.4 to 10.33 (Drever, 1988), all alkalinity readings, apart 
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from sample BW14 (pH 11.02), were recalculated from mmolc/ml of H+ used in the titration to 

mg HC03-/L using the following formula: 

mg HC03-/L= mmolc H+/ml x atomic wt HC03- x 1000 

The alkalinity reading for sample BW14 was recalculated to mg C032-1L as follows: 

CO 2-/L mmolc H +/m L x atomic wt C032- x 1000 mg 3 = 2 

Table A1.3: Results of duplicate alkalinity measurements for the Barbrook water samples. 

Sample Alkalinity (mg HCQ3-/L) Mean± SD 
1 2 

BW1 175.8 171.2 173.5 ± 3.25 
BW2 44.35 44.38 44.37 ± 0.02 
BW3 237.8 240.8 239.3 ± 2.12 
BW4 82.72 83.87 83.30 ± 0.81 
BWS 49.84 51.36 50.6 ± 1.07 
BW6 27.19 28.03 27.61 ± 0.59 
BW7 32.27 32.97 32.62 ± 0.49 
BWS 32.42 32.24 32.33 ± 0.13 
BW9 450.6 444.4 447.5 ± 4.38 
BW10 560.3 558.6 559.5 ± 1.20 
BW11 301.6 305.2 303.4 ± 2.55 
BW12 336.1 343.5 339.8 ± 5.23 
BW13 85.71 92.17 88.94 ± 4.57 
BW15 155.3 156.1 155.7 ± 0.57 
BW16 17.63 16.59 17.11 ±0.73 
BW17 20.64 20.50 20.57 ± 0.10 
BW18 156.1 158.8 157.4±1.91 
BW19 110.4 110.5 110.4 ± 0.07 
BW20 64.4 64.2 64.3 ± 0.14 
BW21 135.2 148.4 141.8 ± 9.33 
BW22 87.29 88.69 87.99 ± 0.99 
BW23 110.6 114.3 112.4 ± 2.62 
BW24 7.99 7.96 7.98 ± 0.02 
BW25 26.75 27.15 26.95 ± 0.28 
BW26 29.80 29.52 29.66 ± 0.20 

Sample Alkalinity (mg C032·/L) Mean± SD 
1 2 

BW14 120.9 114.3 117.6±4.67 

A 1.4 Redox potential 

The redox potential of each water sample was measured upon initial opening of the 

sealed and completely-tilled sample bottles. This was achieved using an M21 Pt platinum 

electrode and a REF401 saturated calomel reference electrode pair attached to the same 

Radiometer DTS 800 multi-titration system used for the alkalinity measurements. Measured 

sample redox values were adjusted relative to the hydrogen electrode by adding the Eh 
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value of the saturated calomel electrode (0.2444 V) to each reading (Garrels and Christ, 

1965). In order to check the calibration of the platinum-calomel electrode pair, the potential of 

a redox buffer solution, comprising 100 mmol/L each of ferrous and ferric ammonium 

sulphate in 1Mf-'2S04, was measured prior to sample analysis. According to Sposito (1989), 

the accepted redox value for this solution (0.430 Vat 298 K) represents the formal potential 

of a solution containing both the oxidised and reduced species. Repeat measurements of 

this solution over the period of sample analysis ranged from 0.429 to 0.435 V at room 

temperature. The equation relating Eh (volts) to pe is given by Sposito (1989) as: 

RT ln10 
Eh (volts).. F = 0.05916 pe 

where R = molar gas constant, T = 298 K and Fis the Faraday constant. 

The validity of measuring the redox potential of water samples using this method is 

discussed in Chapter 3. 

A 1.5 Cation and anion concentrations 

Cation (K+, Na+, Nt-4+, ca2+ and Mg2+) and anion (Cl-, N02-, N03- and S042-) 

concentrations within the Barbrook water samples were determined by high performance ion 

chromatography (HPIC). Analyses were performed on a Dionex ion chromatograph within the 

Department of Geological Sciences at the University of Cape Town. The samples were 

initially filtered through 0.2 µrn Millipore filter membranes to remove suspended solids and 

then diluted with Milli-Q deionised water to obtain EC values of between 50 and 100 µSiem. 

Immediately prior to analysis, the samples were also passed through a Dionex onguard-P 

cartridge containing a polyvinylpyrrolidone (PVP) polymer designed for removing the 

phenolic fraction of humic acids, tannic acids, lignins, anthocyanins and azo dyes. Within the 

ion chromatograph, anions were separated on a HPIC-AS4A anion exchange column using 

an eluant comprising 1.BmM Na~03 and 1. 7mM NaHC0:3. Cations were separated on a 

HPIC-CS12A cation exchange column using a 22mM MSA (methanesulfonic acid) eluant. 

In order to assess accuracy during sample measurement, four standards were 

analysed at the start of each analytical session and Milli-Q deionised water was induded as a 

blank. Tables A 1.4 and A 1.5 present a comparison of expected and measured results for the 

cation and anion standards, respectively, on each of the days that Barbrook water samples 

were analysed. The difference between expected and measured values was always s5% for 

the cation standards and generally s6% for the anion standards. However, the difference 

between expected and measured values for some of the anion standards during the final 

analytical session (October 14, 1996) increased to 7% for N02- and 15% for N03-. 

Table A 1 . 6 presents the results of ten repeat analyses of anion standard AN2 

performed over three consecutive days in early September 1996. A comparison of the 

measured and expected RSD values provides an indication of the within-laboratory precision 
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of the analytical procedure. Only soi- has a slightly higher RSD than expected, due 

predominantly to a single high measurement on the second day of analysis. Data for 

duplicate sample analyses (Table A 1. 7) shows that the difference between duplicates was 

generally <3%. Considered together, the data presented in Tables A 1.6 and A 1. 7 indicate 

good within-laboratory precision during HPIC analysis. 

As a measure of the quality of the Barbrook analytical data, the anion-cation charge 

balance of each water sample (Table A1.8) was calculated using the method of Murray and 

Wade (1996). Fluoride (Section A1.10) and alkalinity (Section A1.3) measurements were 

also included in the charge balance calculations, the latter as either HC03- or ~ 2- (BW14). 

Phosphorus (Section A 1. 7) was included as Poi- for sample BW3. Measured ionic 

concentrations (mg/L) were converted to mmolc/L prior to calculating the percentage 

difference: 

mg/L 
mmolc/L = . 1 1 . ht x ionic charge atomic or mo ecu ar we1g 

01 d"ff _ 100 (sum of cations - sum of anions) 
10 1 erence - x f . f . sum o cations + sum o anions 

Tab I e A 1 . 4 : Comparison of the expected and measured results ( mg/L) for the four cation 
standards analysed on each of the days that Barbrook water samples were analysed. 
Numbers in parentheses represent the % difference between the expected and measured 
values. 

AK2 AK3 AK4 AK5 
Na+ 
Expected concentration 6.25 12.5 25 50 
October 10, 1996 6.02 (1.9) 12.7 (0.8) 24.1 (1.8) 48.6(1.4) 
October 11 , 1996 5.96 (2.4) 12.4 (0.4) 24.2 (1.6) 47.2 (2.9) 

NH4+ 
Expected concentration 1.25 2.5 5 10 
October 10, 1996 1.17 (3.3) 2.45 (1.0) 4.78 (2.2) 9.59 (2.1) 
October 11, 1996 1.16 (3.7) 2.39 (2.3) 4.n (2.4) 9.57 (2.2) 

K+ 
Expected concentration 1.25 2.5 5 10 
October 10, 1996 1.22 (1.2) 2.55 (1.0) 4.76 (2.5) 9. 79 (1.1) 
October 11, 1996 1.18 (2.9) 2.43 (1.4) 4.68 (3.3) 9.51 (2.5) 

Mg2+ 
Expected concentration 1.25 2.5 5 10 
October 10, 1996 1.13(5.0) 2.47 (0.6) 4.87 (1.3) 9.95 (0.3) 
October 11 , 1996 1.22 (1.2) 2.44 (2.0) 4.85 (1.5) 9.49 (2.6) 

Ca2+ 
Expected concentration 6.25 12.5 25 50 
October 10, 1996 6.25 (0.0) 13.2 (2.7) 25.1 (0.2) 50.0 (0.0) 
October 11 , 1996 5.79 (3.8} 12.1 (1.6} 24.1 (1.8} 47.9 (2.1} 
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Table A 1.5: Comparison of the expected and measured results (mg/L) for the four anion 
standards analysed on each of the days that Barbrook water samples were analysed. 
Numbers in parentheses represent the percentage difference between the expected and 
measured values. 

AN2 AN3 AN4 ANS 
c1-
Expected concentration 0.94 1.88 4.69 9.38 
September 17, 1996 0.88 (3.3) 1.80 (2.2) 4.66 (0.3) 9.39 (0.1) 
September 27, 1996 0.95 (0.5) 1.83(1.3) 4.93 (2.5) 9.30 (0.4) 
October 14, 1996 0.84 (5.6) 1. 70 (5.0) 4.64 (0.5) 8.66 (4.0) 

N02-
Expected concentration 0.5 1 2.5 5 
September 17, 1996 0.46 (4.2) 0.94 (3.1) 2.40 (2.0) 4.87 (1.3) 
September 27, 1996 0.49(1.0) 0.97(1.5) 2.60 (2.0) 5.16(1.6) 
October 14, 1996 0.45 (5.3) 0.87 (7.0) 2.43 (1.4) 4.43 (6.0) 

N03-
Expected concentration 0.5 1 2.5 5 
September 17, 1996 0.46 (4.2) 0.88 (6.4) 2.37 (2. 7) 4.80 (2.0) 
September 27, 1996 0.51 (1.0) 0.90 (5.3) 2.57 (1.4) 4.80 (2.0) 
October 14, 1996 0.46 (4.2) 0.78 (12) 2.44 (1.2) 3. 72 (15) 

S042-
Expected concentration 1 2 5 10 
September 17, 1996 0.93 (3.6) 1.92 (2.0) 4.80 (2.0) 9.64 (1.8) 
September 27, 1996 1.05 (2.4) 2.04(1.0) 5.23 (2.2) 9.88 (0.6) 
October 14, 1996 0.94 (3.1} 1.89 (2.8} 4.77 (2.4} 9.01 (5.2} 

Table A 1.6: Repeat analyses (mg/L) of anion standard AN2. 

c1- N02- N03- S042-

Expected concentration 0.94 0.5 0.5 1.0 
Repeat No. 

1 0.90 0.50 0.43 0.84 
2 0.93 0.50 0.49 0.85 
3 0.94 0.54 0.46 1.19 
4 0.94 0.52 0.48 0.96 
5 0.90 0.53 0.47 0.95 
6 0.93 0.53 0.49 0.96 
7 0.90 0.54 0.58 0.93 
8 0.91 0.53 0.57 0.97 
9 0.91 0.52 0.48 0.96 
10 0.94 0.53 0.50 0.96 

Mean 0.920 0.524 0.493 0.956 
SD 0.017 0.013 0.044 0.091 
% RSD (measured) 1.8 2.6 8.9 9.5 
% RSDr (expected) 8.1 8.9 8.9 8.0 

SD Note:% RSD (measured)= 100 x--; % RSDr(expected) = c-0.1505 where C = expected 
mean 

concentration (mg/L x 10-6) (Horwitz and Albert, 1993). 



Table A 1. 7: Duplicate HPIC analyses for some of the Barbrook water samples. Numbers in 
parentheses represent the percentage difference between the duplicate values. 

Cations (mg/L): BW4A BW48 BW6A BW6B BW19A BW198 
Na+ 285 281 (0. 7) 3.73 3.73 (0.0) 13.3 13.2 (0.4) 

NH4+ 27.9 27.2 (1.3) 38.6 38.7 (0.1) 
K+ 43.3 43.3 (0.0) 0.385 0.375 (2.7) 5.38 5.37 (0.1) 
Mg2+ 102 99.5 (1.2) 4.22 4.32 (1.2) 93.4 96.6 (1.7) 
ca2+ 318 318 (0.0) 2.14 2.19 (1.2) 102 101 (0.5) 

Anions (mall): BW14A BW14B BW18A BW18B BW26A BW26B 
ci- 17.3 15.2 (6.5) 4.54 4.49 (0.6) 4.20 4.16 (0.5) 
N02- 76.9 73.9 (2.0) 
N03- 43.0 40.6 (2.9) 0.48 0.49 (1.0) 1.17 1.16(0.4) 

sol- 1436 1431 (0.2) 9.41 9.46 (0.3) 5.36 5.32 (0.4) 

Table A 1.8: Anion-cation charge balance results for the Barbrook water samples. 

SamJlle No. BW1 BW2 BW3 BW4 BWS BW6 BW7 
Cations ( mmolc/L): 
Na+ 0.149 4.24 5.18 12.31 0.233 0.162 0.131 
NH4+ 0.342 1.13 1.53 0.145 
K+ 0.522 0.374 0.183 1.11 0.014 0.010 0.020 
Mg2+ 1.51 6.91 5.07 8.30 0.946 0.351 0.361 
ca2+ 0.924 16.88 4.99 15.88 0.646 0.108 0.203 
Total cations 3.45 28.40 16.55 39.13 1.84 0.631 0.860 
Anions (mmolc/L): 
F 0.004 0.007 0.008 0.003 
HC03- 2.85 0.727 3.92 1.37 0.829 0.453 0.535 
c1- 0.583 1.03 1.21 0.416 0.148 0.122 0.120 
N02-
N03- 0.009 1.21 0.020 0.982 0.121 0.017 0.004 
S042- 0.084 26.57 10.14 29.40 0.617 0.064 0.115 
Poi- 0.727 
Total anions 3.53 29.54 16.03 32.17 1.72 0.656 0.774 
% Difference -1.29 -1.97 1.60 9.76 3.45 -1.94 5.56 

SamJlle No. BW8 BW9 BW10 BW11 BW12 BW13 BW14 
Cations ( mmolc/L): 
Na+ 0.135 8.32 13.93 5.69 6.90 2.08 27.91 
NH4+ 0.562 3.72 
K+ 0.005 0.186 0.195 0.095 0.072 0.988 3.84 
Mg2+ 0.306 12.02 12.53 7.11 9.00 12.75 7.40 
ca2+ 0.292 4.29 6.52 6.80 2.27 14.92 11. 75 
Total cations 0.738 24.82 33.18 19.69 18.24 31.30 54.63 
Anions (mmolc/L): 
F- 0.023 0.018 0.015 0.023 0.004 
HC03- 0.531 7.33 9.17 4.98 5.57 1.46 3.93* 
c1- 0.127 5.51 8.67 2.85 3.95 0.336 0.489 
N02- 0.472 1.67 
N03- 0.004 0.086 0.047 0.750 0.693 
S042- 0.096 9.22 9.77 9.00 9.20 23.50 29.90 
Total anions 0.758 22.64 27.68 16.85 18.74 26.05 36.68 
% Difference -1.34 4.59 9.04 7.77 -1.35 9.15 19.66 
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Table A 1.8: (continued) 

Samele No. BW15 BW16 BW17 BW18 BW19 BW20 BW21 
Cations (mmolc/L): 
Na+ 29.28 0.100 0.134 0.370 0.575 1.84 1.34 
NH4+ 2.08 2.14 0.637 0.738 
K+ 0.870 0.007 0.008 0.029 0.137 0.976 0.985 
Mg2+ 8.22 0.225 0.119 1.21 7.82 14.94 17.90 
ca2+ 11.50 0.080 0.230 1.23 5.07 16.05 20.44 
Total cations 51.96 0.412 0.491 2.84 15.74 34.44 41.40 
Anions (mmolc/L): 
F- 0.003 0.003 
HC03- 2.55 0.280 0.337 2.58 1.81 1.05 2.32 
er- 0.920 0.102 0.109 0.127 0.225 0.360 0.385 
N02- 0.210 0.167 
N03- 1.02 0.010 0.017 0.008 3.03 1.33 1.11 

sol- 32.85 0.019 0.027 0.196 7.70 29.86 37.45 
Total anions 37.55 0.411 0.490 2.91 12.94 32.60 41.26 
% Difference 16.09 0.111 0.102 -1.27 9.76 2.74 0.169 

Samele No. BW22 BW23 BW24 BW25 BW26 
Cations (mmolc/L): 
Na+ 0.322 0.368 0.071 0.127 0.153 
N~+ 0.636 0.904 0.005 
K+ 0.073 0.073 0.017 0.002 0.008 
Mg2+ 6.85 7.21 1.16 0.354 0.416 
ca2+ 3.43 3.34 0.637 0.174 0.199 
Total cations 11.31 11.89 1.89 0.657 0.776 

Anions (mmolc/L): 
F-
HC03- 1.44 1.84 0.131 0.442 0.486 
er- 0.142 0.157 0.067 0.116 0.118 
N02- 0.031 0.027 
N03- 1.47 2.55 0.185 0.002 0.019 
S042- 7.12 7.27 1.36 0.054 0.111 
Total anions 10.20 11.84 1.74 0.614 0.734 
% Difference 5.16 0.211 4.13 3.38 2.78 

Although Murray and Wade (1996) state that anion-cation differences of ±2 to 5% 

are acceptable for an anion range of 10 to 800 mmolc/L, differences of s10% are considered 

acceptable for the purposes of this study. As only two samples, BW14 and BW15, have 

charge balances outside this limit (refer to Chapter 3 for further details), the HPIC data for the 

Barbrook water samples are therefore considered to be of acceptable quality. 

A 1.6 Silica concentrations 

Silica concentrations (Table A 1.9) were determined using the heteropoly blue 

method (Standard Methods, 1985; p. 460-461) on water samples which had been passed 
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through 0.2 µm Millipore filter membranes. The procedure involved adding, in quick 

succession, 0.5 ml 1 :1 HCI and 1.0 ml (1 >ammonium molybdate reagent to each 25 ml 

sample. The solutions were mixed thoroughly by inverting at least six times, and then allowed 

to stand for 5 to 10 minutes prior to the addition of 1.0 ml (2)oxalic acid solution and further 

mixing. The solutions were allowed to stand for a further 2 to 15 minutes prior to mixing with 

1.0 ml (3)aminonaphtholsulfonic acid reducing agent. The individual reagents were 

prepared as follows: 

(1)1Q g (NH4)5Mo]()24.4H20 dissolved in 100 ml deionised water and adjusted to pH= 7 to 

8 with NaOH 

(2)7_5 g H2C204.H20 dissolved in 100 ml deionised water 

(3)500 mg 1-amino-2-naphthol-4-sulfonic acid and 1 g Na2S03 dissolved in 50 ml deionised 

water and added to a solution of 30 g Na2S~5 in 150 ml deionised water. 

According to Standard Methods (1985), the underlying principle to the heteropoly 

blue method is that, at a pH of -1.2, the ammonium molybdate reacts with the silica to 

produce heteropoly acids. The addition of oxalic acid destroys the molybdophosphoric acid 

but not the yellow molybdosilicic acid which is then reduced to heteropoly blue by the 

addition of the aminonaphtholsulfonic acid. Five minutes after the addition of the reducing 

agent, a blue colour developed and the absorbance at 815 nm within each solution was 

measured using a Sequoia-Turner model 340 spectrophotometer with a light path of 1 cm. 

The minimum detectable silica concentration using the heteropoly blue method is -20 µg/L. 

A range of standard solutions containing Si02 concentrations of 0, 20, 40, 60, 80 

and 100 µg/55 ml final volume (all standard solutions were prepared using double quantities 

of standard and reagent solutions) was analysed in order to derive a calibration curve (Figure 

A 1.1) from which sample Si02 concentrations (mg/L) were determined. 

A comparison of Si02 values obtained via the heteropoly blue method with total Si 

values obtained for seven of the Barbrook water samples via inductively coupled plasma­

atomic emission spectrometry (ICP-AES: Section A 1.8) is presented in Table A 1.9. Whereas 

the difference between the results of the two methods for six of these samples is <7%, 

sample BW21 has a significantly higher ICP-AES total Si content (2.49 mg/l) compared to 

Si02 measured by colorimetric analysis (1.90 mg/L). Although this may be due to the failure 

of the colorimetric method to detect any monomeric Si in solution, the low Si02 content of 

this sample may also have contributed to a poor result via colorimetric analysis. An 

examination of RSD values for all of the colorimetric Si02 results indicates good precision 

(RSD <5%), although samples with <1.5 mg Si02/L do have reduced precision compared to 

those samples with higher Si02contents. Standard Methods (1985) also cites a decrease in 

precision with decreasing Si02 concentration for repeat colorimetric analyses of synthetic 

samples with Si02 contents of 5 mg/land 30 mg/L. Although precision (4.9% RSD) and 

accuracy (5.1% relative error) were good for the 30 mg Si02/L sample, the precision (27.2% 

RSD) associated with 11 measurements of the 5 mg Si02/L sample was poor although the 

accuracy was still good (3.0% relative error). 
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Table A 1.9: Silica results for the Barbrook water samples. Total Si ICP-AES values are 
provided for comparison; values in parentheses represent percentage difference between 
the results of the two analytical methods. 

Sample Dilution Absorbance Si02 Mean± SD Si02 % RSD ICP-AES 
815 nm m /L content m /L Si m /L 

BW1 1 :10 0.319 2.92 2.95 ± 0.04 1.20 
0.322 2.97 

BW2 1 :10 0.650 6.50 6.54 ± 0.06 0.86 7.24 (5.1) 
0.654 6.58 

BW3 1 :10 0.617 6.14 6.20 ± 0.08 1.26 6.59 (3.1) 
0.625 6.25 

BW4 1 :10 0.164 1.50 1.47 ± 0.04 2.89 
0.158 1.44 

BWS 1 :10 0.513 4.98 4.94 ± 0.06 1.13 
0.504 4.88 
0.508 4.90 
0.506 4.99 

BW6 1 :10 0.441 4.16 4.14 ± 0.03 0.68 4.50 (4.4) 
0.439 4.12 

BW7 1 :10 0.477 4.57 4.61 ± 0.06 1.23 5.27 (6.7) 
0.486 4.65 

BW8 1 :5 0.885 4.80 4.81 ±0.01 0.15 
0.889 4.81 

BW9 1 :5 0.690 3.50 3.51 ± 0.01 0.200 
0.695 3.51 

BW10 1 :10 0.739 7.59 7.61 ± 0.02 0.28 7.97 (2.3) 
0.742 7.62 

BW11 1 :10 0.304 2.80 2. 79 ± 0.01 0.51 
0.301 2.78 

BW12 1 :10 0.488 4.68 4.70 ±0.02 0.45 
0.491 4.71 

BW13 1 :10 0.187 1.70 1.75 ±0.07 4.04 
0.198 1.80 

BW14 1 :10 0.241 2.21 2.25 ±0.06 2.51 
0.249 2.29 
0.248 2.27 

BW15 1 :10 0.129 1.18 1.22 ± 0.05 4.34 
0.139 1.28 
0.131 1.20 

BW16 1 :10 0.380 3.50 3.46 ±0.06 1.63 
0.372 3.42 

BW17 1 :10 0.418 3.90 3.97 ± 0.06 1.57 
0.425 3.99 
0.430 4.02 

BW18 1 :10 0.775 8.06 8.12 ± 0.08 1.04 
0.781 8.18 
0.776 8.10 

BW19 1 :10 0.517 5.00 5.02 ± 0.02 0.42 5.13 (1.1) 
0.519 5.03 

BW20 1 :10 0.139 1.28 1.32 ± 0.05 3.59 
0.149 1.37 
0.141 1.30 

BW21 1 :10 0.206 1.89 1.90 ± 0.01 0.74 2.49 (13.4) 
0.209 1.91 

BW22 1 :10 0.354 3.28 3.29 ± 0.01 0.43 
0.357 3.30 

BW23 1 :10 0.411 3.81 3.82 ± 0.01 0.37 
0.412 3.83 

BW24 1 :10 0.194 1.76 1. 77 ± 0.01 0.80 
0.196 1.78 

BW25 1 :10 0.458 4.32 4.40 ± 0.11 2.57 
0.469 4.48 

BW26 1 :10 0.436 4.10 4.13±0.04 1.03 
0.441 4.16 



1.4 

1.2 -E 
C 1.0 

Lt) ,.. 
~0.8 
Cl) 

g 0.6 
cu 
.a O 4 0 . 
tn 
~ 0.2 

y = 0.0104 + 1.1486 (x) - 0.2355 (x2) 

r2 = 0.9998 

148 

0.0 Jt--~----L~~.....l.-~____.IL...--.~--1....~~...L..-~~~~_,__~__. 

0 0.5 1 1.5 

mg Si02'l 

Figure A 1.1 Silica calibration curve derived for the standard solutions. 

A 1. 7 Phosphorus concentrations 

Phosphorus concentrations were determined using the ascorbic acid colorimetric 

method of Murphy and Riley (1962), as described in Standard Methods (1985; p.448-451). 

Following filtration through 0.2 µm Millipore filter membranes, each sample was tested with 

0.05 ml phenolphthalein indicator in order that any resulting red colour could be dispelled 

via the dropwise addition of SM ~S04. The actual analytical procedure involved mixing 4.0 

ml of a mixed reagent (100 ml reagent = 50 ml (1)sM ~S04 + 5.0 ml (2)potassium 

antimony! tartrate solution + 15 ml (3)ammonium molybdate solution + 30 ml (4)0.01M 

ascorbic acid solution) with 25 ml of each water sample plus a range of standard phosphate 

solutions. The individual components of the mixed reagent were prepared as follows: 

<1)70 ml cone. H2S04 made up to 500 ml in deionised water 

(2)1 .3715 g K(SbO)C4H40.1/2H~ dissolved in 500 ml deionised water 

<3)20 g (NH4)5Mo7024.4H20 dissolved in 500 ml deionised water 

<4h. 76 g ascorbic acid dissolved in 100 ml deionised water 

All glassware was soaked overnight in 1 : 1 HCI and rinsed thoroughly in Milli-Q deionised 

water prior to use in order to minimise phosphate contamination. Absorbance at 880 nm 
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within each of the sample and standard solutions was measured between 10 and 30 minutes 

after addition of the mixed reagent. 

According to Standard Methods (1985), the ammonium molybdate and potassium 

antimony! tartrate within the mixed reagent reacts with orthophosphate within an acid medium 

to produce phosphomolybdic acid. This heteropoly acid is then reduced by ascorbic acid to 

form an intense blue colour. A Sequoia-Turner model 340 spectrophotometer with a light 

path of 1 cm was used to measure absorbance at 880 nm within each of the sample and 

standard solutions. The minimum detectable P concentration using this method is reported 

as 0.01 mg P/L (Standard Methods, 1985). 

Standard solutions containing P concentrations of 0, 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 

mg/L were analysed in order to derive a calibration curve (Figure A 1.2). The P contents 

(mg/L) of the Barbrook water samples could then be calculated from the standard calibration 

curve using the equation: 

mg P/L = absorb~~~;1~ 0.0196 x dilution factor 

0.7 
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y = 0.6219 (x) + 0.0196 
r2= 0.996 
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Figure A1.2 Phosphorus calibration curve derived for the standard phosphate solutions 
using the method of Murphy and Riley (1962). As predicted by the Beer-Lambert law, 
absorbance is not directly proportional to P concentration at high concentrations. Therefore, 
the value for the 1.2 mg/L standard was ignored in deriving the calibration curve. 



Phosphorus was only detected within one of the Barbrook water samples (BW3: 

absorbance at 880 nm= 0.069; P content = 0.08 mg/L). However, arsenates can also react 

with the ammonium molybdate solution to produce a similar blue colour change to that 

observed with P (Standard Methods, 1985). Although the presence of 1.64 mg As/L in 

sample BW3 suggests that some As interference may therefore have occurred, samples 

BW4 and BW14 also contain > 1 mg As/L but no detectable P. 

A 1.8 ICP-AES analyses 

A range of elements were analysed in seven of the Barbrook water samples by 

inductively coupled plasma-atomic emission spectrometry (ICP-AES) on a Joby Yvon 70C 

(JY70C) spectrometer in the Chemistry Department at the University of Cape Town. 

Approximate detection limits are listed in Table A 1.10. Duplicate analyses of sample BW10 

(Table A 1.10) indicate relative precision within 5% for most elements above detection limit, 

although the reproducibility for Co is significantly lower. Potts (1987) states that although the 

accuracy of ICP-AES analysis for major elements such as Si, Fe and Mn is ±3.6%, it is more 

variable for trace element (e.g. Zn) analysis with accuracy estimated at 5 to 10%. 

Table A 1.1 O: Results of duplicate ICP-AES analyses for Barbrook water sample BW10; all 
elemental data in mg/L. 

BW10 
Element LLD 1 2 % RSD 
Zn 0.1 nd nd 
Pb 0.5 nd nd 
Co 0.1 0.229 0.201 9.21 
Ni 0.2 0.257 nd 
Si 0.1 7.97 8.20 2.01 
Mn 0.05 3.82 3.57 4.78 
Fe 0.1 0.371 0.360 2.13 
Cr 0.1 nd nd 
Al 0.5 nd nd 
Cu 0.2 nd nd 

Note: LLD= lower limit of detection; nd = below detection limit 

A 1.9 Arsenic concentrations 

Arsenic concentrations within the Barbrook water samples were determined by 

hydride generation-atomic absorption spectroscopy (HG-AAS) on undigested samples. 

These analyses were performed at the Scientific Services department of the Cape Town City 

Council, using a GBC 902 double beam atomic absorption spectrophotometer with a Varian 

VGA 76 vapour generation accessory. All samples were filtered through 0.2 µm Millipore filter 
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membranes and acidified via the addition of 1 ml 10M HN03 to each 100 ml of sample. 

Initially, several samples were analysed following HN03 digestion and the results were 

compared to those of the undigested samples. Since no significant differences were found 

between the two sets of analytical results, it was assumed that no significant organic As is 

present in the Barbrook waters. 

Prior to arsenic analysis via HG-AAS, 5 ml cone. HCI and 1 ml 15% Kl were added to 

each 45 ml sample in order to ensure that all of the As(V) was reduced to As(III). Hydride 

generation involved the use of the cone. HCI as well as a 0.6% (w/v) NaBH4 solution 

stabilised in a 0.5% (w/v) NaOH solution. This results in the conversion of all As to an arsine 

gas (AsH3) via the reaction (lajunen, 1992): 

As3+ 

i 
NaBH4 + 3H20 + HCI = H3B03 +NaCl+ SH+= AsH3(g) + H2 (excess) 

Results were measured in µg As/L following machine calibration using standards 

containing 10, 20, 50 and 100 µg As/L. Sample dilution was undertaken at the discretion of 

the analyst in order to achieve As concentrations within the calibration range. The lower limit 

of detection was 0.001 mg As/L. 

In addition to the 26 Barbrook water samples, two hidden standard solutions were 

also included for analysis by Scientific Services. Both standards were prepared using a 10 

mg/L As(V) standard solution diluted with Milli-Q deionised water to 0.05 mg As/L (BST1) and 

0.01 mg As/L (BST2). The results of the standard analyses (Table A1.11) indicate that 

accuracy was s2.5% relative, whereas the RSD for 6 analyses of each standard was s9%. As 

a further indication of analytical precision the results of replicate analyses for 14 of the 

Barbrook water samples are presented in Table A1.12. The precision for these analyses is 

s13% RSD. 

Table A 1.11: Results (µg As/L) of replicate analyses of two As standard solutions, as 
analysed by HG-AAS. 

Expected Measured % difference % RSD 
mean :t: SD (n=6) (n=6) 

Standards: 
BST1 50 47.57 ± 3.20 2.49 6.73 
BST2 10 10.28 ± 0.89 1.38 8.66 
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Table A1.12: Results of replicate As analyses of the Barbrook water samples, as 
performed by HG-AAS. 

Sample As (µg/L) Mean SD % RSD 
1 2 3 4 

BW2 150 167 166 182 166 13 7.86 
BW3 1620 1688 1620 1620 1637 34 2.08 
BW4 1575 1530 1780 1790 1669 135 8.12 
BW5 11.0 11.0 10.8 10.9 0.12 1.06 
BW13 13.0 11.2 10.8 11.5 11.6 0.96 8.26 
BW14 4272 3960 4116 221 5.36 
BW15 450 400 420 423 25 5.94 
BW18 11.8 13.0 12.4 0.85 6.85 
BW19 11.0 12.8 9.5 10.5 11.0 1.38 12.6 
BW20 23.8 25.0 20.0 22.5 22.8 2.14 9.39 
BW21 17.5 17.5 17.5 
BW22 4.0 3.4 3.70 0.42 11.5 
BW23 4.0 3.5 3.75 0.35 9.43 
BW24 23.0 19.8 21.4 2.26 10.6 

A 1.10 Fluoride concentrations 

The fluoride concentrations of the Barbrook water samples were determined using 

the ion selective electrode method, whereby a selective ion sensor containing a lanthanum 

fluoride (LaF3) crystal is used to measure the activity of fluoride in solution (Standard 

Methods, 1985: p. 357-359). Each 10 ml filtered water sample was mixed with 10 ml of a 

total ionic strength adjustment butter (TISAB) prior to analysis. The TISAB solution was 

prepared by combining 57 ml glacial acetic acid, 58 g NaCl and 4 g CDTA (1,2 

cyclohexylenediaminetetraacetic acid) in -500 ml deionised water, which was then adjusted 

to pH 5.3 to 5.5 with 6M NaOH prior to being made up to a total volume of 1 L with deionised 

water. The addition of this reagent maintains the sample solution at pH>5 in order to minimise 

HF complex production and prevent hydroxide interference. The addition of TISAB also 

ensures that the samples all have the same ionic strength which is necessary as the activity 

coefficient of F- is proportional to ionic strength. The CDT A in the reagent acts as a chelating 

agent which preferentially complexes with aluminium ions to ensure that the fluoride occurs 

as tree ions in solution rather than complexing with aluminium to form AIF63- and AIF2+. The 

use of a chelating agent such as CDTA may be rendered less efficient in the presence of 

high Al concentrations (;?:0.7 mg/L), however, necessitating sample pre-treatment with an 

organic complexing agent (Nicholson and Duff, 1981). The negligible Al contents of the 

Barbrook water samples (<LLD of 0.5 mg/L by ICP-AES; Section A1 .8) dictated that such 

pre-treatment was not required. 

Fluoride concentrations (ppm) were measured with a fluoride ion selective electrode 

attached to a Corning ion analyzer 255 following a three-point calibration using standards 

containing 0.1, 1 and 1 O ppm F-. The lower limit of detection using this method is 0.05 ppm 

F- (McCattrey, 1996). Duplicate analyses of three samples indicated that precision was 

~1.5% (RSD). 



APPENDIX 2 

Analytical methods used for the Barbrook 
soil and sediment samples 

A2.1 pH measurements 

In order to determine the pH values of the Barbrook soil and sediment samples, two 

separate solutions were prepared for each sample using water or KCI. The preparation of 

these solutions involved mixing 10 g of ground, sieved (<2 mm) and air-dried soil or sediment 

with either 25 ml Milli-0 deionised water or 25 ml 1 MKCI. Both mixtures were then agitated 

for 1 O minutes using a horizontal shaker, and left to stand for a further 30 minutes prior to 

measuring the pH of the supernatant. Determination of pH was achieved using a Metrohm 

691 pH meter which comprises a combined electrode (glass indicator electrode plus 

reference electrode). The pH meter was calibrated before use with buffer solutions of pH 

7.02 and 4.00. All sample measurements were performed at room temperature (18.3°C). 

Further details regarding the principles of soil pH measurement are presented in McLean 

( 1982); information regarding the analytical precision of pH measurement is presented in 

Section A 1.2. 

A2.2 Calcium carbonate content 

The CaC03 content of each soil and sediment sample was determined using the 

Karbonat-Bombe method of Birch (1981) on aliquots which had been ground in a carbon 

steel swing mill. The analytical method involved reacting 5 ml cone. HCI with a known sample 

aliquot in a sealed plexiglass cylinder and recording the attached manometer pressure 

reading (KPa) once effervescence has ceased and all CO2 has been liberated. Sample 

analyses were performed in duplicate using 2 g sample aliquots. Every five to six sample 

analyses were interspersed with the analysis of 1 g of pure CaC03 powder, representing a 

100% CaC03 standard. Manometer readings for each sample analysis were recalculated to % 

CaC03 (Table A2. 1) using the equation: 

. 100% · 
% CaC03 in sample = C CO t d d t d. x sample manometer reading a 3 s an ar manome er rea ing 
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Birch ( 1981) states that the precision of the analytical method decreases with 

decreasing CaC03 content, whereby the relative precision of 2% for CaC03 contents >5% 

decreases to <4% for lower CaC03 contents. However, the precision of the duplicate 

analyses of the Barbrook soil and sediment samples was variable and not simply a function of 

CaC03 content, with RSD values of up to 15% for samples with >5% CaC03 (Table A2. 1 ). 

According to Birch (1981), the absolute accuracy of the Karbonat-Bombe method is 2% for 

CaC03 contents >10% and 3% for lower CaC03 contents. 

Table A2.1: Results of duplicate CaC03 measurements for the Barbrook soil and 
sediment samples; raw results were divided in half to account for the use of 2 g sample 
powder aliquots. 

Sample Manometer reading (KPa) % CaCOa % RSD 
1 2 Mean± SD 

1 g CaC03 151 
BS1A 10 8 3.0 ± 0.46 15.4 
BS1B 8 9 2.8 ± 0.25 8.7 
BS2 9 9 3.0 
1 g CaC03 155 
BS3 21 21 6.8 
BS4 18 18 5.8 
1 g CaC03 155 
BS5 8 8 2.6 
BS6 9 9 2.9 
BS7 25 22 7.6 ± 0.67 8.9 
1 g CaC03 156 
BS8 10 10 3.2 
BS9 9 9 2.9 

A2.3 Extractable arsenic concentrations 

Arsenic was extracted from the Barbrook soil and sediment samples using the 

sodium bicarbonate method, as described in Olsen and Sommers (1982) for phosphorus 

extraction. This method involved shaking 5 g of ground, sieved (<2 mm) and air-dried soil or 

sediment with 100 ml 0.5M NaHC0:3 which had been adjusted to a pH of 8.5 via the 

dropwise addition of 1 M NaOH. Samples were then filtered through Whatman No. 40 ashless 

filter paper prior to As analysis by inductively coupled plasma - mass spectrometry (ICP-MS) at 

the Institute for Soil, Climate and Water (ISCW) in Pretoria. Measured sample data in rng/L 

were recalculated to mg/kg soil using the following equations: 

. _ mg As/l 
mg As/5 g soil -

1000 
x 100 ml 

mg As/kg soil= mg As/~ g soil x 1000 

In order to examine the accuracy of the analytical procedure, two hidden standards 

were induded with the samples sent for ICP-MS As analysis. These standards were prepared 
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by diluting a commercially available 1000 mg/L As standard solution to 5 mg/L (200 x dilution 

= sample ST1) and 0.5 mg/L (2000 x dilution = sample ST2) in a matrix solution of 0.5M 

NaHC03 which had been adjusted to a pH of 8.5. The results of the standard analyses (Table 

A2.2) indicate that accuracy was s2% relative. As a measure of analytical precision, duplicate 

extractions and analyses were performed on three samples, the results of which indicate 

precision of <6.5% relative (Table A2.2). 

Tab I e A 2. 2 : Results of the standard and duplicate sample As analyses by ICP-MS. 

Expected As Measured As % difference 
content {mg/q content { mg/q 

Standards: 
ST1 5.0 4.80 2.04 
ST2 0.5 0.508 0.79 

Duplicate As analyses (mg/kg soil) %RSC 
1 2 

Samples: 
BS1A 0.454 0.471 2.60 
BS6 6.59 7.20 6.25 
BS9 3.46 3.44 0.41 

A2.4 XRFS major and trace element determinations 

Total major and trace element concentrations within the Barbrook soil and sediment 

samples were determined by X-ray fluorescence spectrometry (XRFS) within the Department 

of Geological Sciences at the University of Cape Town according to the method of Norrish 

and Chappell (1977). Sample preparation involved grinding 60 to 80 g of completely air-dried 

soil within a carbon steel swing mill for two to three minutes to produce a fine powder (s70 µm 

particle size). Approximately 6 g of this soil powder was then combined with 6 drops Mowiol 

binder, if necessary, and pressed into a powder briquette with a boric acid backing. Samples 

were analysed using a Philips X'Unique II PW1480 spectrometer which was calibrated using 

international standards, blanks and specpure compounds (silica and oxides). Instrumental 

conditions are presented in Table A2.3. Results for international standard reference 

materials, BIR-1 and BHV0-1 (Table A2.4), provide an indication of the accuracy of trace 

element data measured on the Philips PW1480 spectrometer. The XRFS determination of 

major element concentrations is usually performed on glass fusion discs prepared according 

to the method of Norrish and Hutton (1969). Time limitations, however, dictated the use of 

powder briquettes to measure Fe, Al and Ca in the Babrook soil and sediment samples. This 

method results in reduced accuracy, in the order of ±10% of the concentration determined. 

Detection limits for XRFS analysis are calculated using the equation: 

LLD (ppm) = _§_ (-b-)Jt 
m Ttotal 
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where m = net peak/concentration, lb= background count rate under the peak in cps and 

Ttotal = T p + Tb where T p = counting time for peak in seconds and Tb = total counting time for 

background in seconds. Although the precision (counting statistics) depends on the 

concentration of the element being measured, it is generally s2 ppm (1o) for most elements. 

Table A2.3: Instrumental conditions for routine XRFS trace element analysis using the 
Philips PW1480 spectrometer within the Department of Geological Sciences at the 
University of Cape Town. 

Element Emission X-ray tube Crystal 
Line 

Fe Ka 
Al Ka 
Ca Ka 
As Ka 
Zn Ka 
Cu Ka 
Ni Ka 
Co Ka 
Mn Ka 
Cr Ka 
V Ka 
Pb ll31 

Target 
Mo/Sc 
Mo/Sc 
Mo/Sc 
Mo/Sc 

Au 
Au 
Au 
Au 
Au 
Au 
Au 
Rh 

kV- mA 
100 - 25 
40 - 65 
40- 65 
100 - 25 
60 - 45 
60-45 
60- 45 
50 -55 
50 -55 
50 - 55 
50 -55 
80 - 35 

LiF 220 
PE002 
LiF 200 
LiF 220 
LiF 220 
LiF 220 
LiF 220 
LiF 220 
LiF 220 
LiF 220 
LiF 220 
LiF 200 

Table A2.4: Trace element data for two international standard reference materials, BIR-1 
and BHV0-1 as measured on the Philips PW1480 spectrometer in the Department of 
Geological Sciences at the University of Cape Town (Willis, 1996). 

Element BHV0-1 BIR-1 
Acceeted Measured Acceeted Measured 

Zn 105 106 71 69 
Cu 136 139 126 132 
Ni 121 127 166 170 
Co 45 44 51 52 
Mn 1300 1290 1320 1280 
Cr 289 312 382 404 
V 317 314 313 306 

A2.5 Exchangeable acidity and exchangeable cation 
concentrations 

The potassium chloride method of Thomas (1982) was combined with automated 

potentiometric titration to determine the exchangeable acidity of the Shortlands soil sample 

BS5. The method involved agitating a mixture of 25 ml 1 M KCI and 1 O g of ground, sieved 

(<2 mm) and air-dried soil for 10 minutes using a horizontal shaker. The mixture was then left 

to stand for 30 minutes prior to filtration through Whatman No. 1 filter paper. Filtration 

involved the use of a further five 25 ml increments of 1 M KCI, resulting in a final ratio of 10 g 

soil: 150 ml 1 M KCI ratio. The KCI extract of sample BSS was prepared in duplicate ( samples 
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BS5 A and BS5 8) and three 5 ml replicates of each filtrate were titrated to an end-point pH 

of 8.3 using 0.01 M Na OH and a Radiometer DTS 800 multi-titration system. Instrument 

calibration was ensured prior to sample measurements using a buffer solution of pH 7.02. 

Results were obtained in units of mmol/L and were recalculated to cmol exchangeable 

acidity/kg soil (Table A2.5) using the following equations: 

. mmol/l 
mmol/10 g soil= mmol/150 ml= 

1000 
x 150 ml 

1/k 
.
1 

mmol/1 O g soil x 100 cmo g SOI= 10 

The average blank measurement for the 1 M KCI solution (0.053 cmol/kg soil) was subtracted 

from the average value for BS5 (0.0827 cmol/kg soil) to give a final mean value for KCI 

exchangeable acidity of 0.0297 cmol/kg soil. 

The results presented in Table A2.5 for replicate analyses indicate good analytical 

precision with RSD values of s4%. 

Table A2.5: Results of replicate blank and sample KCI extractable acidity measurements 
on Shortlands soil sample BS5. 

Replicate analyses mean so o/o RSD 
1 2 3 

Blank 
mmol/L 36.1 X 10-3 34.9 X 10-3 35.5 X 10-3 0.8 X 10-3 
cmol/kg 0.054 0.052 0.053 0.001 2.7 

BS5 A 
mmol/L 56.0 X 10-3 57.3 X 10-3 53.4 X 10-3 55.6 X 10-3 2.0 X 10-3 
cmol/kg 0.084 0.086 0.080 0.083 0.003 3.7 

BS5 B 
mmol/L 56.0 X 10-3 56.0 X 10-3 52.0 X 10-3 54.7 X 10-3 2.3 X 10-3 
cmol/kg 0.084 0.084 0.078 0.082 0.003 4.2 

Concentrations of the exchangeable cations ca2+ and Mg2+ in the filtered BS5 KCI 

extracts were measured by flame-atomic absorption spectroscopy (AAS) on a Spectra Varian 

AA-30 spectrometer in the Department of Chemical Engineering at the University of Cape 

Town. Dilutions (Table A2.6) were undertaken at the discretion of the analyst in order to 

achieve cation concentrations within the ranges of the standards used during analysis: 0, 1, 

2 and 4 ppm for ca2+ and 0, 5, 10 and 20 ppm for Mg2+. The detection limits for Mg2+ and 

Ca2+ via AAS are 0.12 ppm and 0.6 ppm, respectively (Potts, 1987). Measured AAS cation 

results were given in ppm and recalculated to cmolc/kg soil (Table A2.6) using the following 

sequence of equations: 

/10 .1 _ ppm cation x lab dilution factor x 150 ml 
mg 9 SOI - 1000 

157 



/k 
.
1 

mg/1 O g soil 
1000 mggso1= 

10 
x 

/k 
.1 ( mg/kg soil . . ch ) 10 cmolc g soi = t . . ht x ionic arge ~ a om1c we1g 

In a review of some of the literature regarding the accuracy and precision of the 

flame-AAS analytical technique, Potts (1987) states that long-term precision of most major 

elements under controlled conditions is likely to be within 3 to 5% (coefficient of variation) 

whereas short-term precision is normally within the range of 1 to 3%. The Mg2+ results for 

duplicate analyses of sample BS5 indicate lower precision, however, with an RSD value of 

8.3%. 

Table A2.6: Measured (ppm) and recalculated (cmolc/kg) AAS cation results for 
Shortlands soil sample BS5. Each measured value represents the mean of four absorbance 
readings. 

Sample Ca2+ Ca2+ Mg2+ Mg2+ 
(ppm) (cmolc/kg) (ppm) (cmolc/kg) 

BS5 A 2.79 11.4 9.20 5.22 
(x 25 dilution) (x 10 dilution) 

BS5 B 3.92 11.7 9.46 5.87 
(x 20 dilution) (x 10 dilution) 

Mean 11.5 5.54 
SD 0.23 0.46 
% RSD 1.84 8.29 

A2.6 Organic carbon content 

The organic C content of the Shortlands soil sample BS5 was determined using the 

rapid dichromate oxidation-titration method of Walkley and Black (1934), as described in 

Nelson and Sommers (1982). This method involved grinding the air-dried soil with an agate 

mortar and pestle so that it passed through a 0.53 mm sieve. Duplicate 0.5 g aliquots of 

sample BS5 were then thoroughly mixed with 10 ml potassium dichromate (0.167M 

K2Cr207) and 20 ml cone. H2S04 and left to cool for 30 minutes in a 500 ml wide-mouthed 

Erlenmeyer flask. Immediately prior to titration, the soil solutions were further mixed with 150 

ml Milli-Q deionised water, 10 ml cone. H3P04 and 5 drops ferroin indicator solution. 

Titration of the sample soil solution was achieved via the dropwise addition of 0.5M iron (II) 

ammonium sulphate solution (Fe(NH4)2(S04)2) until the brown endpoint colour was 

reached. 

The results of the titrations, including those of two blank solutions which were 

prepared by exactly the same method, and the subsequent calculations are presented in 
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Table A2. 7. The % organic C concentrations of the soils were calculated using the following 

equation: 

[ml Fe(NH4)2(S04)2 in blank - ml Fe(NH4)2(S04)2 in sample] x M x 0.3 x f 
% C = ·1 ( ) soi mass g 

. . 10 ml K2Cr~2 x 0.167 x 6 
where M = concentration of Fe(NH4)2(S04)2 1n mol/l = ml Fe(NH

4
)
2
(s0

4
)
2 

and f = average recovery factor = 1.3 

According to Nelson and Sommers (1982) the Walkley-Black method for the 

determination of organic C in soil is based on the proposal of Schollenberger (1927) that 

organic matter in soil can be oxidised by treatment with a hot mixture of K2Cr202 and H2S04 

according to the equation: 

2 Cr2072- + 2 c 0 + 16H+ = 4 cr3+ + 3 C0z + 8 H~ 

Following the completion of this reaction, the excess dichromate is titrated with 

Fe(NH4)2(S04)2.6H20 and the dichromate reduced during the reaction with the soil is 

assumed to equal the amount of organic C in the sample, assuming that organic C has an 

average valence state of zero. The Walkley-Black method stipulates that no external heat 

source is applied to the soil - H2S04 - K2Cr202 mixture, thereby constituting a so-called heat 

of dilution method. As a result of the experimental findings of Walkley and Black (1934) that 

an average of only 76% of the organic C in 20 soils was recovered by heat of dilution alone, a 

recovery factor (f) features in the equation used to calculate percentage organic C content. 

This recovery fijctor is supposed to account for unrecovered organic C. However, Nelson 

and Sommers (1982) discuss the results of a number of experiments which indicate that 

unless an appropriate f value is determined experimentally for a particular soil, the Walkley­

Black method will only provide approximate or semi-quantitative estimates of soil organic C 

content. Other possible problems associated with the dichromate method used here include 

interferences by soil constituents such as c1-, Fe2+ and Mn02 and the assumption that the 

average oxidation state of the organic C is zero (Nelson and Sommers, 1982). The precision 

associated with the duplicate BS5 analyses is <10% relative (Table A2. 7). 

Table A2. 7: Results obtained for sample BS5 during the determination of soil organic C 
content via the method of Walkley and Black (1934). 

ml Fe(NH4)2(S04)2 
M 
% organic C 

Blank BS5 A BS5 B Mean :t SD 

20.5 16.4 
0.611 
0.489 

16.8 
0.596 
0.430 0.46 ± 0.04 

% RSD 

9.07 
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A2. 7 Soluble salt concentrations 

In order to determine the concentrations of soluble salts within the Shortlands soil 

sample BSS at a standardised water content, a saturated paste extract was prepared by 

mixing Milli-Q deionised water with 250 g of ground, sieved (<2 mm) and air-dried soil until the 

soil was uniformly saturated. As stipulated by Rhoades (1982a), saturation was considered to 

have been achieved when the sample glistened as it reflected light, flowed only slightly 

when tipped, and consolidated easily by tapping or jarring the container after forming a 

trench through the mixture with the side of a spatula. The sample was then sealed and 

allowed to equilibrate overnight prior to extraction of the supernatant using a Buchner filter 

funnel attached to a vacuum pump. 

Following extraction and prior to refrigeration, the saturated paste extract was 

measured for pH and electrical conductivity (EC). Determination of pH at room temperature 

(18.3°C) was achieved using a Metrohm 691 pH meter, as described in Section A2.1. The EC 

of the saturated paste extract was determined using a CAISON microCM 2201 conductivity 

meter, as described in Section A 1.1. The RSD value obtained for three EC readings was 

0.12%, indicating excellent analytical precision. 

The saturated paste extract was analysed for soluble salt concentrations using high 

performance ion chromatography (HPIC) and inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES). Details of these analytical procedures are provided in Sections 

A 1.5 and A 1.8, respectively. Sample preparation for both analytical procedures involved 

centrifugation for 10 minutes at 6000 rpm and filtration using 0.2 µm Milfipore filter 

membranes in order to remove any suspended solids. No dilution was required for HPIC 

analysis as the mean EC value for the saturated paste extract was 49.23 µSiem. The anion­

cation charge balance difference of 0.46 % (Table A2.8) for the saturated paste extract HPIC 

analyses indicates good quality data. 

Table A2.8: Anion-cation charge balance (Murray and Wade, 1996) results for the HPIC 
analyses of the saturated paste extract prepared for Barbrook soil sample BS5. 

Sample No. 
Cations (mmolc/L): 
Na+ 
K+ 
Mg2+ 
ca2+ 
Total cations 
Anions (mmolc/L): 
F· 
c1-
N03· 
S042· 
Total anions 
% Difference 

BS5 

0.230 
0.012 
0.018 
0.067 
0.327 

0.003 
0.162 
0.122 
0.037 
0.324 
0.46 
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A2.8 Separation of the clay fraction and XRD mineralogical 

analysis 

The dominant clay mineralogy of the Shortlands soil sample BS5 was determined 

using X-ray diffractometry (XRD) following separation of the clay fraction (<2 µm effective 

spherical diameter) via a method of dispersion and fractionation. The method used involved 

placing a 1 g subsample of ground, sieved (<2 mm) and air-dried soil in a 250 ml plastic bottle 

which was then three-quarters filled with deionised water and shaken to produce a liquid 

slurry. The dropwise addition of 1MNaOH to this slurry continued until the pH was stabilised 

at a value of -9. The sample was then shaken mechanically for three hours prior to transfer 

into a 3L plastic jar which was filled with deionised water, stirred and left covered overnight at 

room temperature (22°C). The stipulated depth to which the supernatant suspension should 

be siphoned off after 16 hours is 18 cm, whereby Stoke's Law should ensure that particles 

>2 µm would have settled below the 20 cm mark, thereby leaving only the clay fraction in 

suspension. Depending on the length of time that the slurry actually remained untouched, 

the depth of siphoning (cm) was calculated as: 

t t t b 
. h d time slurry left standing 18 cm superna an o e sip one = 

1 6 
x 

After initial siphoning of the supernatant, the 3L jar containing the original soil slurry was 

refilled with pH 9.8 to 10.2 Na2C03 solution and stirred thoroughly before being left again to 

settle overnight prior to siphoning. This entire procedure of stirring, settling and siphoning 

was repeated until the supernatant was clear. Meanwhile, the decanted suspension was 

accumulated in a large bucket to which 1 M HCI was added in a dropwise manner to maintain 

the pH at a value between 5 and 7. 

In order to flocculate the clay within the decanted suspension, a large excess of NaCl 

crystals were added and the solution was left overnight. The clear supernatant was removed 

once the clay fraction had settled out of suspension. The clay fraction was then centrifuged 

at 1000 rpm for -2 minutes prior to further removal of any remaining clear supernatant. The 

resulting clay concentrate was transferred with a small amount of water into a length of dialysis 

tubing which was equilibrated overnight in a bucket of continuously running tap water. 

Following two further overnight dialyses involving deionised water, the bathing water within 

the bucket was checked for salt content. This involved testing for the presence of chloride 

using a silver nitrate solution, whereby the formation of a white precipitate indicated that 

further dialysis with deionised water was required. Once the centrifuged supernatant 

obtained from the dialysed clay suspension tested free of chloride, the suspension 

concentration (mg/ml) was determined gravimetrically. This was achieved by adding 5 to 10 

ml of the dialysed clay suspension into an oven-dried and tared porcelain crucible prior to 

drying overnight at -110°C. The dried clay fraction was then weighed and the suspension 

concentration was adjusted to 20 mg/ml. 
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In preparation for the semi-quantitative determination of clay mineral content within 

sample BS5 via XRD, a glass slide was thoroughly deaned with acetone and completely 

covered with an approximately 2 ml pipetted aliquot of the clay suspension. The slide was 

allowed to air dry such that the clay partides could settle out of suspension onto their basal 

planes and thereby provide orientated samples within which the characteristic d-spacings of 

individual crystals could be determined. X-ray diffractometry was performed on each of the 

clay samples using the Philips PW3890 diffractometer within the Department of Geological 

Sciences at the University of Cape Town. The diffractometer was fitted with a Cu X-ray tube 

and operated at an accelerating voltage of 40 kV and a beam current of 20 mA. The scanning 

range used was 4 to 70° (20 angle) at steps of 1°0. 

A2.9 Soil water content 

In order to detennine the soil water content(%) of Shortlands soil sample BS5, a -20 

g subsample of ground, sieved (<2 mm) and air-dried soil was weighed and dried in an oven 

overnight at a temperature of 110°C. The sample was then reweighed and the weight loss (g) 

was assumed to represent soil water loss (Table A2.9). The percentage soil water content 

was calculated using the equation: 

0/c H O = 100 (wt of undried container + sample) - (wt of dried container + sample) 
0 2 (wt of undried container + sample) + (wt of dried container+ sample) 

Table A2.9: Soil water content results obtained for BS5. 

Prior to oven-drying 
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Sample container container+ % difference 
sam le 

BSS 14.131 34.159 33.855 0.304 0.45 

A2.1 O Extractable Fe, Al and Mn 

Two methods were used to determine extractable Fe, Al and Mn in the Shortlands 

soil sample BS5 at ISCW in Pretoria. The first method involved extracting all three elements 

using the dithionite-citrate-bicarbonate method (Non-Affiliated Soil Analysis Work 

Committee, 1990). This extraction procedure involved adding 40 ml 0.3M 

Na3CsHs07.2H20 (sodium citrate) and 5 ml 1MNaHC03 to 4 g soil which had been crushed 

to pass through a 0.18 mm sieve. The mixture was placed in a waterbath and allowed to 

equilibrate at a temperature of n±2.°C before adding 1g Na2S204 (sodium dithionite). 

Following 15 minutes of intennittent stirring while still in the waterbath, the sample was 



centrifuged at 1500 to 3000 rpm for 1 O minutes and the supernatant was decanted. The 

entire extraction procedure was then repeated. A further 60 ml of deionised water was 

added to the residue in the centrifuge tube, heated to 77°C, centrifuged at 1500 to 3000 

rpm for 10 minutes and decanted into the beaker containing the previous two aliquots of 

supernatant. The volume in this beaker was made up to 200 ml with deionised water. If 

necessary, further centrifuging was undertaken in order to derive a clear solution. An aliquot 

of this extract solution was diluted (4:1 ratio) with a KCI solution containing 2500 mg KIL prior 

to analysis for Fe, Al and Mn using flame-AAS. The readings were matched against calibration 

curves derived using standard solutions prepared with the dithionite-bicarbonate-citrate and 

KCI solutions and containing o to 50 mg AI/L, O to 50 mg Fell and O to 1 O mg Mn/L. Results 

were calculated using the following equation: 

0 a X 200 X 5 -4 
YoFe(orAlorMn)= .1() x10 mass soi g 

where a= mg Fe (or Al or Mn)ll in soil extract. 

The second extraction method, used for Fe and Al alone, was the sodium 

pyrophosphate method (Non-Affiliated Soil Analysis Work Committee, 1990). This involved 

adding 100 ml 0.1 M Na4P207. 10H20 (sodium pyrophosphate solution adjusted to pH 1 O 

using NaOH) to a 1 g subsample of ground, sieved (<:2 mm) and air-dried soil and shaking the 

mixture overnight on a horizontal shaker at 180 oscillations per minute. The sample was then 

centrifuged, either with 0.4 ml 0.1% superfloc solution at 1500 to 2000 rpm or without 

superfloc at 13 000 rpm, for 1 O minutes and the supernatant was decanted and filtered if 

necessary. The Fe and Al contents of the extract were determined using flame-AAS 

following 1 :4 dilution with a 2500 mg KIL solution of KCI. The readings were matched against 

calibration curves derived using standard solutions prepared with the sodium pyrophosphate 

and KCI solutions and containing O to 50 mg Al/l and O to 50 mg Fell. Results were 

calculated using the following equation: 

Fe (or Al)/kg soil= a x volume of extr~ctant (ml) x 5 
mg mass soil (g) 

where a = mg Fe ( or Al)ll in soil extract. 

A2.11 Phosphorus sorption index 

The phosphorus sorption index of Shortlands soil sample BS5 was determined at 

ISCW in Pretoria. The method used involved adding 200 ml of a 100 ppm P solution to an 8 

g aliquot of ground, sieved (<:2 mm) and air-dried soil. The mixture was then shaken on an 

end-over-end shaker at 40 rpm for 24 hours. A constant temperature of 20°c was 

maintained. Following filtration through Whatman No. 40 ashless filter paper, the P content of 

the supernatant was determined using the ascorbic acid colorimetric method of Murphy and 
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Riley (1962). The amount of P sorbed by the soil was expressed as a percentage and 

calculated as follows: 

% P = P sorbed (mg P/kg soil) = (initial P concentration - P in equilibrium solution) x 
2

~
0 

A2.12 Particle size distribution 

Particle size distribution was determined on the Shortlands soil sample BS5 at ISCW 

in Pretoria. The hydrometer method, used to determine the relative percentages of sand, silt 

and clay, is described in Gee and Bauder (1986). The method involved overnight soaking of 

an accurately weighed aliquot (10 to 100 g) of ground, sieved (<2 mm) and air-dried soil in 

250 ml deionised water and 100 ml of a 50 g/L sodium-hexametaphosphate (HMP) solution 

prior to mechanical mixing. The suspension was then transferred to a sedimentation cylinder 

and the volume brought up to 1 l with deionised water. Once the suspension was 

equilibrated thermally, it was mixed thoroughly and a calibrated hydrometer was inserted. A 

hydrometer reading (R) was taken after 30 and 60 seconds (for calculation of the sand 

fraction) and repeated after 1.5 and 24 hours (for calculation of the clay fraction), with the 

hydrometer being removed and cleaned in between each reading. Readings were also taken 

at 3, 10, 30, 60 and 120 minutes in order to derive a summation percentage curve. The 

temperature and the hydrometer reading of a blank solution (RL) was recorded at the time of 

each sample reading. At the completion of the readings, the sand fraction was separated by 

passing the suspension through a 53 µm sieve, and the filtered sand fraction was dried at 

105°C and weighed. The calculations used to determine the percentage of each size fraction 

are detailed in Gee and Bauder (1986) as follows: 

Clay fraction: 

where X24 = mean particle diameter in suspension at 24 hours; P24 = summation percentage 
P1 5 - P24 

at 24 hours; m = 1 (.X IX ) = slope of summation percentage curve between X at 1.5 
n 1.5 24 

hours and X at 24 hours; X1 .5 = mean particle diameter in suspension at 1.5 hours; and P1 .5 

= summation percentage at 1.5 hours 

where P = g
0 

x 100; C = A - AL; and Co= oven-dry weight of the soil sample 

and X = 0t~; 0 = sedimentation parameter (µm min~); and t = time in minutes. 

Sand fraction: 

The Psoµm summation percentage is calculated as for the P2µm summation percentage but 

using the hydrometer readings at 30 and 60 seconds instead of 1.5 and 24 hours. The 

Psoµm value is then subtracted from 100 to obtain% sand. 
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Silt fraction: 

% silt= 100 - (% sand +%clay) 

A2.13 Specific surface area 

In order to quantify the reactive surf ace of the Shortlands soil sample BS5, the 

specific surface area was determined using a Micrometrics Accelerated Surface Area and 

Porosimetry (ASAP) 2000 machine in the Particle Technology Centre of the Department of 

Chemical Engineering at the University of Cape Town. The method involved determining 

external surface area by measuring the adsorption of nitrogen gas, and calculating the 

number of adsorbate molecules in a monolayer via the BET equation (Carter et al., 1986): 

P __ 1_ ( C - 1 ) P 
V(P0 - P) -vrrr:; + Vrr{:;Po 

where V = volume of gas adsorbed at pressure P; Vm = volume of gas required for a single 

molecular layer over the entire adsorbent surface; P0 = gas pressure required for saturation 

at the temperature of the experiment; and C = exp [E 1 ~TE 21 where E2 = heat of liquefaction 

of the gas, E1 = heat of adsorption of the first layer of adsorbate, R = gas constant, and T = 
absolute temperature. 

Carter et al. (1986) state that, in addition to a number of assumptions associated with 

the use of the BET equation, the fact that the calculated area per molecule is dependent on 

the density used means that there is a degree of uncertainty in the absolute surface area 

measured. They also state that nitrogen gas is only weakly adsorbed and will therefore not 

penetrate the inter1ayer surfaces of minerals such as montmorillonite, resulting in a 

measurement of external surface area only. 
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APPENDIX 3 

Analytical methods used for the Barbrook 
rock and mineral samples 

A3.1 Calcium carbonate content 

The CaC03 content of the waste rock samples were determined using the Karbonat­

Bombe method of Birch (1981), as described in Section A2.2. The results for duplicate 

analyses (Table A3.1) indicate relative precision of <3%, in keeping with the findings of Birch 

(1981) that the relative precision of this method is -2% for CaC03 contents >5%. 

Table A3.1: Results of duplicate CaC03 measurements for the Barbrook waste rock 
samples; raw results were divided in haH to account for the use of 2 g sample powder 
aliquots. 

Sample 

1 g CaC03 
BR2 
BR3 

Manometer reading (KPa) 
1 2 

154 151 
34 35 
30 29 

% CaC03 
Mean :t SD 

11.3 ± 0.25 
9.67 ±0.25 

A3.2 XRFS major and trace element determinations 

2.18 
2.56 

Total major and trace element concentrations within the Barbrook waste rock 

samples were determined by X-ray fluorescence spectrometry (XRFS) within the Department 

of Geological Sciences at the University of Cape Town, as described in Section A2.4. 

A3.3 Toxicity characteristic leaching procedure (TCLP) 

The toxicity characteristic leaching procedure (TCLP) was performed on two samples 

from the Barbrook waste rock pile at the Anglo American Research Laboratories in 

Johannesburg. Samples were submitted as -500 g of fine powder following milling in a 

carbon steel swing mill for 4 minutes. The leaching procedure used was the United States 

Environmental Protection Agency (EPA) Method 1311 TCLP procedure {EPA, 1993) 

whereby the samples were leached for 24 hours using an acetate buffer solution at pH 5.0 
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and the rolling bottle technique. The mass/mass ratio was 20:1 liquid to solids. A range of 

elements were analysed in the TCLP extract by inductively coupled plasma - optical emission 

spectrometry (ICP-OES) to a 0.5 mg/L detection limit. Arsenic, Se and Te were analysed by 

inductively coupled plasma - mass spectrometry (ICP-MS) to a detection limit of 0.05 mg/L 

A3.4 Electron microprobe sulphide mineral analysis 

The chemical compositions of individual sulphide minerals from the Barbrook ore 

rock were determined by wavelength-dispersive spectrometry (WDS) using the Cameca 

Camebax electron microprobe in the Department of Geological Sciences, University of Cape 

Town. The microprobe was operated at an accelerating voltage of 15 kV and samples were 

analysed as carbon-coated polished thin sections. The lower limit of detection was 0.1 ppm. 

A3.5 SEM secondary mineral analysis 

Secondary minerals resulting from oxidation of the ore and waste rock at Barbrook 

were analysed using a Leica Stereoscan 440 scanning electron microscope (SEM) in the 

Physics Department at the University of Cape Town. Selected rock chips were mounted, 

photographed and carbon-coated prior to analysis. The instrument was operated at an 

accelerating voltage of 20 kV and the samples were maintained under vacuum at between 

10-4 and 10-6 torr. Energy dispersive spectrometry (EDS) was used to obtain spot semi­

quantitative chemical analyses, whereas high-resolution morphological images were 

obtained from the secondary and backscattered electrons emitted. 

167 



APPENDIX 4 

Methods used for the arsenic and phosphorus 
sorption experiments 

A4.1 Phosphorus sorption experiment 

Prior to commencement of the P sorption experiment, all glassware and other 

equipment to be used in sample/standard preparation were soaked overnight in 1 :1 HCI and 

rinsed thoroughly with Milli-Q deionised water. A standard P solution containing 500 mg P/L 

(• 0.5 mg/ml) was prepared by dissolving 2.291 g Na2HP04 in 0.1 M Naa. The pH of the 

solution, using the method described in Section A 1.2, was 8.94. The electrical conductivity 

(EC) of the solution, using the method described in Section A 1.1, was 11.22 mS/cm. As the 

appropriate concentration range of P to be added to the soil was unknown at the start, the P 

sorption experiment was performed in two parts. The initial procedure involved weighing out 

ten individual 2.5 g aliquots of ground, sieved (<2 mm) and air-dried soil into centrifuge 

tubes, to each of which was added a 25 ml solution made up using the standard P solution 

diluted with 0.1 M NaO to one of the following P concentrations (mg/L): 0 (blank), 5, 10, 20, 

40, 60, 80, 100, 250 and 500. These suspensions were then equilibrated at room 

temperature via shaking on a horizontal shaker at a constant speed over a 24 hour period. 

Prior to filtering through Whatman No. 1 filter paper, the samples were centrifuged at 

maximum rpm for 5 minutes and the pH and EC of each supernatant was measured. 

The P concentrations of each of the ten filtrates obtained for sample BS5 were 

determined using the ascorbic acid colorimetric method of Murphy and Riley ( 1962), as 

described in Section A 1. 7. Standard solutions containing P concentrations of 0, 0.2, 0.4, 

0.6, 0.8, 1.0 and 1.2 mg/L were prepared by diluting an intermediate P solution 

(representing a 50 x dilution of the original 500 mg P/l standard and containing 10 mg P/l • 

0.01 mg P/ml), with appropriate amounts of 0.1 M NaCl. Analysis of this set of standard 

solutions enabled the derivation of a calibration curve (Figure A4.1) from which the 

equilibrium P contents (mg P/L) of the BS5 filtrates could be calculated using the equation: 

E ·i·b · p ( /L) (absorbance - 0.0227 . . P qu, 1 num mg = 0. 6126 x dilution factor) - measured blank 

Sorbed P concentrations (mg/l) were then calculated for each of the solutions as follows: 

sorbed P (mg/kg soil) = initial P (mg/L) - (equilibrium P) x 10 

where 10 = solution :soil ratio 
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Absorbance readings and equilibrium P results for the BS5 filtrates are presented in Table 

A4.1. 

0.7 

~ 0.6 
E 
C 

0.5 
0 
CX) 
CX) 

0.4 ..._.. 
Cl) 
0 

0.3 C 
m 
.a ... 0.2 y = 0.6126 (x) + 0.0227 0 u, r2 = 0.996 .a 

0.1 c( 

0.0 
0 0.2 0.4 0.6 0.8 1 1.2 

mg P/L 

Figure A4.1: Phosphorus calibration curve derived for the standard phosphate solutions 
using the method of Murphy and Riley ( 1962). The value for the 1.2 mg/L P standard was 
ignored in deriving the calibration curve. 

Table A4.1: Measured P sorption results for the BS5 filtrates. 

Initial P 
(mg/L) 
0 
5 
10 
20 
40 
60 
80 
100 
250 
500 

Absorbance 
(880 nm) 

0.013 
0.015 
0.020 
0.022 
0.124 
0.261 
0.175 
0.164 
0.251 
0.411 

Dilution 

1 :2 
1 :10 
1 :25 

1 :250 
1 :500 

Equilibrium P 
(mg/L) 

0 
0 
0 
0 

0.165 
0.778 
2.49 
5.77 
93.2 
317 

169 

1.4 



Based on the first set of P sorption results, it was decided that interim points were 

required for the P sorption curve. Therefore, a second P sorption experiment was 

undertaken involving initial P concentrations of O (blank), 150, 200, 250, 300, 400 and 500 

mg/L. The same analytical procedure was strictly followed and a new calibration curve was 

derived (Figure A4.2) in order that the equilibrium P contents (mg P/L) of the second set of 

BS5 filtrates could be calculated using the equation: 

.1.b . P ( /L) absorbance - O. O 196 d"lut· fact ed p equ11 num mg = 
0

_
6119 

x 1 10n or - measur blank 

Absorbance readings and equilibrium P results for the second set of BS5 filtrates are 

presented in Table A4.2. 

0.7 

..-. 0.6 
E 
C 

0.5 0 
CX) 
CX) .._.. 0.4 
G> 
0 
C as .c 
~ 

0 
f/J .c 
c( 

0.3 
y = 0.6219 (x) + 0.0196 

0.2 r2= 0.996 

0.1 

0.0 
0 0.2 0.4 0.6 0.8 1 1.2 

mg P/L 

Figure A4.2: Phosphorus calibration curve derived for the second set of standard 
phosphate solutions using the method of Murphy and Riley (1962). The value for the 1.2 
mg/L standard was again ignored in deriving the calibration curve. 
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Tab I e A 4. 2: Measured P sorption results for the BS5 filtrates. 

Initial P 
(mg/L) 
O* 
150 
200 
250* 
300 
400 
500* 

Absorbance 
(880 nm) 

0.019 
0.351 
0.363 
0.267 
0.352 
0.297 
0.367 

Note:* indicates repeat values 

Dilution 

1 :50 
1 :100 
1 :250 
1 :250 
1 :500 
1 :500 

Equilibrium P 
(mg/L) 

0 
26.6 
55.2 
99.5 
134 
223 
287 

A4.2 Arsenic sorption experiment 

Prior to commencement of the As sorption experiment, all glassware and other 

equipment to be used in sample/standard preparation were soaked overnight in 1 :1 HCI and 

rinsed thoroughly with Milli-Q deionised water. Since one of the intentions of the 

experimental work was to compare As and P sorption in the Shortlands soil, a standard As 

solution containing 1209.43 mg As/L was prepared in order to take into account the different 

atomic weights of As and P when comparing initial adsorbate concentrations. The As 

standard solution, prepared by dissolving 5.0366 g Na2HAs04.7H20 in 0.1MNaCI, had a pH 

of 8.94 and an EC value of 11.19 mS/cm. These values were virtually identical to the values 

obtained for the P standard solution. 

The method used to determine As sorption was identical to that employed for the P 

sorption study, whereby a 25 ml solution, made up using the standard As solution diluted 

with 0.1 MNaCI to one of the following As concentrations (mg/L): O (blank), 44, 97, 145, 194, 

242,363, 484, 605, 726, 968 or 1209 was added to each 2.5 g aliquot of ground, sieved (<2 

mm) and air-dried soil. The suspensions were equilibrated via shaking with a horizontal 

shaker at a constant speed over a 24 hour period. Prior to filtering through Whatman No. 1 

filter paper, the samples were centrifuged at maximum rpm for 5 minutes and the pH and EC 

of each supernatant was measured. The As content of each filtrate was analysed by 

inductively coupled plasma - mass spectrometry (ICP-MS) at ISCW in Pretoria Data reported 

as equilibrium As concentrations (mg/L) were recalculated to sorbed As (mg/kg soil) 

concentrations as follows: 

sorbed As (mg/kg soil)= initial As (mg/L) - (measured As - measured Ast,1ank) x 10 

where 10 = solution :soil ratio 

In order to examine the accuracy of the analytical procedure, three hidden standards 

were included with the samples sent to ISCW for As analysis. These standards were 

prepared by diluting the As standard solution with 0.1M NaCl to 120.9 mg As/I... (BAS 10), 

12.09 mg As/I... (BAS 7) and 1.21 mg As/L (BAS 4). The results of the standard analyses 
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(Table A4.3) indicate that good accuracy was achieved, with a difference between expected 

and measured standard values of s5%. 

Table A4.3: Results of the standard As analyses by ICP-MS. 

Expected As Measured As % difference 
content {mg/L} content { mg/L} 

Standards: 
BAS 4 120.9 122.5 0.66 
BAS 7 12.09 13.44 5.29 
BAS10 1.21 1.27 2.42 
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