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ABSTRACT

This study aimed to identify an effective, apprapgi and applicable technology for the treatment of
contaminated surface water from the Princess DuRmmcess Dump is an old abandoned and
unrehabilitated gold tailings storage facility sited in Roodepoort, west of Johannesburg. It falls

within the Upper Klip River subcatchment, whichrfar part of the Klip River catchment.

Undoubtedly, abandoned gold tailings storage taeslihave caused varying degrees of environmental
damage especially those that have been abandodddfannrehabilitated. Water pollution that result
from these facilities does not only influence tbedl environment but also other receptors downstrea
of the source. In order to assess the extent oérwaallution attributed to the abandoned Princess
Dump, sampling was done on specific points arotmedstudy site. Other physical and chemical water
quality sampling data was obtained from the Depanthof Water Affairs and Forestry (DWAF). The
chemical analysis was performed on the data tormdie whether the water quality parameter
concentration was within the Target Water QualignBe (TWQR) as stipulated by DWAF for various
uses, while correlation analysis determined thetimiship between the various water quality
parameters at the time of sampling. These analyaes an indication of the potential liability ofeth

abandoned Princess Dump as far as the degraddtibe local surface water quality.

The study identified that pollution resulting frotihe Princess Dump is seriously impacting on the
water quality environment around the site. Différeurface water treatment systems, active and
passive, were reviewed and analysed on the baglseofefficiency and applicability to the site and
their ability to remediate the contaminated surfaeger around the site. This was done in comparison
between the various identified systems and theiityalo treat the contaminated water that is being

released from the abandoned site.

A preferred water treatment system was identifiedell on its projected efficiency in treating the
water quality from the site while considering therst case scenario of the pollution. Other poténtia
point and non point sources of pollution around shely site were also identified and elaborated on
and recommendations made to improve the water tguaiound the site. It was concluded that the
local surface water quality has been degraded laaida passive surface water treatment technology

can adequately improve the water quality before ieleased into the environment.
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1 INTRODUCTION

‘South Africa has been and is at present the werdigest gold producer. The country has
enormous gold ore reserves, estimated at 40 0G0 tepresenting 40% of global reserves. The
main gold producing area is concentrated on theh&@gan Witwatersrand Basin. The
Witwatersrand basin, which has been mined for ntlba® 100 years and has produced more
than 41 000 tons of gold, remains the greatest imednsource of gold in the world'.
(Morrisson, 2004).

The impacts of this expansive gold mining industawe been huge and positive to the South Africa
economy. While acknowledging the economic and $dwgmefits of the mining industry, on the
contrary, the industry has also lead to depletioth® natural resources and environmental degr@uati
around the country. Gold extraction and procesatttyities have been a source of many contaminants
entering our water, soil, and air environments. Eneironmental impacts of gold mining industry
range from soil, water, human health and the lwglenvironment, to air, plants and animal life. @ol
mining is responsible for many vast lands of inferand unproductive landscapes that have been left
behind after decommissioning of the mining actest(Martinet al.,2002). Tailings Storage Facilities
(TSF’s) are examples of these unproductive stresttinat exist in the Johannesburg area as a oésult

a history of gold mining activities in the Witwaseand basin.

TSF'’s are structures designed to store and comwammg waste that result from ore extraction and

processing to obtain gold. TSF’s can be classifiealthe following categories:
Active (deposition taking place);
Fully rehabilitated;
Un-rehabilitated;
Partly rehabilitated;
Partly reprocessed; and
Currently being reprocessed

Because of their composition (physical and cherpiaatl their changing status, TSF’s require proper
designing, continuous management and maintenarragggdhe operational period of the mine as well
as after mine closure. This is to ensure that teynot impact negatively on the surrounding

environment or contribute to environmental degriadat



Princess Dump is an old and abandoned TSF locatBodddepoort, west of Johannesburg on the farm
Roodepoort 237 1Q, approximately 3 km north wesbDafban Roodepoort Deep Gold Mine (DRD) in
Gauteng Province. Currently there is no tailingsa$ition taking place at the site and the Departmen
of Minerals and Energy (DME) classified the TSFoamerless, with no record of previous mining
licenses (SRK, 2006). Due to its abandoned sta¢e] SF and the surrounding site is heavily degraded
The Princess Dump is surrounded by residentialese¢ints of Davidsonville to the north and north-
west, small scale brick and scrap metal industadke east and south, other mine dumps to thdasout

a road infrastructure around the site and a manmatand in close proximity to the west.

The abandoned TSF has not been rehabilitated ancuriently impacting on the surrounding
environment. The most prominent adversely affeet@dronmental components that are identified at

the site include:

Dust pollution - High winds which blow in the regioespecially before the onset of spring
rains, result in wind blown tailings dust being geated from the TSF. In the past, complaints
from the nearby community of Davidsonville have teeceived with regards to dust pollution

adversely affecting the nearby air and water emvirent.

Water pollution - Poor quality water with low pH luas, high electrical conductivity, high

sulphate and total dissolved solids values has bsmrded at the site in the past (SRK, 2006).
The pollution is attributed largely to the presentd¢he Princess Dump as well as disposal of
household waste from the urbanised areas and nekisbcated in the area. Sedimentation of

eroded tailings is also occurring in the nearbyemaays and wetlands.

Topography - Decline in aesthetic appeal of the amging to the unsightly visual intrusion of
the TSF which is located in close proximity to desitial and industrial areas. The presence of
the unrehabilitated TSF has changed the originahfof homogeneous landscape causing a

negative visual impact on the landscape.

Land capability and land use — Erosion from theebabilitated TSF into the nearby
environments results in land degradation aroundsiteeincluding the riparian zones, wetlands

and waterways close to the site.

SRK (2006) highlighted that Princess Dump is a magurce of pollution into the surface water

environment in the region. This study aimed to le&th the level of degradation of the surface water

and in turn propose an appropriate, applicable st effective remediation technology that may be

applied specifically to the site to remediate thgpacted surface water. It therefore included an

analysis of the physical and chemical water qugddyameters at various sampling points in order to

determine their concentrations and compare thelseevao the specified Target Water Quality Range
2



(hereinafter referred to as TWQR) as set in thee'Wuality Guidelines controlled by the Department

of Water Affairs and Forestry (hereinafter refertecas DWAF). After establishing the surface water

quality at the site, various treatment technologiese reviewed and assessed on their efficiency to
treat the contaminated water and their applicgbisit the site. The study therefore identifies a

treatment technology that can be applied to theetsitreat the contaminated surface water and ensur
that the water discharged meets the TWQR.

This research is important because there are nwseoandoned mining sites that are impacting on
the water environment. The impacts is not only felthe local environment, but the effects of the
degraded water quality are often felt downstrearthefmine site which may impact on aquatic life as
well as the beneficial use of the water. Prudenhagament of the water resource is required which
includes preventing pollution, clean up and reliibn of contaminated sites. The study ensuras th

the polluted water is restored to an acceptabte sfore being released into the environment.



2 RESEARCH PROBLEM

Gold mining impacts on the water quality as it @sumoderate to severe changes in the physical and
chemical characteristics of the water. Though therenough proof about the levels of surface water
pollution as a result of mining activities, litédfort is going into the remediation of pollutediesi and

the minimisation of pollution. This research aimsidentify sustainable ways to ensure that polluted
surface water is remediated before it is releanéa the environment especially at abandoned mine
sites where mining activities have ceased. Thectibge of the study was, after analyses of the serfa
water quality characteristics of the study sited arreview of past and current surface water treatm
techniques, identify an appropriate, applicable aodt effective treatment system to treat the

contaminated surface water.
To achieve the goal of this study, the followingswandertaken:
A preliminary literature review of the impact oktlgold tailing dams on the environment.

Information with regards to the study site was extkd. A site specific investigation of the
Princess Dump was done to identify the environmantpacts of the abandoned TSF and the
potential to pollute the surface water in the aildee investigation aimed to identify failures of

the TSF and how these failures have affected threwuding environment.

Surface water samples were collected at the sdeanalysed in order to determine the chemical
and physical water quality parameters concentratibnthis study, analysis of the water quality
parameters was restricted to the inorganic comstitu(physical and chemical constituents) of

the water.
Surface water monitoring data was also obtainea fBAVAF.

The data was scientifically analysed and the resoterpreted with the aim of identifying the
possible point and non-point sources of pollutibis included an analysis of the water quality
physical and chemical parameters and an evaluafitre impacts of the mine impoundment on

the surface water systems around the study site.

Different surface water treatment systems, acthe @assive, were analysed and a comparison

made between the technologies to identify theirtsiand demerits.

After considering the water quality and the siteedfic opportunities and constrains,
appropriate surface water treatment systems wexetifeed to treat the contaminated surface

water emanating from the study site.



The author focused on the worst case scenariceafdhtaminated surface water based on the analysed
water quality data. That is, the data showing thergst water quality characteristics identified was
used to assess and identify the treatment systehsvould effectively treat such contamination.

Other aspects that impact negatively on the enmient, such as organic pollution, dust pollution and
radiation risks were not included in the study tu@éme and budget constraints.



3 MOTIVATION AND OBJECTIVES OF STUDY

The motivation for the study was based on the tfzat

Water is a scarce resource in South Africa anchtlalable water resources are being polluted
by industrial and domestic effluents, mine drainaggricultural runoff and litter. Therefore
sustainable remediation techniques need to beifidehand applied on contaminated sites to

ensure that pollution is reduced and or mitigated.

The impacts associated with polluted water aredaching in terms of affecting the use of the
water in the vicinity of the site and downstreans. tAe run-off water from the site goes down

stream, it was necessary to ensure that pollutaetaot carried down stream at the same time.

The presence of contaminated water creates a hleatthrd both to human life and aquatic

health. The study aimed to contribute to the imprognt of the ecosystem around the site.

This research is important because the outcom#seadtudy can be applied not only to the study site

but also to other sites which have similar pollntgyroblems within the country and elsewhere.



4 DESCRIPTION OF THE STUDY SITE

The Princess Dump study site is an old and abamtdgo&l tailings dam located in Davidsonville,
Roodepoort, West of Johannesburg at Longitude 20055 and Latitude 26°09'30"S, approximately 3
km North-West of Durban Roodepoort Deep Gold MIiDRD). The TSF area falls within the Upper
Klip River sub-catchments, which falls within théigKRiver catchments, a tributary to the Vaal River
The exact date of deposition of the tailings isnown but records indicate that the gold tailingenda
predates 1933 (SRK, 2006). Much of the propertyhensite falls under City of Johannesburg, with a
smaller portion owned by Grifo Property Investmei8RK, 2006).

The site has not been closed or rehabilitated ggrez in terms of South African legislation whiish

intended to protect the environment and human inéaltn pollution risks that source from the TSF.
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Figure 1: Location of the Study Site and the surronding land use (SA1:50000 topographical
map).



The Davidsonville area, where the TSF is locatadlitmenvirons are characterised by a wide spectrum

of land uses which include residential and comna¢dgvelopments as shown in the Figure 1 above.

Princess Dump provides an example of the envirommhesnd health risks caused by failure to
rehabilitate a gold tailings dam. The TSF charasties include the unprotected slopes, which are
susceptible to wind and water erosion and the umcited surface drainage which is continuously
eroding the tailings into nearby waterway and wetlalhe surfaces are exposed since there isdittle
no vegetation on the surface, there are disturlsaoceurring on the site due to various activitieshs

as driving over the TSF and the small industribe ftrick making industry) located at site. There is
easy access to the site from existing roads shee tis no fencing. Due to the disturbances oaugirri

on the TSF, there is increased erosion of tailimigieh are chocking the water system in the vicinity
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Figure 2: An aerial photo of the TSF and positiondrom where the pictures below were taken
from.



Position A facing south — Showing the impact Position B facing west — shows metal waste
erosion on the unprotected slopes. disposed on the TSF

Position C facing east — shows eroded taili Position D facing west — shows eroded tailings
leaving the TSF. leaving the TSF.

Figure 3: Site Photographs

There is a manmade wetland that has developedetavélst of the TSF as a result of the previous
mining activities, seepage and municipal discharbalings sediments that leave the TSF have
contaminated the artificial streams, manmade wdtland other riparian zones around the site as
shown in the Figure 4 below.



Position E - facing West Position E — facing South West

Figure 4: The sedimentation of eroded tailings intmearby water bodies.

The water in the vicinity of the TSF is visuallysasved to have a “yellow boy” colouration which is

an indication that the water has come into conaitt pyrite.

Figure 5: The “yellow boy” colouration of the waterin the wetland.

NB: Notice the closeness to the houses in the aokg (Davidsonville) at approximately 150 meters
from the polluted man-made wetland.
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Figure 6: Contaminated seepage from the TSF near ¢hwetland.

The ecological integrity of the watercourse and made wetland adjacent to the TSF has been
severely compromised by the polluted runoff, seepatd deposition of eroded tailings. Also there are

small tailings heaps deposited around the manmadeamnd that are an additional source of pollution.

Figure 7: A tailings heap in the manmade wetland aa.

There is evidence of serious environmental degiaaalbat has, and is, continuously occurring on the
site and surrounding areas as a result of the alp@uddTSF presence. The quality of surface run-off
has become increasingly compromised, renderinghitesat to the receiving surface water environment
and a potential human health risk. Visually, th@att of the contaminated water on the surface water
system is striking. The colour of the water in thetland and the waterway has reddish brown ochre

which is evidence of the ‘yellow boy’.

The TSF is located close to the densely populaggitesient of Davidsonville. Some of the houses

within this settlement have been erected at thedbthe TSF. This creates the potential risk tombn
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life. Also there is the potential risk of peopletime settlements utilising the water for domestic o
recreational activities.

The study site has a typical Highveld climate withrm to hot summers (October — March) and cool
but generally cloudless winter days with cold nghtight frost is common and snow is an exceptional
occurrence. The site is located in a relativehhhadfitude ground with elevation of 1758 meters\aho

sea level. Prevailing wind direction is North-Webtavith an average speed of about 4m/s. Winds in
the region are light except for short periods, ipalarly in the spring months of September and

October just before the rains when strong windseaperienced.

1

The temperature in the region is sub-tropic witl #iarmest month being January, with an average
daily maximum temperature of 46 and 17C in July. Average minimum daily temperature ranges
from about 18C in January to % in July.
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Figure 8: Average temperatures for the period Janugy 1960 to December 1990 (Source: South

Africa weather service).
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Rainfall is almost exclusively due to showers ahdnterstorms and falls mainly in summer. The

highest rainfall occurs in January and the lowesluly. The average rainfall is between 600-750mm

per annum.
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Figure 9: Average monthly rainfall for the period January 1960 to December 1990 (Source: South
Africa Weather Service).

Average evaporation in the area amounts to 160Q+h#0 per year. Evaporation is highest during the
summer month of December (176mm) and lowest dutiregwinter month of June (70mm). The
amount of evapotranspiration affects the amoursuoface runoff as it exceeds the precipitation yver

month of the year.

The geology of the study area comprises of a tlse§uence of sediments overlain by Achaean
sedimentary rocks. The surface geology of theisittominated by quartzite and conglomerates of the
Central Rand Group, a sub division of the Witwatend Super group (Figure 10). Fresh, hard rock
dolomite is encountered at depths ranging fronb0m below ground (DWAF, 1999).

Soils in the study area are predominantly sandgn#aed, yellowish soils with low to medium base
status (SRK 2006). The soils are derived from tkativering of the underlying dolomite and quartzite.
The site is highly susceptible to erosion whichtum results in a high sediment load that end up in
water streams increasing the water course siltati@ier turbidity and decreasing the water quality
around the site (Kruger, 2004).
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Figure 10: Area surface geology.

The surface water flow patterns shows that thestsedrain reef outcrop areas and from the TSFts tha
have been established on them. The area has unéecbange to the extent that it hydrological system
can no longer be regarded as a natural systemath#rras a man-made system. This is because the
natural features such as streams and wetlands ldesre impacted upon by human activities such as
mining, creation of retention dams, roads and lesdg
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5 LITERATURE REVIEW

Mining is the second only to agriculture as the laisroldest and most important industry. Gold

mining has long been an important part of the Séidtlcan economy. In many cases, however, past
mining activities have left a legacy of environnardegradation, and nearby communities struggle to
cope with the environmental burdens associated aliindoned mining structures left behind (Robins,

2004). Gold TSF's are mine structures that haweng term impact on the environment.

Much of the skyline in the gold rich Witwatersrahdsin is dotted with the conspicuous TSF’s that
serve as evidence of the history and the extetiteo§old mining that has and is taking place withie

basin. With the evolution of the mining industrydathe different mines changing ownership, some of
the TSF’'s in the region have been left uncaredafa therefore in a position to cause environmental

problems.

TSF's typically represents the most significant immmvmental liability associated with gold mining
operations (Martinet al, 2002). They contain numerous metal and non-mesidues from the
minerals worked, along with concentrations of thecpss chemicaldgell & Donnelly (2006) noted
that the presence of potential environmentally Haknsubstances on these facilities may not
necessarily require remedial action, that is dah be demonstrated that they are inaccessibieinig |
things or material that may be detrimentally aielctConsideration however must be given to the

migration of substances especially by water or wind

In the past, mine residues were deposited indiscataly without regard to the environment, often
adjacent to streams or on steep slopes (Stedferal, 1988). Poor design, construction, and
management, in particular, of some of the older’'$®€sulted in erosion and contaminated seepage
that adversely affected both surface water and ngtonater. Currently all TSF’s in South Africa
release leachate to some degree since there alieedo TSF’s that have been constructed in the
country (Reichardt, 2007).

The impact of gold mining on the water resource meyge from minimal to severe. The effects
depend on the location of the mine, the hydrologg the climate of an area, and the physical and
chemical properties of the ore body and the astatigeological strata. (Bridgett, 2001). Water from
these gold mine residue structures is charactemnsaily by acidic conditions (low pH) and high

concentrations of dissolved metals caused by pymtielation and blasting residue. Cyanide and

radionuclide contamination may also occur as wsgeps from the facility.

16



TSF’s present two significant types of long-termvieanmental risks (i.e. the potential to cause

environmental damage):
The risk of the tailings dam structure failing;
The risk of pollution. (McCaulegt al,2006)

In the absence of effective environmental managénie&F’'s on-site may also cause further impacts
off-site, resulting from the water and wind erosarunstabilised tailings. Eroded tailings and segp

of polluted water from the TSF’'s adversely affettte water system in the surrounding areas in a
number of ways. These effects may include sedinientaf surrounding streams, and an additional
decrease in water quality through the increasealmity, acidity, and toxic element load in these

streams (Wongt al, 1999).

In the past, impacted surface water systems wensidered unrecoverable and an unavoidable
consequence of mining development (Gedieal, 1998). According tdPullies, et al, (1996), South
Africa mining industry has not been able to co$efvely eliminate acid saline conditions with
mobilised dissolved metals and nutrient enrichnoamntsed by pyrite oxidation of mine structures. Prio
to the introduction of the Water Act in 1956 (AcbN64 of 1956), very little was known in South
Africa about the detrimental environmental impacis polluted mine drainage. At closure of
operations, mine residues were abandoned with@uintiplementation of adequate pollution control
measures. As a result, many of South Africa’s wegeources have become contaminated by various
polluting constituents, which seep into water eommnents from mining sites thereby degrading water

quality and limiting its usefulness (Jeanne, 1997).

This pollution impacts decreases the standardsi@fwater quality making it unfit for original uses
such as agriculture, recreation, human consumpéquatic life and habitat as well as commercial and
industrial use. Maintaining good quality of wateran important factor in determining the quantity o

water that is potentially available for productivee.

The cumulative degradation of surface water dugoltution results in water with poor characteristic
such as pH fluctuations and decrease in oxygenenbrdaused by sewerage discharges. This poor
quality water can have far-reaching economic impantluding the erosion of property values, impact
on the water supply for informal settlements, lo§saquatic wildlife, and the impairment of other

recreational activities.

The long-lasting ability of TSF's to pollute werdtem not fully appreciated in the past, and

consequently not properly considered when waste digsosed of. However, new closure drivers,

17



including ecological integrity, social equity ancb@omic viability of mines, have reinforced the dee
to rehabilitate these facilities (Robins, 2004).

Water quality is a term used to describe the chaimphysical and biological characteristics of wate
usually in respect to its suitability for an intedpurpose. South Africa is a semi-arid country and
freshwater is limited natural resource. Water ality in the country now and in the future is tiga

dependent on climate, water use and managememaaaise practices (Pullies al, 1996).

The scarcity of water in South Africa is compoundsdpollution of the surface and ground-water
resources mainly by anthropogenic activities. Tigical pollutants of South Africa's freshwater
environment include industrial effluents, domestind commercial sewage, acid mine drainage
(AMD), agricultural runoff, and litter (Daviest al, 1993). Population growth, increased economic and
intensification of land use practices all leadrioreased water demand and increasing degradation of
the resource (Daviest al.,1993). The primary results of the water pollutinolude extensive habitat
loss, a decrease in biodiversity and an increasenasive and alien species (MMSD, 2001). In
extreme cases, these can result in ecological psdlaf the functioning of the natural ecosystems
(Wildmanet al.,1999).

Impacts on water quality are considered to be tlwstnsignificant consequence of gold mining
activities. This is partly because of the wide &griof undesirable contaminants that are derivechfr
the mining operations and partially due to the demtpy and persistence of the pollution problems.
That is, the source remains there in perpetuityisusdibject to potential leaching and seepage tner
long term and often the present chemical contantsnaave synergistic effects on a variety of différe
environmental components, increasing the levetsootamination and these can seldom be reduced or

ameliorated.

According to MMSD, 2001, the five key areas of iropthat gold mining may have on water systems

are:
Acid mine drainage (AMD);
Release of metals;
Cyanide;
Erosion and Sedimentation; and

Water use.

18



These are discussed below.
5.2.1 Acid Mine Drainage

Acid Mine Drainage (AMD) is the mining industry’sapatest environmental problem and its greatest
liability, especially to the water bodies (Kyeyurg§00). AMD forms from the natural oxidation of
sulphide minerals, notably pyrite (F@Sthat occur in mine rock or waste that are exgdseair and
water. This is a consequence of the oxidation tdhsur in the material to a higher state of oxidatio
and, if aqueous iron is present and unstable, theigtation of ferric iron with hydroxide (Bell &
Donnelly, 2006). AMD does not occur if the sulphidéerals are non-reactive or if the rock contains
sufficient alkaline material to neutralise the dgidgBell & Donnelly, 2006).

In addition, the biotic micro-organisnthiobacillus ferrooxidansnay accelerate (catalyse) the acid
generation reaction by enhancing the rate of ferroon oxidation, and reduced sulphur oxidation
(Bell & Donnelly, 2006). The breakdown of pyritachother sulphides by water or air releases acid,

sulphates and metals into the environment. The neaictions involved are:

2FeS + 2H,0 + 70, 2FeSQ + 2H:SOy (1)
4FeSQ + O, + 2H,SO,  2Fe (SQy)3+ 2H.0 (2)
Fe (SQ)s+ 6H0  2Fe (OH)s + 3H,SOy (3)
AFE" + O, + 4H"  4F€* + 2H,0 (bacterial catalysis) (4)
FeS + 14Fé" + 8H,O  15F€' + 2SQ% + 16H" (5)

The system is autocatalytic: the earlier reactimatalyse the later ones. This makes it difficulstop
their action series once it has started (MMSD, 2001

The bacterium catalysis (Equation 4) is most adtivevaters with low pH value around 3.2 (Bell &
Donnelly, 2006). The formation of sulphuric acidthre initial oxidation reaction (Equation 1) and
concomitant decrease in the pH makes the conditimore favourable for the biotic oxidation of the
pyrite. The biotic oxidation of pyrite is four timmdaster than the abiotic reaction at pH 3.0 (Bell

Donnelly, 2006).The character and rate of reledgsbedo AMD is influenced by various chemical and

biological reactions that occur at the source af generation..

Acid generation gives rise to elevated levels @Jyemetals and sulphates in the water, which peslut
natural waters and can be precipitated on or innsmuts (Bell & Donnelly, 2006). Environmental

consequences of AMD polluted waters include:

19



Decrease in water quality. This is as a resulbwf pH due to increased acidity, which results in
among others death of aquatic life, loss of biodiig, salination of the water resource, and

contamination of ground water (Kyeyune, 2000).

Accelerated breakdown of gangue minerals that seléithophile elements, such as aluminium,
manganese, iron, barium, as contaminants into theraament (Kyeyune, 2000). These
processes also result in the formation of new sgemgnminerals which may have different

geotechnical properties and therefore compoungadhation in the water (Kyeyune, 2000).

Attacks buildings, culverts and bridge structuresulting in shorter than normal life span for

those types of structures (Kyeyune, 2000).

AMD, once started, can last for a long period, atsd impacts can migrate many kilometres
downstream. There are three key strategies in AMddhagement, namely, control of acid generation

process, control of acid migration and collectiod &reatment of AMD (Bell & Donnelly, 2006).
5.2.2 Release of metals

Acidic conditions due to AMD can lead to elevatemh@entrations in water of trace metals, such as
aluminium, iron, manganese, lead, copper, cadmisrnwell as radionuclides. Bridgett (2001) states
that metal salts becomes soluble and add toxicifawits to the water resource which have the patenti

to accumulate in the liver and the gills therebteifering with the oxygen exchange in the aquatic

environment.

In addition to these inorganic pollutants, there afso a large number of synthetic and persistent
organic pollutants resulting from anthropogenicivatiés that can impact negatively on the water
quality. These compounds when they exist in leablgve the acceptable limits are harmful to living

organisms.
5.2.3 Cyanide

Cyanide, a highly toxic substance, is used to eeidjold and stabilise it in solution (“pregnant
solution”) as a gold-cyanide complex (MMSD, 2000\&is later recovered, but cyanide remains in
the waste slurry which ends up on the TSF’s. (MM8D01). This cyanide can be released into the

water environment through runoff and or seepagsingudurther pollution.
5.2.4 Erosion and Sedimentation

When erosion susceptible material is not well priaté from disturbance and erosion forces like water
runoff, large quantities of sediment are eroded @adsported downstream. The sediment eventually

drops out of the water and sedimentation occursndo@am from the erosive source. The degree of
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erosion and subsequent sedimentation depends afegiiee to which the surface has been disturbed,
the prevalence of vegetative cover, the slope lenghd the degree of the slope (Bell & Donnelly,

2006). TSF’s normally possess chemical and physitatacteristics that prevent the re-establishment
of plants without some form of prior remedial treant thereby making them more prone to erosion

due to the lack of a cover layer.

Erosion and sedimentation adversely affects wat@yswand water bodies resulting in the loss or
alteration of habitats for aquatic organisms arghges in water quality. This also promotes teriadstr
ecological changes associated with disturbed aneesiding the establishment of alien invasive plan
species, altered plant community species compasitig loss of habitat for indigenous fauna andaflor
(MMSD, 2001).

5.2.5 Water Use

Water use is dependent on the water quality. Theitya(the salt in the water) of the fresh wateffs
South Africa varies substantially depending on ggpland atmospheric deposition (DWAF, 1998).

Man-made salinity impacts include:
Discharge of municipal and industrial effluents;
Urban storm water runoff;
Surface mobilisation of pollutants from mining andustrial operations;
Seepage from waste disposal sites; and
Irrigation water (DWAF 1998).

The water quality variables of most concern witgarels to salinity include Total Dissolved Solids
(TDS) and sulphates (DEAT/DWAF, 1998).

The impacts of salinisation include reduction igryields where water is used for agricultural

purposes, increased scale formation and corrosiomomestic and industrial water conveyance
systems, and increased requirement for pre-tredtofeselected industrial water uses (such as boiler
feed water) (Bell & Donnelly, 2006).

Water quality management involves efforts to cdntiiee physical, chemical and biological
characteristics of water (Bridgett, 2001). Wateralgy monitoring aims to obtain quantitative
information to determine the trends in the quadibd establish whether the observed water quality is
suitable for the intended uses.
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In designing a water remediation strategy for atammnated site, knowledge of the physical and
chemical composition of water is required prioidentification of any remediation technology (Gelle
et al.,1998).

The South African Water Quality Guidelines serve the primary source of information for
determining the water quality requirements of ddéfgé water uses and for the protection and
maintenance of the health of aquatic ecosystentdeTlabelow indicates the water quality parameters

utilised for biological, physical and chemical waggality analysis.

Table 1: Water Quality Parameters utilised for biobgical, physical and chemical analysis (DWAF
1998)

Biological Faecal coliforms

Total coliforms

Free available chlorine

Physical pH*
Conductivity*
Turbidity
Temperature*

Chemical Arsenic

Cadmium

Calcium

Sodium

Chlorine

Copper

Fluoride

Dissolved iron*

Dissolved manganese*

Total hardness
Total alkalinity
Magnesium

Nitrate and nitrite

Potassium

Sulphate*

Zinc

Dissolved aluminium

* denotes parameters used in the study.
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For the purpose of this study, only the inorganitefnical and physical) parameters were included, as
these were considered the most pertinent to thiuai@n of the water quality with respect to gold
TSF. The inclusion of other parameters is feadiblebeyond the scope of this study. The parameters
that were utilized in the analysis are the follogyipH, Conductivity, Temperature, Iron, Manganese
and Sulphates. These parameters were evaluatens tof the TWQR as stipulated in the Water
Quality Guidelines according to a determined usab(@ 2). The South African Water Quality
Guidelines serve as the primary source of inforomafor determining the water quality requirements

for different water uses and for the protection arantenance of the health of aquatic ecosystems.

Table 2: The Target Water Quality Range (TWQR) forthe parameters used in the study as per

use.
Water quality| Unit SANS 241] Industry Irrigation Aquatic Domestic
parameter Class 1 (Catl) system use
Aluminium mg/l N/A NA 0-5 0-0.005 0-0.15
Calcium mg/l <150 NA 0-200 - 0-32
Chloride mg/l <200 0-20 0-150 - 0-100
Conductivity* | mS/m <150 NA 0-19 - 0-40
[ron* mg/l <0.2 0-0.1 0-5 0-1 0-0.1
Magnesium mg/l <70 NA 0-200 - 0-30
Manganese mg/l <0.1 0-0.05 0-1 0-0.05 0-0.05
pH* - 5.0-9.5 7-8 6.5-8.5 6.5-9 6-9
Sodium mg/I <200 <10 - 0-100
Sulphate* mg/l <400 0-30 0-600 0-400 0-200
Total Mg Unspecified| 0-50 <0.2 NA NA
alkalinity CaCqyl

* Denotes parameter used in the study.

NA — not available/Not established in DWAF Wateraty Guidelines
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5.4.1 Introduction

The generation of Acid Mine Drainage (AMD) is a ural process that becomes accelerated and
intensified by mining (Metesht al., 1998). AMD events are more persistent in the emvirent since
the metal pollutants remain in the environment e dorm or another (Evangelou, 1995). Under
certain conditions like winter, metals maybe con@rd in the environment and others they may be
dispersed (Foster, 1998). Without appropriate itneat, there are no controls as to where these snetal
are concentrated or dispersed and they thereforgnce polluting the local environment for extended

periods of time (Foster, 1998).

A wide range of technologies are available for teenediation of AMD contaminated sites. The
applicability of a particular method depends on tite conditions, the nature and extent of
contamination, and the extent of remediation regli(Bell & Donnelly, 2006). In some cases the
remedial operation requires the employment of nloa® one method. It is necessary that the remedial

work does not raise the pollution on site or inithenediate surroundings to unacceptable levels.

The types and amounts of pollutants especially im@tahe water heavily influence the selectioranf
AMD treatment system (Skouseh998). Keeping a water treatment system at themaptpH and
redox potential for precipitation of target metassure successful water treatment (ecosystem
restoration, 2007). The pH required to precipitatest metals from water ranges from pH 6 to 9
(except ferric iron which precipitates at about Btb). Soluble manganese changes to insoluble
manganese hydroxide at a pH of 9.5 or greater ysta® restoration, 2007). It is therefore necessary

to ensure that the optimum pH is maintained forgteeipitation of target metals.
Surface water treatment option can be grouped into:

Active treatment systems; and

Passive treatment systems.
5.4.2 Active Treatment Technologies

Active treatment is the improvement of water qyaliy methods which require ongoing input of
energy and/or (bio) chemical reagents. It involeBemical neutralisation of the acidity followed by
precipitation of metals and other suspended soAdsording to Bell & Donnelly (2006), the classic

approach to active treatment of AMD involves thsesps:
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First, oxidation , that helps convert soluble fegaron to the less soluble ferric state, as well a
permitting the pH value to raise by venting carld@wxide, where present, until equilibration with

the atmosphere has been achieved.

Second, dosing with alkalis, generally hydratedelif€a(OH)] or caustic soda [NaOH], which
raises the pH value, thereby lowering the solybitif most problematic metals and providing

hydroxyl ions for rapid precipitation of metal hgaides; and

Third, accelerated sedimentation normally broughdua by using a clarifier or lamellar plate

thickener, frequently aided by addition of flocautand/or coagulants.

According to DWAF (2007), active treatment techmpds of contaminated mine water include

chemical or biological processes and can be braadbdivided into:
pH modification;
Metal precipitation;
lon exchange;
Biology-based technology (sulphate reduction/rejpva
Adsorption technology;
Electrochemical technology; and
Physical process technology (gravity settlingrdifion, evaporation).
These processes are discussed below.
a) pH Modification

The basis of such treatment is to raise the pt®f&MD causing first the iron, and then other netal

to precipitate out of solution. Lime treatment s&d for this chemical process (Foster, 1999).
b) Metal Precipitation

Metals found in AMD water occurs because they aesgnt in the ore body which was mined similar
to pyrite. The metals naturally dissolve from th@asweathering over time. The dissolution process i
sped up when the pH of the water is outside ofnigtral range. The treatment systems aim to form
insoluble and stable hydroxides of the metals. Thisichieved by adjusting the pH to within the

neutral range of 6 - 9.
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c) lon Exchange

lon exchange technology is utilised as an actieattnent technology to strip valuable metals from th
mine water before it is limed and subsequentlyaeting the metal from the ion-exchange materia in

far more concentrated form. It is often a very agdee process (Foster, 1999).
d) Biology-Based Technology

This involves the use of the sulphate reducingds&cto produce a biologically-based active treaime
system (Foster, 1999). The bacteria require a g@otlon-based substrate for metabolism but use
sulphate instead of oxygen (Foster, 1999). Anogixample of biologically-based treatments is the use
of biologically-produced adsorbents for the concatiin of metals from the waste stream (Foster,
1999).

e) Adsorption Technology

The aim of this process is to utilise particlekobwn size and density (non-biological adsorbetas)
adsorb the metals from solution and to exploit kiealge of physical processes in the separationeof th

solids later in the treatment (Foster 1999).
f) Electrochemical Technologies

This involves the use of electrical technologiegha treatment of AMD. The problems that may be
associated with the use of such technology incthderequirement for nearby technical support and a

constant electrical supply (Foster 1999).
g) Physical Process Technology

This involves utilising physical process technologlych as gravity, filtration and evaporation to

remove the metals from AMD as salt crystals rathan as sludges or precipitates (Foster, 1999).
Neutralising chemicals

There are different chemicals used as neutraliatents for the treatment of acidic water and each
chemical has characteristics that make it moress hppropriate for a specific condition (Skousans
al., 1998). The best choice among alternatives dependsoth technical and economic factors. The
technical factors include acidity levels, flow, ttyges and concentrations of metals in the waker, t
rate and degree of chemical treatment needed, lndidsired final water quality (Skousestsal.,
1998). The economic factors include prices of es&s) labour, machinery and equipment, the number
of years that treatment will be needed and riskofac (Skousenst al., 1998). The following

discussion highlights some of the characteristiasagh of these neutralising agents.
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a) Limestone (calcium carbonate)

Calcium forms calcium carbonate which is alkalilmereby neutralising the acidity of the water.
Advantages of using limestone include low costeessuse, and formation of a dense, easily handled,
sludge. Disadvantages include slow reaction tiroe; $olubility, loss in efficiency of the system
because of coating of the limestone particles wih precipitates, difficulty in treating AMD with
high ferrous-ferric ratio, and ineffectiveness @moving manganese (Acid mine treatments and ,costs
2006).

b) Hydrated Lime (calcium hydroxide)

Hydrated lime is an easy, safe to use, effectivel ielatively inexpensive neutralising agent. The
major disadvantages are the voluminous sludgeishptoduced (when compared to limestone) and
high initial costs that are incurred because ofsiae of the treatment plant (Acid mine treatmemtd
costs, 2006).

c) Soda Ash (sodium carbonate)

Soda ash briquettes are especially effective &atiing small AMD flows in remote areas (Skousén
al., 1998). Major disadvantages are higher reagent @esitive to limestone) and poor settling

properties of the sludge (Acid mine treatments @sts, 2006).
d) Caustic Soda (sodium hydroxide)

Caustic soda is especially effective for treatiog lflows in remote locations and for treating AMD
having high manganese content (Acid mine treatmants costs, 2006). Caustic is very soluble in
water, disperses rapidly, and raises the pH of wlager quickly (Skouseret al.1998). Major

disadvantages are its high cost, the dangers iadolith handling the chemical, poor sludge

properties and freezing problems in cold weatheidAnine treatments and costs, 2006).
e) Ammonia

Anhydrous ammonia is effective in treating AMD hayia high ferrous iron and/or manganese
content. It is highly soluble and reacts rapidlyragse the pH and precipitate metals. Ammonia costs
less than caustic soda and has many of the sanamtades (Acid mine treatments and costs, 2006).
However, ammonia is difficult and dangerous to asd can affect biological conditions downstream
from the mining operation. The possible off-sitepants are toxicity to fish and other aquatic life

forms, eutrophication and nitrification (Acid mitreatments and costs, 2006).

Each of the above mentioned chemicals has advantagbdisadvantages for certain water conditions,

site conditions and the treatment required. Under flow situations, pebble quicklime and ammonia
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are the most cost effective (Skousgral.,1998). Under high flow situations, hydrated limel gebble
quicklime are the most cost effective due to theiv reagent cost compared to the other chemicals
(Skouseret al.,1998).

Analysis of Active Treatment Systems;

According to the US Office of Surface Mining Recktion and Enforcement, active treatment
involves chemical neutralisation of the aciditylé@ted by precipitation of metals and other suspdnde

solids. These treatment systems require:
Equipment for feeding the neutralising agent toAMD;
Means for mixing the two streams (AMD and neutrafisagent);
Procedures for ensuring metal oxidation;
Settling ponds for removing iron, manganese, ahdrato-precipitates; and

Constant maintenance of the system such as supgdlyjne and transportation of the waste

generated from the site.
The major advantages identified for the activettneat systems are:
Effective removal of acid and metals;
Frequent process monitoring;
Precise process control;
Can be accommodated at small sites; and
Design is similar to conventional waste water ant
The major disadvantages identified for the actreatiment systems are:
Initial capital costs are high;
Disposal of sludge;
Ongoing labour costs are high; and

Ongoing operational costs are high.
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5.4.3 Passive Treatment Systems

'Passive in-situ remediatiorsignifies an engineering intervention which preasemiminishes and/or
treats polluted waters at source, using only ndyueaailable energy sources (such as topographical
gradient, microbial metabolic energy, photosynthesid chemical energy), and which requires only
infrequent maintenance to operate successfully iseatesign life (Younger, 2001Rassive systems
try to minimise input of energy, materials and mamer, and so reduce operational costs (Bell &
Donnelly, 2006).

According to MEND (1996), passive treatment systdarsAMD use the chemical, biological and
physical removal processes that occur naturallfhm environment to modify the influent water
characteristics and ameliorate and associated amagntal impacts. Passive treatment systems
involve the use of sulphate reducing bacteriaraestone or both to neutralise acidity and predipita
metals. They are sometimes called “wetlands orr#aiotors”. Theynvolve engineering a combination
of low maintenance biochemical systems such asiariorestone drains, aerobic reed beds and
anaerobic wetlands and rock filters for aerobiatirent of ferruginous waters (Bell & Donnelly,
2006). They are designed to funnel the AMD throliglhestone drains and artificial wetlands of

various designs, thereby removing the acidity aethis.

Passive treatment systems are proven treatmenmidiegfies if designed and implemented properly
(Skouseret al., 1998). The selection and design of an approppassive system is based on water

chemistry, flow rate and local topography and sitaracteristics (Wildmaet al, 1989).
Passive treatment systems include:
a) Constructed Wetlands

Constructed wetlands are man-made ecosystems iimét their natural counterparts. They utilise soil
and water-borne microbes associated with wetlaatplto remove dissolved metals from mine
drainage (Skouseet al., 1998). Often they consist of shallow excavatiahed with a flooded gravel,

soil, and organic matter to support wetland plé8kouseret al.,1998).

Treatment depends on dynamic biogeochemical inierecas contaminated water travels through the
constructed wetland (Wildmaat al 1989). Wetlands are generally effective in remgvron and they
are best utilised in the treatment of small flows dew gallons per minute (Acid mine treatmentd an
costs, 2006).

According to Wildmaret al, (1989), low cost immobilisation of pollutants fong time periods is the

goal of using wetlands for AMD treatment and th@ogal mechanisms include:
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Filtering suspended and colloidal material fromevat
Uptake of contaminants into roots and leaves @f filants;

Adsorption or exchange of contaminants onto soitemas, live plant material, dead plant

material, or algal materials; and
Precipitation of metals in the oxidising and redigczones catalysed by bacterial activity.

AMD contaminated water should not be routed to retwetland for treatment because they may not
have the capacity to treat the water. Instead, #ane should be constructed to meet the needs of
AMD treatment. The way in which a wetland is cousted ultimately affects how water treatment

occurs. Two construction styles currently predort@na
a) Aerobic wetlands:

Aerobic wetlands consisting of wetland vegetatiolanfed in shallow (<30 cm), relatively
impermeable sediments comprised of soil, clay erensipoil (Skouseat al.,1998). They are generally
used to collect water and provide residence tint aaration so metals in the water can precipitate.
Because of their extensive water surface and diow, faerobic wetlands promote metal oxidation and
hydrolysis, thereby causing precipitation and ptgisretention of iron, aluminium and manganese
hydroxides. (Skouseet al.,1998).

The extent of metal removal depends on dissolvedlmencentrations, dissolved oxygen content, pH,
the presence of active microbial biomass and detetime of the water in the wetland (Skoustral.,
1998). The pH is particularly important becausaiftuences both the solubility of metal hydroxide
precipitates and the kinetics of metal oxidatiod agdrolysis (Skousen, 1998).

Aerobic wetlands are used to treat water which &aet alkalinity (Wildmaret al 1989). Wetland
plant species are planted in these systems fohetest and to add some organic matter. Wetland

plants encourage more uniform flow and thus moiecéfe wetland area (Skousenhal, 1998).
b) Compost/Anaerobic wetlands

Anaerobic wetlands consisting of wetland vegetagitamted into deep (>30 cm), permeable sediments
comprised of soil, peat moss, spent mushroom cotngasdust, straw/manure, hay bales, or a variety
of other organic mixtures, which are often underlar mixed with limestone (Skousen, 1998). In

anaerobic wetlands, treatment involves major ictéwas within the substrate. (Skousen, 1998).

Contaminated water passes through organic richtrsubs, which contribute significantly to treatment

(Skousen, 1998). Wetland plants are transplantedtire organic substrate. These systems are used
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when the water has net acidity, so alkalinity mhesgenerated in the wetland and introduced to ¢he n

acid water before dissolved metals will precipitg@&ousen, 1998).

Several treatment mechanisms are enhanced in &m@evetlands compared to aerobic wetlands,
including formation and precipitation of metal shiges, metal exchange andmplexation reactions,
microbially generated alkalinity due to reductieactions, and continuous formation of carbonate

alkalinity due to limestone dissolution under amosonditions (Skouseet al, 1998).

Since anaerobic wetlands produce alkalinity, theg can be extended to poor quality, net acidvwe, lo
pH, high Fe, and high dissolved oxygen (>2 mg/L) BBkousen, 1998).

Wetland systems have naturally occurring bactarighe sediments that is capable of reducing the
sulphate in the acid to hydrogen sulphide which ratt with the metals to form the metal sulphide
minerals which originally caused the AMD (Skous&898). More so, wetlands are engineered to
enhance the efficiency of natural systems and ef rietals contained within the wetland are left

undisturbed, they would be unavailable and nongpioly) to the environment (Skousen, 1998).

The main problems with the wetlands solution aeetiime it may take for a natural system to react to
the, sometimes extreme, changes in water flow haddct that whilst the water flows all year round

the bacteria are most active when the weather imw&kousen, 1998).There is also an engineering
problem where the water is required to contactatieerobic (oxygen-free) parts of the wetland where

the remedial process is most efficient (Skousef8)1.9
c) Anoxic Limestone Drains

Anoxic Limestone Drains (ALD) are buried cells oeriches of limestone into which anoxic water
(water with insufficient or low oxygen) is introded (Skousen, 1998). The limestone dissolves in the
acid water, raises pH, and adds alkalinity. Unaexx& (anaerobic) conditions, the limestone dods no
coat with iron hydroxides because ferrous ions{Fdoes not precipitate as Fe(QHX pH <6.0
(Skousen, 1998).

Allowing flow through an ALD before entrance intoagetland can improve metals removal since the
additional alkalinity added to the AMD from the ALDB favourable for the chemical and biological
processes that precipitate metals in wetlands (&kmul998). Longevity of treatment is a concern for
ALDs, especially in terms of water flow through thmestone. If appreciable dissolved ferric ions
(F€*") and aluminium ions (A are present, clogging of limestone pores wittcipitated Al and Fe
hydroxides can occur (Skousen, 1998). For an aedegi¢sign, no P& dissolved oxygen (DO), or
Al** should be present in the AMD (Skousen, 1998). cBele of the appropriate water and

environmental conditions is critical for long teatkalinity generation in an ALD (Skousen, 1998).
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ALDs simply raise the pH and add alkalinity to awidter (Skousen, 1998). Once the water exits the
drain, sufficient area must be provided for metaidation, hydrolysis and precipitation to occur
(Skousen, 1998).

d) Successive Alkalinity Producing Syste(S8APS)

Successive Alkalinity Producing Systems (SAPS) dombkhe use of an ALD and an organic substrate
into one system (Wildmaet al 1989). In SAPS, acid water is ponded from 1mnoder 0.2m to 0.3

m of organic compost, which is underlain by 0.51ten of limestone (Skousen, 1998). Below the

limestone is a series of drainage pipes that comleywater into an aerobic pond where metals are
precipitated. Water with high metal loads can bespd through additional SAPS to reduce high

acidity (Wildmanet al, 1998).

e) Bioremediation

Bioremediation of water involves the use of micrgamisms to convert contaminants to less harmful
species in order to remediate contaminated siteisroMbrganisms can aid or accelerate metal
oxidation reactions and cause metal hydroxide pretion (Skousen, 1998). Other organisms can
promote metal reduction and aid in the formation g@necipitation of metal sulphides. Reduction

processes can raise pH, generate alkalinity, andve metals from AMD solutions (Skousen, 1998).

Passive systems use natural processes in the remobvacidity, sulphates and metals from

contaminated water. These systems can treat AMatging degrees at lower capital and operating
costs than conventional active treatment plantsthag can be installed at abandoned mines and in
remote locations. Because they take advantage tafatgrocesses to improve contaminated water

conditions, they do not require significant opematand maintenance. (Menesthal, 1998).

The nature of AMD is that it persists for long peis of time, often requiring constant low level
treatment. Passive treatment systems are desigratbiv little or no maintenance and should be self

contained with regards to treatment and waste.

Selection of an appropriate passive system is basadhter chemistry, flow rate, local topography an
site characteristics. In general, aerobic wetlasaistreat net alkaline water; ALDs can treat wafer
low Al, Fe, and DO; and SAPS and anaerobic wetlands can negadcidic water with higher Al,
Fe**, and DO.

The major advantages of the passive treatmentragsdee that they:
Do not require electrical power;

Do not require any mechanical equipment, hazardbamicals , or buildings;
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Do not require daily operation and maintenance;
Are more natural and aesthetic in their appearandemay support plants and wildlife; and
Are less expensive.
The major disadvantages associated with the passiaenent systems include:
May not meet stringent water quality based effludistharge; and

May fail because of poor design or severe weatbaditions such as flooding and winter (no

water).

While there are potential drawbacks to these systgrassive treatment potentially offers several
advantages over active treatment methods. For dreamyhile passive treatment systems usually
require larger areas for construction and do neag meet effluent standards, they may cost less th
alternative methods and they offer long-term tresatim Also passive systems do not produce large

volumes of sludge, the metals being precipitateoxédes or sulphides in the substrate materials.

The choice between active and passive water tredtteehnologies depends very much on the period
in the mines life cycle since both active and passivater treatment technologies are capable of

addressing primary constituent of concern typicafigociated with mine waters. (DWAF 2007)
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6 DATA COLLECTION AND ANALYSIS

According to Bridgett (2001), prior to sampling tsieidy site, data collection needs to be divided in

the following components:
Selection of water quality parameters
Locating sampling stations
Sampling frequency
Data collection methods.

Specific water quality parameters were chosen seritee the water quality of the local surface water
They were chosen as they represent parametersnilgat be influenced by gold TSF's and their
subsequent increase or decrease may be impaceaqu#iity of the water. Water quality parameters
used in this study included:

Dissolved Oxygen

Dissolved oxygen (DO) measures the amount of gasexygen (@) dissolved in an aqueous solution
(Hounslow, 1995). DO in water depend on the physidamical, and biochemical activities in the
water body. Low DO concentrations can have harrefidcts on aquatic life that require oxygen for
survival. AMD leads to low DO levels in water as chuof the oxygen is used up in the
microbiological reactions that catalyse AMD.

Electrical Conductance

The Electrical Conductance (EC) of a solution im@asure of the ability of a solution to conduct a
current. It is a property attributable to the ionssolution. It is also an indirect measure of Traal
Dissolved Solids (TDS) concentration in the watéonslow, 1995). The higher the conductivity, the
higher the number of ions present implying morsaliged solids.

pH

pH is a measure of acidity or basicity of the wap varies between 0 and 14 where lower numbers
indicate more acidity and higher numbers more alkgl pH of most raw water usually falls within
the range (6.5-8.5) (Hounslow, 1995).
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Low pH is an indication of the development of thBIB. The acidic conditions cause mobilisation of
trace metals into the surface water environmentstMmds of life are adapted to live in environngent
that are neutral or slightly acidic in nature (phge between 5.5 - 7.5). When environments become

severely acidic (less that 5), the result is uguallirastic decline in biodiversity (Hounslow, 1995
Temperature

Site conditions and temperature impact the ratehamical reactions High temperatures have the

potential of enhancing chemical processes thatte@dMD generation.
Total Suspended Solids

Total Suspended Solids (TSS) is a measure of gfiended (not dissolved) particles in a solution tha
do not pass a given filter size. Water high in smgjed solids may be aesthetically unsatisfactary fo
purposes such as bathing or drinking. TSS can stk gills of aquatic organisms and settle out
under low energy conditions to clog wetlands arndrahe natural flow characteristics of the water

course.
Metals

The low pH value (acidic conditions) usually cauaasincrease in dissolved metals which are carried
into the surface water and ground water environmi@dbunslow, 1995). Common metal ions include

sodium, iron, potassium, aluminium, calcium and nesgum.
Sulphate

The sulphate ion (S®) is a naturally occurring ion and it results frahe dissolution of mineral
sulphates in soil and rock, particularly gypsunidicen sulphate). Most sulphates are highly soluble
water and therefore they tend to accumulate andressively increase in concentration (Kruger,
2004). Increased levels of sulphate are usuallyfitse indication of acid generation from sulphidic

materials such as mine wastes (Kruger, 2004).

1

The objective of the study was to identify a remaéidn system while considering the worst case
scenario of the polluted water. DWAF had sampled analysed the water quality from different
sampling points around the study site in the @sme of the sampling sites relevant to this study a
shown in the Figure 12 below. The sampling was dbagveen the months of September and
December 2003. This was during the rainy seasoa.daéla was used for the preliminary assessment of
the water quality at the study site.
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DV-Dam
Reference
point

Figure 12: Princess Dump monitoring points sampletty DWAF.

Monitoring point Location

DV-2 Stormwater discharge point, below park (Klijw& tributary).
DV-3 Wetland area

DV-9 Stormwater runoff from TSF before enteringrstwater drain
DV-S1 Water pool on Princess Dump near Hebel Street

DV-S2 Water pool on Princess Dump near Ethel street

DV-S3 Water pool on Princess Dump above seepage sum
DV-Dam Dam adjacent to slimes, north of Hebel Stfesference point)

A summary of results of chemical analyses obtaifiedthe selected sampling points are shown in
Table 3 below. Complete DWAF laboratory resultsattached in Appendix A.
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Table 3: DWAF Water Sampling Results

Constituents(mg/l) DV-2 DV-3 DV- DV- DV- DV-9. | DV-DAM TARGET
S1 S2 S3 (Reference | WATER
point) QUALITY

RANGE
(DWAF)

Date Sept Dec Sept Nov Nov Nov Nov Dec 11

30 11 30 25 25 25 18
2003 2003 | 2003 | 2003 | 2003 | 2003 | 2003 2003

EC(mS/m) 625 803 1384 | 8 127 334 737 18 70

TDS 10388 13590 | 33520 | 64 1034 | 4548 | 20378 | 116 40

Total Alkalinity (As CaCOg) <10 <10 <10 <10 <10 <10 <10 42 >65

Cl 26 16 99 10 <3 <3 700 8 100

F 0.1 0.2 <0.1 0.2 0.2 0.1 <0.1 0.3 1.0

S04 5000 7425 17600 | 25 400 2240 | 9600 | 24 200

Ca 46 72 54 3.6 6.4 12 15 15 32

Mg 169 165 798 0.4 12 35 220 3.4 30

K 7 6 2 2 0.2 0.5 0.5 3.4 20

Na 49 48 208 3 3 3 5 14 100

pH(units) 2.9 3.1 2.2 5.3 2.7 2.4 2.2 7.1 >6 - <9

Cd <0.04 0.07 <0.04 | <0.04 | <0.04 | <0.04 | 0.26 <0.04 5

Cr 0.75 154 1.8 <0.03 | 0.32 1.95 8.6 <0.03 50

Co 7.9 14.6 29 <0.04 | 0.65 3.02 15.7 <0.04 250

Cu 4 6.1 25 <0.03 | 1.05 3.66 17.03 | <0.03 1.0

Fe 1480 1516 3078 0.53 40.74 | 421.9 | 3053 1.12 0.1

Pb 0.42 0.76 0.99 0.29 0.35 0.49 0.6 0.2 80

Mn 15 rxk 7.7 0.13 0.32 3.28 ke <0.06 0.05

Ni 13 18.04 | 44 <0.06 | 1.23 5.17 26.1 0.05 100

Zn 12 19.3 39.5 0.03 1.16 6.25 22.3 0.3 5.0
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Al 368 442 1148 | 0.4 59.4 149 730 il 15

All units in mg/l apart from EC.
The preliminary reliability of the DWAF data abowas done as follows:

1. If carbonate is absent (it is less than 10 fordites apart from the reference point), the pH ghoul
be less than 8. The pH is found to be less thamp8ying acidic conditions (Hounslow, 1995).

2. In acidic waters, sulphate (30 concentration is usually greater than calcium) (@ancentration.
The primary assumption is that $Os generally the result of direct dissolution gpgum or the
neutralisation of acid waters by limestone or daten{Hounslow, 1995). Preliminary observations

show that there is a correlation between®Sénd pH.

3. Conductivity (EC) is a good estimator of TDS.
TDS (mg/l) = A* EC (uS/cm), where A=0.54 — 0.96 faqpx 0.66)
1mS/m = 0.01mS/cm = 10uS/cm

From the above data, the values between TDS andl&@ot agree according to the above
equation. Therefore, the value of EC and TDS hduktmvestigated further.

4. An Anion-Cation balance was performed.

Balance = (C - A)/(( C + A) *100, where C is the sum of cations andA is the sum of

anions.
= (187.662 — 369.217)/ (187.662 + 369.217)*100 632

A deduction which can be drawn from the balances(greater that 5%) is that the water may be very

acidic and the Hions were not included (Hounslow, 1995).

During the study, the author did water sampling arehsurement to establish whether there have been
any significant changes in the water quality sitfee sampling done by DWAF and to establish the
accurate electrical conductance and TDS. The samplkias done in the month of April 2007
(autumn). Samples were collected from the wetlareéh §DV-3) and the water course (DV-2). The
sampling sites were selected after review of thevipusly monitored data which showed the two
sampling points as having the highest levels otamimation. Also since it was after the rainy s@aso

the other sampling points could not be samplede did not contain water.
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Surface water samples were taken on site and awhlfer pH, electrical conductivity (EC) and

temperature using a portable pH/conductivity meter.

Table 4 below lists the physical water parametsulte obtained from analysis carried out on the

surface water at the sampled points.

Table 4: Water Quality Results

Water quality variable units Sampled data (14 April 2007)
DV-2 DV - 3(wetland)
Temperature °c 25°C 25°C
pH Units 2.68 1.88
EC mSm’ 941 1413

TDS calculations:
TDS (mg/l) = 0.66* conductivity (micromhos);
TDS (DV-2) = 0.66* (941*10) = 6210.6mg/l (ppm);
TDS (DV-3) = 0.66*(1413*10) = 9325.8mg/l (ppm);

From the sampled data, the values of the EC wenedfdo agree within a good range to the data from
the DWAF. Therefore, the EC values were taken toepeesentative of the water sample and the TDS

value in the data from DWAF was discarded.

1. It was identified that DWAF did a once of sampliofjthe study site to establish the level of
contamination (between the month of September aedeidber 2003). The duration in which
sampling was done by DWAF is considered a limitates changes that have occurred in the water
quality over time could not be established andtlaeeefore not included in the study. Data for DV
- 3 for example was only available for Septembet aot for December. However, the data was
confirmed to be representative of the site condgiafter the confirmation sampling carried out

during the study.

2. Flow measurements of the water at the site couldbaastablished due to the lack of engineering
structures such as weirs. However, heavy surfagefiris expected at the site during the rainy

season especially from the built up areas arouedsitie. Due to the fact that there is no upstream
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water flowing above the dam, the TSF was takenetdhle main contributor of the surface water

pollutants.

3. DWAF did its sampling during the rainy season. B¢hor did his sampling during autumn. It is
expected that during the rainy season, there wae ghlution effect on the quality of the surface
water by runoff from the built up areas. In auturtins dilution is not expected and only the base

flow quality was measured.

The study focussed on the major variables thaiceetified to be critical in assisting to identiflye
appropriate treatment option. When analysing wateiity from the study site, physical and chemical
parameters were used as indicators of the quafitthe water. These include pH, EC (electrical
conductivity), sulphates, and iron.

pH and electrical conductivity(EC): There existgedationship between the variables EC and pH.
Water with low pH usually has high EC values duehe increase in dissolved metal ions in the
solution (Ji-Eun & Yeongkyoo, 2007). From the ddte low pH values obtained indicates that the
water at the study site is acidic (<3.5). This waés0 verified during sampling where the lowest pH
recorded was at the wetland area with pH value.88.1 This pH will be used in the analysis to
determine the most appropriate treatment systemgusie surface water polluted in the worst case
scenario

Elevated sulphate concentrations above the TWQRevaf 200mg/l were observed in the data. The
wetland area (DV — 3) has the highest concentraticulphates (17600mg/I).

The site data was plotted on a Piper Diagram fertrious ions present. The position of the anslysi
data as plotted on a piper diagram assist in makitentative conclusion as to the origin of theawat
represented by the analysis. Piper diagrams apendination of anion and cation triangles that heao
common baseline.
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Fiper Diagram

Figure 13:Piper Diagram

Red = Artificial Wetland
Green = Water way
Yellow =DV -9

The result showed that the water is high in both*GaMg?* and Cl + S@ ions, which results in
permanent hardness. Permanent hardness (noncatipisathe calcium and magnesium that exists as
sulphates or chlorides and cannot be removed Hingo{Hounslow, 1995). The data plots at the top
of the diamond indicating that the water origindtesn a rock high in gypsum (CaS04.2H20) which

is usually found in sedimentary geological envir@mts.

Since the S@ ions are as a result of pyrite oxidation, it wassidered to be a good indicator of the

influence of the mine deposits on the surface water
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It is noted that from an investigation on the sitel the sampling data available, AMD is activehia t

area. The surface water at the study site show Alk@yacteristics such as:
Low pH,;
Presence of high concentrations of dissolved medals
Presence of high concentrations of,$@ns.

This can be attributed to the presence of the TSwell as the erosion taking place. From the data
above, high concentrations of pollutants are olesemvhich are above the TWQR as stipulated by
DWAF.
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7 APPLICATION OF SURFACE WATER TREATMENT
OPTIONS

This section identifies and describes the treatrtesttnology (ies) that when applied at the stuthy si
will enable the effective treatment of the AMD ingped water in the long term. The identified
technology (ies) should be appropriate to the emarental, cultural and economic situation of the si
by requiring fewer resources for its implementatidimat is, the technology should not impact negéative

on the environmental or cultural aspects of the aitd at the same time it should be economicadilei

Evangelou (1995) notes that the development ohg term strategy for the treatment of mine water

requires:

The determination of appropriate water quality obyes for which the treatment options will
be evaluated;

An assessment of potential economic benefits wimight be achieved from progressive
improvement in surface water quality; and

Technical and financial reviews of a range of pb&itreatment options.

From the literature review, active as well as passireatment technologies were described.
Remediation of AMD using active treatment technasgs effective in removing contamination but
can be expensive and require time, manpower anstaanmaintenance to keep the system operative.

It was identified that active systems would not §avorably with the study site conditions due to:
Electricity/power requirements;
Generation of sludge which need to be efficientbpdsed,;
Establishment and maintenance costs;
There is not sufficient water flow to allow for ae treatment options; and

Active systems can be subject to vandalism and.thef

Passive treatment systems on the other hand offewaost, low-maintenance solution to AMD
problems. While they do not always provide effluhratt meets water quality regulations, they improve
the water quality, and with proper design they etiectively treat AMD from the abandoned mine site
(Skousen, 1998). Passive systems can be relialplgeimented as a single permanent solution for many
types of AMD and at a much lower cost than actreatment (Skousen, 1998). Passive treatment

systems are therefore more appropriate for thiadduzed site because they require:
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Little or no maintenance therefore the major caststhe capital costs;
They can efficiently treat small flows of water;
The systems can be incorporated into the natundktzape and provide aesthetic appeal,

The construction of the passive systems will hapesitive impact on the local community by

creating of temporary employment since much ofwloek can be done using local labour as
opposed to active systems which largely use chdsniparchased and/or treatment plants
assembled elsewhere;

By implementing a passive treatment system at ftee the improved water quality and

biodiversity can have a positive impact on the eational activity of the nearby manmade

wetland; and
Passive systems are not exposed to vandalism afid th

Identification of the appropriate technology foe ttieatment of the contaminated surface water en th

study site is based on analysing the site speagffjgortunities and constraints and ensuring that the
overall goal of ecological restoration is achievéidis paramount that the selected technology will

provide restoration levels consistent with the @cts objectives using the minimum intensity

treatment required to attain the godls.effectively analyse the passive systems thevioilg issues were

considered:
Data on the water quality and the TWQR;
Requirements of the different systems and theiliegion at the study site;
The treatment rate-limiting steps and causes hfr&gi
Cost implications and material requirements; and

An evaluation of the long-term suitability of thgstems and the potential for metal precipitates to

remobilise.

The surface water at the Princess Dump site isachenised by high levels of sulphates, low pH, high
levels of TDS/Conductivity, and high levels of dib&d metals such as iron, aluminium and calcium.
The objective is to achieve near neutral pH of leetw6 — 9, lower the total iron concentration ia th
water to less than 1mg/l, sulphate to less tharm2@0and the total suspended solids to less than
50mg/I.

44



The following factors were considered during théectton of the appropriate passive treatment

system:
The chemistry and the flow of the AMD drainage temge;
Aerobic wetlands are best suited for net alkalimten

If the water is net acidic but has low dissolvedgen, ferric iron, and aluminium, an anoxic

limestone drain may be selected,;

Higher concentrations of dissolved oxygen, fermenj and aluminium are most suited for

anaerobic wetlands, SAPS, or limestone channels.

Anaerobic systems or SAPS with limestone drainglaeefore required to remove sulphates under the
acidic conditions. When mine water flows throughaamaerobic environment that contains an organic
substrate, bacterial sulphate reduction occursléGeti al., 1998). Bacterial sulphate reduction directly

affects concentrations of dissolved metals by pitating them as metal sulphides. Anaerobic systems
can therefore simultaneously remove heavy metalsalphates (DWAF, 2007). Since the water is net
acidic, aerobic systems cannot be used as thejireegquater to have net alkalinity. It was also

identified that SAPS require under drain pipes Wwhiave the potential of clogging and also they may
not have substantial adaptive capability duringnyaseasons to cater for potential floods. Therefore
anaerobic wetlands were identified to be approprfat the treatment of the contaminated surface

water at the study site.
Applicability

Wetlands are engineered to enhance the efficieiayatural systems and if the metals contained
within the wetland are left undisturbed, they wouté unavailable and non-polluting to the
environment (Wildmaret al, 1989). The system is cheap to implement, redatovothers, as it does
not require huge capital investments and specihb&dls. There is an existing manmade wetland on
site which can be improved to become an anaerobitand. This will increase the aesthetic appeal of

the wetland as well as provide a treatment optian is low cost and easy to maintain.
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Figure 14: Showing the wetland during the summer (@nuary 2007) (left), and autumn (April
2007) months (right).

During the designing of the treatment systems,stage of the site and its topography, manmade and
natural drainage, site hazards and signs of contion, presence or absence of vegetation, its type
and condition, and site access and adjacent lagsl nsed to be considered. Also the site hydrograph
and seasonal variations need to be investigatatigiuto ensure that the system is implemented

successfully.
Cost and benefits

When properly designed and constructed, a passagnient system can be operated with a minimum
amount of attention and money and can be able tet the water quality objectives (Hede al.,
1994).The cost of a passive treatment system dspemharily on the amount of land needed for the
system. Because passive systems rely on procdssearé slower than conventional treatment, they
require longer retention times and larger areaactueve similar results (Hediet al., 1994). Cost
factors associated with the anaerobic treatmenesysiclude but not limited to:

o] Land cost

0 Capital cost

o] Operational costs and Maintenance costs

o] Legal costs.

Much of the property at the study site is ownedh®y Johannesburg municipality. Therefore the land
cost may not apply. The treatment facility may leealoped as a recreational park for the residents i

the area.
Legal Requirements.

Since this site is an orphan site, the responsibié rehabilitate the site lies with Department of

Minerals and Energy (DME). The DME is the custodadrall primary pollution sources that result
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from mining activities where the owners cannot selklished. However, other interested and affected
parties need to be consulted to create ownershdpsapport for the project. The ability of passive
treatment systems to consistently meet effluemidsteds is a function of the quality of the influamid

the effectiveness of the system. By designing diciefit system, the Target Water Quality Range
(TWQR) may be attained before the water is disathigto the environment.

Efficiency:
The efficiency of a treatment process can be censilin terms of:

The chemistry of the product water, whether it reggia further polishing stage or is suitable
for reuse or discharge into the receiving watersest

The nature of the sludge, its toxicity/hazard pbédnits volume, long term stability and
disposal requirements. (DWAF 2007)

The main problems with the wetlands treatment systeelates to:

The extended detention time required for the sydtemneat the water. Also increase in water
flow during rainy seasons may interfere with theatment systems. There is enough space

within the man-made wetland to allow for extendei@mntion time as may be required.

Whilst the water flows all year round the bactear@ most active when the weather is warm
(Skousen, 1998).

There is also an engineering problem where the miateequired to contact the anaerobic
(oxygen-free) parts of the wetland where the realgaliocess is most efficient (Skousetal,
1998).

Variation of the flow and quality of the inflow carause the process performance efficiency to reduce
or even fail if not managed properly. Appropriatarmagement measures such as the separation of
contaminated water from other surface runoff thodgrersion and trenches must be implemented.
Also to regulate the flow entering the system, égadon ponds can be established to accommodate
varying flow while ensuring a near constant outflisam the ponds to the anaerobic wetland treatment
plant.

Appropriate design of the passive water treatmgstesns can ensure that the risk is minimised and
compliance of the order of 95% could reasonablglgdfe assured (DWAF 2007).
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Treatment plant sustainability

Long term successful treatment by a staged anaevestiiand has been reported for net acidic water
(Skousen, 1998). Passive systems attain optimumiesfty when the biological systems reach
maturity, which may take several years (Ge#ieral. 1998) This implies that with proper design and

efficient maintenance, anaerobic wetlands can susiby treat the surface water at the site.

1

In South Africa innovative response than those tiaat been applied in the past need to be developed
to reduce the impacts of mining on water and thérenment. Passive treatment can be considered
proven technology for the removal of sulphatesdiaciand most heavy metals and sufficient
understanding and experience is available to cenflg design appropriate treatment systelRessive
treatment is the most economical way to deal wikhDAremediation in abandoned mine sites around
the country. It will not guarantee complete remaviatontaminants but can significantly improve the

watersheds.

The objective of the study was to identify a suefaater treatment option that is sustainable, iefiic
and cost effective while considering the site dpedonditions of the Princess Dump. Conclusions

reached from the foregoing literature researchy @alysis and results are as follows:

Many factors influence the degree and rate of serfaater pollution from the TSF. Results from
previous studies undertaken on the site were readeand compared to the results obtained during the
course of this study. Water quality monitoring lesshow agreement with previously monitored data
sampled by DWAF (2003). Relatively high levels dfiB contamination were observed to occur at

the site which has resulted in a steady declirsiiface water quality.

Passive surface water treatment techniques affaustainable, relatively low maintenance means of
treating contaminated water especially on abandosisgs. It was found that anaerobic wetland

technology would be appropriate for the treatmémomtaminated water on at the abandoned site. The
treatment system provides useful opportunitiesnobiporating environmental remediation strategies

with planning, recreation and landscaping in treaar

It was noted that for this particular site, the awvered slopes provide a serious pollution threanfr
the eroded tailings that are constantly being prarted to the water ways. Efforts need to be put in

place to rehabilitate the TSF itself to control soeirce of the pollution.

Further studies recommended include:
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The movement of water through and out of the TSFle dynamics need to be understood in the
context of abandoned TSF’s. Also the direction aate of movement of ground water affected by

seepage from the TSF. This will aid in establistéegpage flow and optimising seepage collection for
treatment.

Water quality management and any environmental déatien needs to be considered, for both surface
and ground water, within a local and regional centd the study site to ensure that the resource is

remediated around the area as well as in the greatichments’ area.

Because every site is heterogeneous and offersi@migallenges, system designs need to be modified
based on site characteristics, constraints, flodv@mntaminant concentrations (McCautgyal). Even

if AMD problem may not completely disappear, redhggiit impacts will go a long way toward
conserving the environment.
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PRINCESS MINE DUMP

Report on the water quality survey around the Princess
Mine Dump and its negative effects on the water
resources (both surface water and ground water)

The abandoned Princess mine dump is one the few mine dumps of a previously active
gald mine in the Witwatersrand Mining Basin at the Roodepoort area.  The mine dump
remains as a pollution source by producing Acid Mine Drainage (AMD) into the Klip
River. 1t is therefore more economical if the pollution be controlled at its source which
is the mine dump.

* Locality

The area is situated at the upper Klip River caichment area, at around the the Longitude
2753 00 E and Latitude 26 02 30 8. It is located at the Roodepoort West area and about
10 kilometers south-east of town Krugersdorp. The Durban Roodepoort Deep Gold
Mine is situated at approximately 3 kilometers south-east of the Princess mine dump.

e Site inspection and water sampling

The above site was inspected during the September and December months of 2003 and a
number of water samples were collected. The chemical results from various sampling
puints indicate that water quality varies from one point to another point.  The changes
in chemical constituents is controlled by the remaining residue of the mine dump of the
past gold mining activity in the area.

* General Geology

The general surface geology is dominated by quarizite and conglomerates (Rjo, of the
Central Rand Group, a subdivizsion of Witwalersrand Supergroup. The strata strikes east
to west dipping between 30 and 45 degrees to the south (WES-RAND, Geological Series
1:250 000, 1986). The thickness of strata could reach up to 1500 m,

The mine dump residue covers the surface geology. 1t is expected that first few meters
of the geological sequence (+/- 10m) are highly weathered. No information could be
found in the DWAF’s Archives regarding the old mining activity.
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® Result of water sampling

The water samples were analysed for major cations and anions and selected trace metals.
The results of the chemical analyses are given in Table |.  The main important points of
these analyses are as follows:

s Sulphate (S04) concentartion

Elevated sulphate concentration (refer to sulphate Map) was observed at the following
points:

V-2 (7 425 mg/) and DV-10 (6 650 mg/1) at discharge point, below the park, where.the
walter originates from storm whenever it rain.

DV-9 (9 600 mg/1) at a point when rain carrird mine dump particles.

DV-54 (12 650 mg/1) at point where seepage water originates from mine dump.
DV-3 (17 600 mg/1) at the Wet Land Area which has a the highest concentration of
sulphate in the area.

DV-1 (2 900 mg/l) at the underground point {about 2 meters below ground level) which
indicates that groundwater {perched aguifer) below the industrial park is polluted.

DV-53 (2 240 mg/1) which is pool of water contains elevated sulphate,

DV-7 (249 mg/1} at the Brickyard shows clevated sulphate concentration after rain. This
is due to the chemical constituent of the ash and cement used for manufacturing the
bricks.

In gencral, surface water contains more sulphate than the shallow groundwater in the
investigated area.  The sulphate is controlled by cxidation process of pyrite and other
sulfide minerals in the mine dump particles which is transported into the surface water
environment during raining period. This was noticzd from sampling at point DV-9,
The oxidation process of pyrite plays a key role in acid mine drainage (AMD) and
contributes o high sulphate and iron concentration in both surface and groundwater. In
this case the effect is more on the surface water than the groundwater,

* Hydrogen lon Concentration (pH)

The pH map indicates a very acidic water (< 3.5) al points DV-2, DV-3, DV-9,
DV-10, DV-53 and DV-54,  The lowest pH value was recorded at the Wet Land Area



CTSFTUCHT, e o6 s s sry

Mot to scale
COMPLED Y. HEGI MR /

harmos A

TEL: 052200 st

SCHODL!
i

AREA '!'

FEARICK

SLIMES

RAINY DAY (18/17/2003)

Legpend:

ov-5
® vsz Sampling Points

| SCHEMATIC DIAGRAM OF SAMPLING POINTS (DAVIDSONVILLE)

(l‘bm\m WATER
SLIMES )
¢ ) DUMPING SITE

i

=

HEBAL STREET

(sampted durinn

:

E— T

[ BTORMNATER

SLIMES

10

SECLIRITY BODR
MANUFACTURING

URIT | uNIT UNIT | unim |CHEMI
7 8 ]

AL

@%ﬁgﬁ»\

="

BRICK YARD
OFFICE

PEBELE MAKING
FRETORY

BRICK YARD

mfﬂ.s'l"ug'r

SLIMES

VAN WYKWES STREET




§

[ER

Constituents | DV DV V-2 ov-2 ] V-4 DV-5 DV-6 OV-7  [DV-E DV-10  [OV-§1  [Dv-52  |Dv-83 OV-54 DOV-Dam _|Constituents
i {mg

_I‘E_&ms.rmi 411 381 B25 803 1 384 24 20 61 256G 27 737 G50 8 127 334 1 121 18|EC (mS/m)

0 T 107388 T3 500 3] T 178 BT 250 TI0] DU TR TUOTE [i5] T3 F 540 PR 118 s

TAL (As CaCO 3 170 <10 <10 <10 41 38 <10 i 25 <10 <10 <10 <1 =10 =10| 42FAL {as CaCO3)

] 34 E 26 16 og 17 B 13 23 4 T 425 10 <3 =3 7 Elgl |

F 0.1 0.1 0.1 0.2 =01 0.2 0.4 0.3 0.4 02 <0.1 <(.1 0.2 0.2 0.1 0.1 0.3(F |

504 2800 2 600 5 000 7 425 17 600 104 ] 276 241 163 8800 f 650 25 400 2 240 12 G50 224|804 ¥

Ca 422 a76 LL T2 54 23 20 42 531 22 15 [ 4.5 6.4 12 61 15|Ca

Mg 470 348 168 168 788 3 2 19 Bl 4 220 163 0.4 12 35 161 34ﬁlﬁ

K 14 18 7 5] 2 & [ A 24 5 0.5 B 2 [ 0.5 0.2 41K

Na 1 108 44 48 208 20 18| Kl At 27 5 ar 3 3 3 [i] 14|Na

(NHd=N 14 14 1 0.2 Fal 06 0.8 1.3 ] 0.5 4 2 <01 04 1 1.8 0.3[NH4=N

THN 14 10 10 7.0 14 2.5 248 5 K] 3 i g <] < 35 T4 =1|TKN

NO3=N <01 0.3 <0.1 <01 (.1 1 2 3 Kl 3 i 1 <(1.1 0.4 [iE] =0.1 0.4 [NO3=N

NO2=N <01 01 <0.1 <01 <01 =01 (K] 0.3 ¥ 0.2 0.1 0.1 <01 <01 =( 1 =01 0,1|NO2=N

Oriho P <01 <0.f 0.1 1.5 44 0.2 4 <01 i 05 14 K] 0.2 [ 1.0 [ =0),1|Ortho P

Total P <0.1 < ) 2.2 a7 1.5 ] 5| =] <1 1 ] 2 =1 <1 7.0 8.5 =1|Tolal P

pH {Units) 6.2 FE] 2.8 it 2.2 6.4 6.6 4.2 B0 8.2 2.2 3 53 2.7 4 24 7.1]pH {Units)

Cd <0, 04 (), 4 <004 0.07 <0.04 =004 =0.04 =0.04 =0,04 =0.04 .26 016 <00, 04 <[).04 o, 04 018 <0.04|Cd

Cr <,03] <003 0.75) 1.54 1.8 <0,03 0.05 0.03 0,03 <{.03) B5 0.8] =003 03z 145 454 <0.03|Cr

Co .23 314 7.9) 148 29 0.08] 0.05 1 013 0,76 16.7 7T (.04 (.65 202 17.51 <(.04|Co

Cu 0.04 0.03 4 8.1 2.5 0.08 054 0,66 0.06 0,28 17.03 4.02 <[1.03 1.05 3055 12.47] <0.03]Cu

Fe T 105 1 450 1516 3078 B.5 3B B5 0.7 0.1 3 D53 1633 0.53 40 74 4218 2714 1.12|Fe

Pb 018 042 0.76 0.99) .08 <08 {05 0.11 0.08 0.6 0,36 0.29 0.35] 049 1,05 0.2]Pb

M“ 1BE 1&5 '5 L] T?T LT ik rey COE hhaw Ak I 013 032 Eza 92? ‘q GB an

NI .13 0.85 13 18.04 44 0.08 0.12 .89 0.1E 0.11 26.1 13.9) =008 1.23 547 31.83 0.06]Ni

Zn 1.01 0.52 12 163 34.5) 1.8 1.0 22 0.1 1.2 22.3) 11.3] 0.03) 1.18] B6.25 386 0.3]Zn

Al 0.1 <01 368 442 1148 04 0.7 B FX| i 7a0) 352 [iX] L] 14 1009 G ]

5i 5.4 el 51 116 27 4.3 37 51 35 24 A4 s o B 1]

\"l <1 ECEEd =1 orn ,:1 EITT ErT aad o e ETL wene -:.1 ":1 i <1 T V
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|B =1 - <1 ki =<1 <1 <1 <1 [ <1 <1 <1 <1 <1 <1 <1 b [

"n 4“3 LLLLL qua L] cnls LT LLTES bk Ak Rl aEEE T cﬂ.a ‘0.3 qﬁz {na LETTY “u

Sr 1.2] 0.8 i =01 <01 <(.1 =), 1 16 =<0,1 <01 0.5 <1 <1 <1 0.9 e 1

F7s i = = =1 = P 73 = = = g i3 “ilhs

OllfiGrea. B5| =10 =10 <10 =10 =10 <10 =1{) <10 14 =10 =10 - =10 0il&Graa.

Phenols 0.08) 0.1 =0,05 =005 =0.05 10,05 «(},05 i lriand 0.28) =0,05 El _— . b hiczd <. 05{Phenols

su"amm ‘-10 ELTIL) .;19 L ':1“ LLTIT] rEiw CL Anda LLLL] ik CEET A BaaE e T FITI] ﬁurfil:hnlﬂ

Samling ID DOV ov-1 Dv-2 ov-2 DV-3 DV-4 V-6 DV-6 DV-T ov-8 DV-8 Ov-40  |DV-81 D¥-52 DV-53 DY-54 DV-Dam  |Samling ID

Date 30 Sept03 [13 Nov.03 |30 Sept.03 |11 Dec.03 |30 Sept.03 |30 Sept.03 |18 Nov. 03 [18 Nov. 03 |18 Nov. 0318 Nov. 0918 Nov. 0318-Nov-0325 Nov.03 |25 Nov.03 |25 Nov.02 |25 Nov.03 |11 Doc. 03 |Date

Table 1: Results of chemical analyses for selected sampling points
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