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Executive summary

1. Introduction and historical background

The eastern catchment of the Mooi River, also knaw/the Wonderfonteinspruit, has been identified
in a number of studies as the site of significalioactive and other pollution, generally attriloLite
the mining and processing of uraniferous gold ardke area.

With the establishment of West Rand Consolidated 1837 gold mining reached the
Wonderfonteinspruit catchment only one year after discovery of gold on the Witwatersrand. By
1895 five more gold mines had started operationgé (non-dolomitic) headwater region of the
Wonderfonteinspruit as the westernmost part oest Rand goldfield. Except for one, today all of
these early mines are closed and/or abandoned .

Attempts at gold mining further downstream the Wenfohteinspruit valley, and to access known
gold reefs below water-bearing dolomite, failed daese of flooding. With appropriate technology

becoming available some 40 years later, a secoasepdf gold mining started in the study area with
three more gold mines being established during @880s (Venterspost, Libanon and

Blyvooruitzicht). A third phase of mining commencedme 20 years later during the 1950s/early
1960s when the newly developed magnetic prospetdithido seven more gold mines coming into
operation in and around the study area. BetweerB 1&& 1991 a further eight mines were
established.

Mining in the study area is spatially concentratédwo major goldfields, namely the West Rand
covering a large portion of the non-dolomitic heatkv region of the Wonderfonteinspruit
catchment, with many dysfunctional and abandonedngisites, and the Far West Rand in the upper
part of the lower Wonderfonteinspruit, consistifighe ‘West Wits Line’ (mines around the town of
Westonaria) and the ‘Carletonville mining area’ méee city of Merafong. Displaying an average
gold concentration in mined reefs of 31 g/t over history until 1998, the Far West Rand is the
richest of all seven active goldfields of the Witerarand basin. Important reefs mined in the Far
West Rand include (with decreasing depth) the Qarheader and Middelviei Reef of the
Johannesburg Subgroup, the Elsburg and Compositf Bfe the Turffontein Subgroup, the
Ventersdorp Contact Reef and the Black Reef.

With many of the mined reefs containing not onlydgdout also elevated concentrations of uranium
(up to 5,8%), the Far West Rand was the first geldfin South Africa in which large-scale uranium
production was established. This started in théy el850s, initiated by the United States’ nuclear
weapons programme. At one stage 9 out of 22 agtle mines fed uraniferous ore as a by-product
of gold production into seven uranium recovery fdan the region. Between 1952 and 1988 more
than 11 000 tons of J@s were produced, exclusively from the Carbon Led&iesf, with an average
uranium grade of 145 g/t. Owing to decreasing wakdthand for uranium in the early 1980s, its
production at many gold mines ceased. Currently onke mine in the region still produces uranium
for NUFCOR, the world’s largest continuous produgkuranium oxide, which is also located in the
study area.



Airborne radiometric surveys over the catchmentehiaentified the contamination of wetland areas
within the Wonderfonteinspruit and other catchmentthe Witwatersrand with radionuclides. The
following image from the Wonderfonteinspruit catamhis typical of those recorded from wetlands
in the vicinity of gold-mining activities.

Total count radiometric image of a portion of theMlerfonteinspruit catchment, over a Landsat
image background. Red areas indicate elevatedaetilidy levels. Note the elevated radioactivity in
the wetlands downstream of mining areas. The poesehuranium series radionuclides implies that
other metals associated with the mining waste istr@@ probably also present.

These images have been used in a number of stiadigsntify areas of sediment contaminated with
radioactive elements emanating from mining areas.

The Wonderfonteinspruit has been the subject adrgel number of studies.. One major study on
dissolved radioactivity was undertaken by the Depant of Water Affairs and Forestry, and studies
of radioactivity in fluvial sediments were undemtakby the CSIR and Council for Geoscience, on
behalf of the Water Research Commission and theaieent of Water Affairs and Forestry. The

results of these studies were as follows:



Study Broad conclusions

IWQS (1999)— Radioactivity in| Mining activities are a major contributor to uramiwand
water uranium series radionuclides within the catchment.
Concentrations decrease downstream of the sources,
indicating removal from the dissolved fraction by

interaction with sediments.

Wade et al. (2002) (WRC) HRadionuclides are concentrated in sediments dogasty
Radioactivity in sediments of their sources. Sequential extractions showetthese
radionuclides are distributed in multiple phaseshimi
the sediments and that they may be remobilised by
environmentally plausible chemical processes.

Coetzee et al. (2002) (Council foiThis study confirmed the findings of Wade et ald an
Geoscience) — Uranium and used further sequential extractions to charactettse
heavy metals in sediments in| @aediments in a dam downstream of mining activiires
dam on the farm Blaauwbank | the Carletonville area.

The two latter studies recommended that remeditdbrasvas required as the current situation is
unsatisfactory in the medium to long term, parteiyl if the fluvial sediments are allowed to dryt,ou
thereby potentially becoming oxidised.

Following the draining of the dam on the farm Bhla@ank in 2003, the Potchefstroom City Council
instituted legal proceedings against a number dfgsaincluding one of the mines in the area.

2. Impacts of mining on water resources in the study area

Impacts of gold mining on local water resources bansubdivided in two major groups: those
affecting the availability of water in the area éntitative aspect) and those which have an impact o
the quality of the available water (pollution agpec

A major factor relating to the former is the dewatig of dolomitic groundwater compartments
overlying auriferous reefs by gold mines. Havingrtsd in isolated incidences as early as the mid-
1940s, large-scale dewatering only commenced aftesfficial permit was granted to the mines in
1960. Since then a total of four groundwater cotmpants, namely Venterspost, Oberholzer, Bank
and Western Gemsbokfontein, has been dewatered.hBlsi lowered the original groundwater table
by more than 300 m in some places. Many of thehmdes in farming areas and dolomitic springs in
the Wonderfonteinspruit were dried up by this pescand remain dry to this date.

In order to prevent recirculation, the water pumfredn underground mine workings is discharged
via canals and pipelines outside the boundarigseoflewatered compartments. While large volumes
of the pumped water are discharged back into thad&idonteinspruit near Carletonville via canals
and pipelines, some of the intercepted groundwateansported across the watershed into adjacent
catchments.

In order to prevent excessive groundwater rechaigehe large number of sinkholes which had
formed in the streambed of the Wonderfonteinspasia result of the lowered groundwater table, in
1977 stream flow was diverted into a nearly 30-kmg pipeline crossing the dewatered
compartments. As a result of the dewatering, wateilability in some (upstream) regions of the



catchment was severely reduced while other (dowasty parts received much more than they had
under natural conditions.

Dewatering has dramatically changed the land-useipa in the area, both because of the lack of
water available for agriculture and owing to thenfation of sinkholes. The inevitable cessation of
mining and pumping in the area may, therefore, &lawve drastic socio-economic implications.
Geohydrological and hydrological implications ofetlassociated rewatering of the dewatered
dolomitic compartments to date are still uncertaia large extent.

Regarding mining-related impact on water qualityistinction between controlled discharge of

(waste) water via canals and pipelines, and unctedr release of polluted water from diffuse

sources such as depositions of mining residues, ietmade. Depending on the origin of the

discharged water (e.g. fissure water, process wette), consequences for the receiving water Isodie
vary significantly, comprising increasing sedimémads, as well as contamination with dissolved
pollutants such as sulphates and heavy metalsu@iimg uranium). Based on data from previous
studies regarding the average volume of processrwigcharged by gold mines and the discharge-
weighted uranium concentration therein, it wasnestéd in 1991 that a total load of 12 tons of
uranium enters nearby watercourses annually froimt pischarges.

While quality of effluents released via point diaofes can be controlled to a certain extent, g.g. b
diverting effluents into settlings ponds to redulce sediment load and heavy-metal concentration,
the same is not true for effluents released froffusk sources such as tailings deposits (slimes
dams). Owing to their large spatial extent, hydmpkculiarities and their contained reservoirs of
contaminants, such as uranium, the slimes dam®faparticular concern as potential sources of
water pollution. In the West Rand and Far West Rgoldfields, more than 100 000 tons of uranium
are estimated to be present in those tailings disp&s<posing the (processed) ore from underground
to the much more chemically aggressive environmém@in atmosphere with free oxygen and water
often leads to an accelerated release of leactedy/hmetals from the tailings particles, for example
by acid mine drainage. Owing to their above-aveageentration of uranium, which will have risen
since the 1980s at all mines which abandoned umamitoduction, tailings in the Far West Rand
constitute a major potential source of uraniumuygah of water. Based on conservative estimates of
the total surface area covered by tailings dankerstudy area, the volumes of received rainfall an
the rate at which uranium is leached from the rtgdi particles, a total of 24 tons of dissolved
uranium was calculated to be released into theremvient from unlined tailings deposits alone.
Draining directly into underlying aquifers or deewtd dolomite, seepage from such tailings is a
major cause of water contamination in the areavamng difficult (and costly) to control.

Other sources of diffuse release of possibly petlutvater include run-off from contaminated
surfaces such as slimes dams, rock dumps, higlegresl piles, metallurgical plants, etc., seepage
from unlined return-water dams and evaporationlifeas containing highly contaminated process
water, leakages from broken canals, pipelines, es.well as spillages from recovery plants.
Stormwater drainage systems, into which windblowstdrom adjacent slimes dams is flushed by
run-off from sealed surfaces are also likely tostitute a major source of potential water pollution
Based on (conservative) assumptions regardingffeeted surface area and average deposition rates
of dust from adjacent slimes dams, it was estim#iatiapprox. 10 tons of (particle-bound) uranium
per year are flushed by stormwater into receivingtencourses. With many of the over 1 000



sinkholes that occurred in the catchment area gileseatering commenced having been filled for
stability reasons with uraniferous slimes mateiitails to be expected that sinkholes filled in sach
way also constitute potential sources of uraniutfugion.

3. Inventory of transport mechanisms and pathways associated with
uranium sources in the study area

With major potential sources of uranium pollutioonmpiled, further emphasis was placed on
identifying associated mechanisms and pathwaysaoisporting uranium from the sources to and
within the receiving water bodies of the area.

Besides ‘on-site’ uranium sources located on mimiraperties (lease areas), with examples thereof
mentioned above, also mining-related uranium seuotgside mine lease areas (‘off-site sources’),
mining-related secondary uranium accumulationdhédnvironment, as well as non-mining-related

sources of uranium were identified.

Examples of “off-site sources” include tailings dséor filling sinkholes in the dewatered
compartments, tailings used as building materialnipain townships, windblown tailings dust
deposited outside the lease area, scrap metal tnoderground operations (illegally) used for
construction purposes in townships, etc. Downstreamining operations fluvial sediments found in
dams, wetlands and the streambed of the Wondenfeptit itself frequently contain significantly
elevated uranium concentrations, sometimes everegling those in tailings deposits and other
primary sources of uranium pollution. These sedimiane termed secondary uranium accumulations.
Despite generally acting as sinks for dissolvediura transported in stream water, such sediments
may, under certain environmental conditions, redeasanium back into the water column and
thereby turn from sinks into (secondary) sourcesrahium.

Major processes of uranium pollution for which megisms of uranium transport were analysed
include the liberation of uranium from potential-site mining sources such as mined reefs, milled
ore and tailings; the transport of dissolved uranfoom such sources into receiving water bodies of
the environment; and the transport of uranium witie fluvial system of the Wonderfonteinspruit,
including its immobilisation and possible remolilisn as and from solid phases respectively.

4. Identification of contaminants and contaminated sites

Reconnaissance sampling was undertaken to iderdififaminated sites, as well as to identify the
contaminants of concern for the project. Both watemples and sediments were analysed. Initial
analyses were performed using semiquantitative M3-scans, providing data for a wide range of
elements, while later analyses used quantitativE®¢Rethods. These results were analysed using a
Tier-1 risk-assessment procedure based on the mhetbscribed by the United States Environmental
Protection Agency. As no sampling site exists ia datchment, which is upstream of all mining
activities, Klerkskraal Dam in the Mooi River cateént was selected as a background sampling site
for uncontaminated sediments.

! Inductively Coupled Plasma Mass Spectrometry
2 X-Ray Fluorescence



The analytical results were compared with a cortipilaof regulatory limits, exclusion limits and
guidelines for contaminant levels in sediments,wedl as the global mean values for similar
sediments in the geological record. The mean vdrethe Wonderfonteinspruit samples were found
to significantly exceed not only natural backgrowahcentrations, but also levels of regulatory
concern for cobalt, zinc, arsenic, cadmium and iuranwith uranium and cadmium exhibiting the
highest risk coefficients. The uranium risk coaéfits are based on toxicological information
pertaining to the chemical toxicity of uranium. @wyito the rather isolated occurrence of Cd peaks in
samples and a wide range of possible (non-minitega®) sources falling outside the scope of this
report, the study focused mainly on uranium.

The spatial distribution of uranium in sedimentsted Wonderfonteinspruit can be broadly grouped
into two zones, the Upper and Lower WonderfontauispThe boundary between these zones would
lie at the dam wall of Donaldson Dam, where therrilow is transferred to a pipeline.

Sediments in the Upper Wonderfonteinspruit areattarised by:

a. Non-dolomitic headwater regionrs slime- and evaporate filled dams with very highniam
concentration (>1 000 mg/kg in places).

b. Wetlands downstream of Kagise- Fine-grained organic-sludge uranium- tailings
concentrations without transported tailings. Uramiconcentrations in this area may exceed
100 mg/kg.

C. Donaldson Dam— Coarser stream sediments with uranium conceotrati-50—-60 mg/kg.
Approximately equal to flood deposits sampled atterFebruary 2000 rain event.

The Lower Wonderfonteinspruit is characterised by:

a. Downstream of Donaldson Dam the river is contaimeda pipeline over dolomite for
approximately 30 km. Sediments were last in regedertact with stream water approximately
30 years ago. A uranium concentration of 12 mg/g been recorded for top soil sampled in
the floodplain area. This area will occasionallyflo®ded with rainwater where a high degree
of dilution is expected.

b. At the end of the pipeline a large volume of waiecluding a significant component of
pumped mine water, is discharged into the catchn&sdiment uranium concentrations reach
as much as ~500 mg/kg or more.

C. In downstream farm dams uranium concentrationssepeificantly elevated relative to the
local background recorded at Klerkskraal Dam 1 (mg/kg). In one specific dam (Andries
Coetzee’s farm dam), concentrations of up to 90kgigave been recorded in sediments.
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5. Source apportionment — Radiogenic lead-isotopic study of selected
sediment samples from the catchment

The isotopic composition of lead in environmentahples depends on the original geological source
of lead, since lead isotopes do not show measurabtdionation under normal environmental
conditions. Lead-isotope ratios evolve over geaabltime owing to the decay of uranium-235 to
lead-207, uranium-238 to lead-206 and thorium-23@24&d-208. These decay systems have half lives
in the order of 1bto 10° years and therefore can be regarded as invanamtthe time scales of
pollution in the Witwatersrand of up to around aeatury. A fourth stable lead isotopdead-204—

is not enriched by the decay of a radioactive pgasgrd may therefore be used to normalise the
concentrations of the other three isotopes. Gitenhigh uranium concentrations of Witwatersrand
ores, the high uranium/thorium ratios and the dgh® deposit— around three billion years lead-
isotope ratios provide a valuable tracer for usehi@ apportionment of pollution from mining
activities within the Wonderfonteinspruit catchment

Samples of mine tailings collected in the upper koveer portions of the catchment show distinct
characteristics in the uranogenic and thorogerid-isotope compositions, determined by measuring
the 2°Pb7%*Pb ratios and®Pb/*Pb ratios respectively. Fluvial sediments colleaiesvnstream of
the source areas appear to show distinct mixingdgrdoetween the sources immediately upstream
and the local background isotopic compositions.tharmore, the local background levels are
significantly different from South African leade@tpol, suggesting that the local background is due
to natural lead concentrations and not contamindtiom leaded petrol. These results suggest that
lead-isotope studies are able to fingerprint contation due to different mines or groups of mines
which mine the same ore bodies.

6. Identification of sources of stream water using sulphur and strontium
isotopes

In contrast to the heavier lead isotopes, sulpbotepic compositions may fractionate under
environmental conditions. The sulphur-isotope systeay therefore be used to identify deposition
and mobilisation processes with contaminated watirece sulphate is a major contaminant in the
Witwatersrand, it allows the direct investigatidritte contamination processes which are active.

The 5**S values of the two samples from Donaldson DamRindr at Donaldson Dam lie between
11%0 and 14%. and have a distinctly higher isotopimposition than all other samples, which range
from 3%o to 5%.. These lower values are similar tostinfound in most South African rivers and to
those found in sulphides in the Witwatersrand. Tfgher values may indicate the leaching of an
evaporate crust, which tends to produce higli&® values in the resulting dissolved sulphate. This
may indicate the dissolution of the sulphate crughéch abound in the vicinity of Witwatersrand
tailings dams. These crusts have also been showontentrate uranium.

Like lead, strontium isotopes are not easily fawiited by natural environmental processes.
Strontium is dissolved by interactions between wated rocks where it replaces calcium. In the
Wonderfonteinspruit catchment, with the abundarfcdotomite, a large source of strontium exists.
Strontium concentrations, as well as Sr- and Sfsotcompositions, reveal that samples collected in
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this study most probably represent two componenturgs of waters originating from dolomite
areas with mine effluents. Plots of the strontiwmtdpic compositiond’Sr) vs. that of sulphur
(5*'S), as well as ob*'Sr vs. the Sr concentration (normal and inverd@wscorrelations which are
interpreted as mixing lines between these two carapts. Although no clear-cut end members have
been established, a gradual mixing between watarst probably dolomitic provenance and mine
effluents is indicated.

7. Speciation determination of heavy metals and uranium — BCR Protocol
Sequential Extraction

Sequential extraction of metals from sedimentsnseshodology used to determine the speciation of
the extractable metal fraction within a sedimemgi. The basic philosophy of the method is that a
series of reagents may be used to sequentialigkathe different components within a sediment
which are likely to occlude metals, and that thdi$ierent stages will quantify the amount of metal
occluded within that phase.

The BCR Protocol, developed for use in the Europgaion, was selected as a standard method
which has already been successfully applied inloederfonteinspruit catchment. The three-stage
sequential-extraction procedure can be relatedetasiple environmental conditions as follows:

Extraction stage Environmental conditions

Extract A— Mildly acidic » Acidification due to acid mine drainage
» Acidification due to acid rain

Extract B — Mildly reducing * Reducing conditions due to inflow/spill of raw pr
partially treated sewage
» Reducing conditions due to eutrophication

Extract C — Mildly oxidising » Drying of sediment due to changes in the flow regim
attempts at mining, or drought after cessation| of
pumping activities by active mines

The results obtained agreed well with previousiete a significant proportion of uranium being
found in all three components investigated, wittslight dominance of the oxidisable fraction
(organic carbon and sulphides) for uranium. Thepdesnselected for this study were dominated by
dark fine-grained sediments, where organic carsa@ommon and sulphides have been seen to have
grownin situ, using a scanning electron microscope. Resultstfar metals are also presented.

Dissolved uranium concentrations in the river wates generally low. This implies that the large
amounts of uranium which are being released byptbheesses described in previous sections of the
report are rapidly included into the sediment lo&the river. The results of the sequential-extoact
study suggest that one or more of the following@éhprocesses are active in the transport of uranium
in the Wonderfonteinspruit.

1. Transport in solution, followed by bacteriologigaltatalysed coprecipitation with iron
sulphide.

2. Transport as suspended ferric-hydroxide flakesckvtdre then reduced by bacterial action
after deposition in the sediment pile.
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3.  Transport bound to organic particulates which hemtdeposited in the sediment pile.

It is of particular concern that the environmenpabcesses implied by the three stages of the
extraction are all plausible within the present-dayd foreseeable future conditions within the

catchment. It is therefore possible that the umancurrently occluded in fluvial sediments could be

remobilised and transported downstream.

8. Temporal variations of stream hydrochemistry

Following findings by Winde in similar research jags on the potential impact of hydrochemical
fluctuations in surface water on the mobility arahsport rates of heavy metals in fluvial systeans,

continuous monitoring station was established & ldwer Wonderfonteinspruit, downstream of all
major discharge points from gold mines in the af@®WAF weir no. C2H069). The datalogger-

equipped station ran uninterrupted for a total lobwd six months with four different parameters
recorded by one multipurpose probe at 3- and lQ#aiintervals respectively. The mobility of

dissolved metals is largely controlled by pH and Ebr both parameters distinct diurnal and
seasonal oscillations were found, superimposedventeaelated fluctuations. Such variations are
likely to have an impact on the uranium concerdratin streams by affecting the rate in which
dissolved metals (including uranium) are removednfistream water via adsorption, precipitation or
coprecipitation.

While the pH-threshold for the precipitation of Fgdroxide (>7) is generally exceeded throughout
the year (influence of dolomite), daily increasdstloe pH by 0,3-0,6 units may significantly
accelerate the precipitation rate for several heuday. Owing to the associated coprecipitation of
uranium from stream water, this results in lowanium concentrations in the water column. This is
particular pronounced during summer when photoggishis intensified. With major immobilisation
mechanisms such as calcite and Fe-hydroxide ptatgn preferentially occurring during the day,
higher concentrations of dissolved uranium in stefaater at night are to be expected.

The daily increase of the pH is frequently courterd by acid rainfall lowering the pH in the
Wonderfonteinspruit by up to 1,5 pH-units. As autesf rain events in the catchment, predominantly
alkaline conditions in the stream change to acidisting only for several hours, this usually waidit
allow for (the rather slow) redissolution of soliphases such as carbonates or Fe/Mn-
hydroxides/oxides containing uranium. It will, howee, suppress the immobilisation of uranium for
this period, resulting in higher uranium concendrain the stream water.

The Eh-measurements indicated that oxidising coordit prevail in the Wonderfonteinspruit
throughout the year, including times during evesutsh as waste-water discharges. Profound changes
of uranium speciation and the associated solulfityranium due to diurnal or seasonal fluctuations
of pH or Eh are unlikely; they may, however, ocduring certain events.

Relations between parameters as observed basdtkionmonthly averages are often very different
from those displayed in real-time measurementss ®imainly due to the effects of events such as
rainfall or waste-water discharges and diurnalltzdimns. Short-term extremes of parameters during
and after events may shift arithmetic means ancetbee mask the actual relations dominating in
event-free periods. Diurnal oscillations againcflating above and below a daily average of the
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parameter, may cancel each other out when caloglaverages. Therefore, time series based on
average data frequently do not reflect the actlakion between parameters as it can be observed in
real-time measurements.

Generally the results agreed with the findingshef author in streams of other study areas that also
showed distinct diurnal variations, with their arhgle varying significantly according to season.
While most of the oscillations are caused by natpracesses such as changing intensity of
insolation during the day—night cycle, or circad@eles such as photosynthesis, man-made impacts
on their temporal dynamic were also found. Thisludes pumping rates varying according to
electricity costs and associated changes of mirdtigs between waters of different temperatures.

Since current sampling protocols do not considertéimporal variations of uranium concentration in

stream water, appropriate adjustments should beerimadrder to comprehend the actual extent of
uranium transport. Future real-time measurementsiidhinclude electronic probes for measuring

rainfall (intensity and volume) and stream-flowestas well as to allow for safer interpretation of

hydrochemical data. Using monthly or even annualaye data for certain parameters, as available
in DWAF databases (based on weekly sample analyses) not allow correct assessment of the

actual real-time relationships between such parmmetnderstanding parameter relations in highly
dynamic systems such as streams requires realitiraitu measurement data with high temporal

resolution.

9. Risk assessment
i Rationale for risk-assessment method
Because of the nature of the debates surroundagsslues, a careful presentation of the resulss in

neutral format is critical. The format agreed bg fhroject team and Steering Committee was that of a
risk assessment, as implemented by the US EPA.

The process investigated as applicable to a baseigk assessment in the Wonderfonteinspruit
catchment is graphically presented in the followfiggre.
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ii. Site-specific objectives of the risk assessment

The objective of a risk assessment of metals andlioiels in the Wonderfonteinspruit catchment is
to provide critical information to the stakeholdémsthe catchment. The major target group for this
study is the authorities responsible for the maiabee of the water supply in the area, i.e. DWAF,
regional water-supply authorities, local authostiparticularly the Potchefstroom Municipality.

Furthermore, the major water users in the aredjcptarly the mining and agricultural industries
could utilise the results in their planning pro@sss

iii.  Scope of the risk assessment

The current risk assessment should be viewed aralTrisk assessment, since it builds on the
information gathered in previous “Tier-1" risk assenents in the catchment, and adds information
about pathways of contaminant transport.

The level of detail or depth of the assessmentdasured by the amount and resolution of data used,
and the sophistication of the analysis employedn@&imnes, as is the current case, the primary
limitation is availability of resources.

The current assessment will therefore consist n€hmarking measured contaminant concentrations
against regulatory limits.

iv.  Preliminary conceptual analysis

A conceptual model of the site (in this case thentésfonteinspruit catchment) was developed for
this study. Conceptual models consist of a sets&flrypotheses that describe predicted relatiosship
among stressor, exposure, and assessment endrpspunse, along with the rationale for their
selection.

The components of an ecosystem can be divided set@ral major compartments. None of the
environmental compartments exist as separate estithey have functional connections or
interchanges between them.

Initial uranium deposition in a compartment, aslaslexchanges between compartments (mobility),
is dependent upon numerous factors such as chemamadl physical form of the uranium,
environmental media, organic material present, atiod-reduction potential, nature of sorbing
materials, and size and composition of sorbingigiast

V. Identification of chemicals of potential concern

Based on the Tier-1 risk assessment, Cr, Co, NiASuCd and U were identified as contaminants of
potential concern, with U and Cd potentially havihg highest environmental impact.

Data compiled from previous studies, combined \&italytical data obtained in the scoping phase of
the current study, resulted in uranium being seteets the contaminant of greatest concern in terms
of surface- and groundwater contamination in thentdofonteinspruit catchment.
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vi.  Environmental chemistry of uranium

Uranium occurs in natural waters in three oxidastates, uranium(lV) (e.g.’9, uranium(V) (e.g.
U0," and uranium(VI) (e.g. uranyl ion Ud). In reducing surface waters, uranium occurs &s U
and UQ". Uranium(lV) has a strong tendency to precipifatg. as uraninite, U{s)) and to remain
immobile, whereas U forms soluble, but relatively unstable, complexg¢sanium tends to occur
in oxidised surface waters as LfOwhich forms stable, readily soluble, cationic,camc and/or
neutral complexes which are highly mobile.

The speciation of uranium is relatively complexaxidised fresh surface waters (pH 5-9). Since
uranium is a highly charged cation, the redox aochmlexation reactions of uranium in surface
waters are strongly influenced by hydrolysis. Hygltio reactions limit the solubility and influence
sorption behaviour.

In addition to carbonate, natural organic matteMjQs a very effective complexing agent of
uranium in natural waters. Organic matter may belde (dissolved OM, or DOM) or insoluble

(particulate OM, or POM), depending on its moleculeeight, state of aggregation, degree of
protonation, and the extent of metal binding (th@d strength of the water).

Organic matter may act as a sink for uranium if tinenyl-OM complex is insoluble (as uranyl-
POM), or may serve as a mobile phase if the urBx@@M complex is soluble, or colloidal.

Sorption plays a dominant role in determining thte fof uranium in fresh-water systems. Below pH
5, sorption is generally to clay minerals (e.g. stite, montmorillonite) and at higher pH, to iromda
aluminium (oxy)hydroxides, silica and micro-organg This process significantly reduces the
mobility of uranium in oxic waters. Sorption of aiam to insoluble organic matter, or organic
matter attached to particles (e.g. hydrous ironles), also reduces the mobility of uranium.

Oxidation-reduction conditions are important in @@ologic transport and deposition of uranium.
Oxidised forms of uranium (U(VI)) are relativelylgble and can be leached from the rocks to
migrate in the environment. When strong reducingdaons are encountered (e.g. presence of
carbonaceous materials 053, precipitation of the soluble uranium will occur

In addition to the migration of dissolved or sugpeh uranium due to the movement of water in the
environment, the transport and dispersion of uraniu surface water and groundwater are affected
by adsorption and desorption of the uranium onaserwater sediments.

Uranium can also be removed from solution by plajlsédisorption processes, such as adsorption
onto oxides of iron or manganese that occur asngsabn the particles of soil and sediment.

Uranium mobility may also be increased owing toftrenation of soluble complexes with chelating
agents produced by micro-organisms in the soilnlura may be transported to vegetation by air or
by water. It can be deposited on the plants therasddy direct deposition or resuspension, or it can
adhere to the outer membrane of the plant's ragiesywith potential limited absorption. Similarly,
uranium deposited on aquatic plants or water magdserbed or taken up from the water.
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vii. Exposure assessment
« Potentially exposed populations
0 Relative locations of populations with respectite s

The Wonderfonteinspruit valley is densely populdiedause of its agricultural value and presence of
gold mines.

Potchefstroom is located downstream of the Wondégfospruit, from which more than 400 000
people derive their drinking water via the BoskogmnD

0 Subpopulations of potential concern

The majority of the inhabitants live in informaltdements, using contaminated ground- and stream
water for personal hygiene and drinking. With abaverage infection rates of HIV/AIDS and
chronic and acute malnutrition, this subpopulat®oparticularly vulnerable to additional stress o
immune system by contaminants such as uranium.

« Identification of exposure pathways

The integration of sources, releases, fate-and@m mechanisms, exposure points and exposure
routes into complete exposure pathways was perfbrme

Uranium can enter the human via a number of patbrayn the source, being largely tailings dams
in the catchment, through groundwater, to soil, endver water. Contaminated groundwater may
also be used by humans.

Principal modes of contact are ingestion of wated éod products, and inhalation of dust and
aerosols.

viii. Toxicity assessment
* Key site-related contaminants and key exposurength identified

The key contaminant identified in the Wonderfonsginuit catchment was uranium; for the purposes
of this example, the key exposure pathway fromastrevater to human through the mode of drinking
water was chosen.

e Types of health risk of concern
Both radiological cancer risk and chemical non-ear@azards were investigated.

The primary organ at risk from uranium chemicali¢ty is the kidney, while organs at risk from
chronic radiological toxicity include the lymph rexiand the bone. A recent review of uranium
toxicity set minimum derived drinking-water conaettions at 31 pg/l for chemical toxicity, although
values as low as 2 pg/l have been identified aafe lgnit, and 63 g/l based on 1 mSv/a, 500 l/a

Xiv



radiological risk, assuming secular equilibriumtwitls progeny. Based on the recommendation of the
United Nations Scientific Committee on the Effecit Atomic Radiation (UNSCEAR, 1988)
regarding studies of uranium in the environmerg, ¢hemical toxicity of uranium formed the basis
for the risk assessment in this study. Nuclide-fjpeanalyses were not performed making a
detailed assessment of radiological dose impossibkhould be noted that there is practically no
lower limit for acceptable radiological risk, basea a linear dose-response profile, and that recent
research suggests that there is also no clear limeshold for chemical toxicity.

ix.  Risk characterisation
e Summary of the risk characterisation
0 Exposed population characteristics
The most-exposed populations are expected to Ise thioinformal settlements.
0 Magnitude of the carcinogenic and non-carcinogeglcestimates

In the risk-assessment procedure that was appigd,quotients are determined by dividing the

measured and predicted uranium concentrationsriacgiwater, that could be used by communities
as a sole drinking-water supply, by the limit oidgline value for the contaminant of concern. A
significant risk is therefore determined where thsk quotient is greater than unity, with higher

values indicating higher levels of risk. The caogjanic risk quotient for uranium in the surface

water of the Wonderfonteinspruit is 2,22, basedconservative assumptions regarding secular
equilibrium between uranium-series radionucliddse Themical toxicity risk quotient for this water

is 6,67.

« Major factors driving risk

Major factors driving risk are contaminant mobilftpm tailings dams into the river system, and the
practice of drinking from the contaminated streamthe catchment.

X. Conclusions of the risk assessment

The chemical risk quotient associated with drinkimger water is 6,67, and the radiological risk
quotient is 2,22. Both the numbers are above Ir@@aning that there is a risk of ill-health effeoys
drinking water from contaminated streams in the Wésfonteinspruit catchment. Studies of the
Wonderfonteinspruit catchment have however estaddighat in the dissolved fraction, uranium is
not in secular equilibrium with its progeny, tydlgadisplaying activities significantly higher thars
radioactive daughters. The assumption of seculatliequm, used to calculate the radiological risk
quotient will therefore lead to an overestimatetted total radiation dose. The radioactive progeny
however, have no influence on the chemical toxiady uranium in solution in water. The
recommendation of UNSCEAR (1988) therefore apptaie valid, and it is recommended that the
chemical toxicity of uranium be regarded as thempry health risk due to the water in the
Wonderfonteinspruit.
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Conclusions and recommendations

i Conclusions

The research results presented in this report geoe review of available information detailing
uranium sources and sinks within the Wonderfonpeims catchment. A significant amount of
uranium (several tens of tons per annum) is ergettie Wonderfonteinspruit via controlled and
uncontrolled point discharges, as well as largéestiffuse discharges.

Relatively little of this uranium currently repordewnstream at the inlet to the Potchefstroom water
works, although the guideline values for chemioaidity are sometimes exceeded, indicating that a
number of environmental processes are concentratiagium within fluvial sediments and within
the local groundwater systems. Analytical datatenftuvial sediments and some soils influenced by
groundwater confirm these concentration processes.

Sequential extraction of uranium from a suite aisent samples has identified the major uranium
speciations for fluvial sediments. It also indicatthat the immobilisation of uranium is not
necessarily irreversible and identifies the envinental processes which could lead to
remobilisation. Following mine closure, three pdeare envisaged:

. An initial phase of rewatering, during which timger flow is likely to be seasonal. During
this phase, fluvial sediments could dry out, resgltin the development of oxidising
conditions, which would render the organic and siglp phases unstable.

. This will be followed by a phase of acid mine-watgcant, again creating conditions
conducive to the remobilisation of metals, incligdiaranium, from underground ore and
fluvial sediments.

. Finally, some sort of equilibrium conditions wolld attained, possibly with seasonal stream
flow and with acid rainfall playing an importanieo

Beyond this broad outline, there is currently ifisignt knowledge and understanding to predict the
duration and severity of each phase. It is, howeetrar that the current conditions are not
environmentally desirable in the medium to longrter

ii. Recommendations

. The results of this study indicate that uraniumegsoa hazard to water users in the catchment
because of its chemical toxicity. A full radiologlaisk assessment, looking at both dissolved
radionuclides in water and radionuclides boundeiraent, is required to determine current
and future risks due to radioactivity.

. Much of the metal contamination is currently bouadhe sediment in the river system. This
binding is maintained by the generally reducingditons within the sediment bodies. Future
protection of the environment is dependent on tledacing conditions, which requires that
the flow in the system and water volumes in the slamd swampy areas be maintained at
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current levels. While the short-term prognosistfer reducing wetlands may be good (as long
as fissure water is discharged into the Wonderfospeuit), the inevitable closure of mines
and cessation of pumping could result in a gendrging out of the sediments of the
Wonderfonteinspruit. Ongoing monitoring of the aiion is therefore required.

Continuous monitoring data indicate rhythmic dilrmariations in water chemistry in the
river, owing to natural processes (largely drivgnpihotosynthesis) and discharges of fissure
water into the system. Future sampling programrhet) here and in similar environments,
should take these factors into account, and samgliould aim at resolving diurnal and other
short-term variations in water quality. Given tligkrquotients determined, further monitoring
is indicated, particularly during any rehabilitatiexercises.

The potential of isotopic fingerprinting has beesmbnstrated in this study. A full isotopic
study of the waters and sediments of this catchmentld allow the quantification of the
contributions of different water and contaminatsmurces.

The measured uranium content of many of the fluveddiments in the
Wonderfonteinspruit, including those off mine prdjes and therefore outside the
boundaries of licensed sites, exceeds the excllisninfor regulation by the National
Nuclear Regulator. A decision is therefore necegsdar the NNR, regarding a
regulatory response to this problem.
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DISCLAIMER BY THE NATIONAL NUCLEAR REGULATOR

The National Nuclear Regulator (NNR) is an indepemdstatutory body mandated to protect
persons, property and the environment from nuctlanage through the establishment of safety
standards and regulatory practices.

The NNR has considered the report of the Water &ekeCommission relating to the water pollution
risk of the Mooirivierloop, and comments thereorfad®ows:

The NNR makes use of an internationally recognimethodology as well as international norms and
standards in its radiological risk assessment afium levels in water. The methodology used by the
WRC in this report is inconsistent with these normnsl standards. Its research essentially assesses
the chemical risk of uranium in the water body.

In the circumstances, the NNR is not in a positmooncur with the methodology and conclusion of
this report.

The NNR is undertaking its own investigation andl miake the findings available to the public.
Enquiries in this regard can be addressed to thioid Nuclear Regulator, Mr C O Phillips, at P O

Box 7106, Centurion, 0046
Tel: 012 674 7100, Fax: 012 6635513.
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1 Introduction

1.1 The Wonderfonteinspruit catchment (H. Coetzee)
The Wonderfonteinspruit catchment, as it has comebé known, comprises the eastern

catchment of the Mooi River. The main drainage defrns known at various points as the
Mooirivierloop and Wonderfonteinspruit. For the pases of this report, the catchment, as
indicated on Figure 1, will be referred to as thendkerfonteinspruit.

The Wonderfonteinspruit has its source at the @ential Divide in the Krugersdorp area. From
here it flows past Kagiso, Azaadville and Randfonteto Donaldson Dam near Westonaria. At
Donaldson Dam, the flow of the river is channelet ia large pipeline, which carries the water
over the dolomitic groundwater compartments untildischarges near Carletonville. This
diversion of the river from its natural channel Haeen done to allow deep gold mining to
proceed below the outcropping dolomite.

RADIOACTIVITY MONITORING PROGRAMME (01/97-12/97)

1226 14°E 16°F 1a°) 20°E 229 24°E 26°E 28°E 30°E 32°E

s MOOI RIVER CATCHMENT
OWONDERFONTEINSPRUITY

Northern Province Mooi River Catchment

Pietersburg

. Extent of
Study Area

— International
Boundaries

—  Provingial
Boundaries

North West

Free State

Morthern Cape

Elaemfontein
peRort Holloth Masg®

Priaska

s

2898 v am 0 am seokm

Queerstown

Eastern Cape

228, Western Cape

405

Figure 1.Locality of the Mooi River catchment, including tNéonderfonteinspruit (IWQS,
1999)
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Figure 2. Locality plan of the Wonderfonteinspraritd surrounding area.

1.2 Gold and uranium mining in the Wonderfonteinspruit catchment and environs
(F. Winde)

1.2.1 Goldfields and gold mines of the area

The catchment of the Wonderfonteinspruit coverdspaf two goldfields of the Witwatersrand
basin, namely the western part of tiéest Rand’ goldfieldin its upper region of the catchment
with mines such as East Champ d'Or, Luipaardsvisiates, First Wits Gold Mine and
Randfontein Estates (Randfontein, Doornkop, Coott Bhillsite section), and theFar West
Rand’ goldfield at the left-hand side of lower Wonderfonteinsp(dibwnstream of Donaldson
Dam). The latter consists of an area calMtbst Wits Line’,comprising gold mines near the
town of Westonaria (Venterspost, Libanon, Kloof, aien Area, South Deep) and the
‘Carletonville mining area’with mines such aBlyvooruitzicht, Doornfontein, West and East
Driefontein, Elandsrand, Deelkraal and Western Oasgels (Robb and Robb, 1998).

After exploration activities in the area betwee®2&nd 1904, first attempts to mine discovered
gold reefs were hampered by inrushes of groundwatersunken shafts. It was only during the
1930s that an appropriate cementation technologgdping with excess water allowed for deep-
level gold mining in this region to commence. Aideda newly developed magnetic prospecting
technology, eventually 10 gold mines were estabtisi\veraging 31 mg/kg gold grade over its
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history, the Far West Rand proved to be the rich&sil seven actively mined goldfields in the

Witwatersrand basin (Cole, 1998). Some of the stlgeld mines of the world are located here,
producing about eight times more gold than the WRand in the upper part of the

Wonderfonteinspruit catchment (Wymer, 1999).

1.2.2  Gold deposition

Gold is mainly extracted from relatively narrow danof quartzitic conglomerates (so-called
‘reefs’), which were deposited as fluvial sedimeimtsriver deltas at the shores of an ancient
inland lake of some 250 km in diameter almost thyiden years ago. The sediments eventually
filled the lake, which later became known as ‘Witerarand basin’. Since there was a heavy
impact by tectonic and volcanic activity during tbeurse of time, as well as by further
deposition of sediments, the lake sediments eviytiited towards the southeast, exposing the
northwesterly edge of the sediment layers to ttase. Having been metamorphosed into solid
rock strata, these sediment layers formed prominesathering-resistant outcrops at which gold
mining originally started. Today’s gold mines follahe auriferous strata dipping towards the
centre of the ancient lake, reaching ever-greaggthd With mining nearly 4 km below the
surface, Western Deep Levels GM (now called ‘Wegs\WWperations’ of Anglogold Ltd) is the
world’s deepest gold mine, having envisaged prsjetultradeep mining to a depth of more than
6 km to the south of its current lease area.

Mined gold reefs

Relating mainly to tectonically induced difference$ their stratigraphic order, sediments
deposited in the Witwatersrand basin (‘Witwaterdr&upergroup’) in this area are divided into
two major groups, namely the ‘West Rand Group’ (ednafter sediment stratigraphy first
encountered in the West Rand) and the overlyingnt@é Rand Group’, both covered by
Ventersdorp lavas (‘Ventersdorp Supergroup’). Batbups are subdivided into ‘subgroups’ and
named after the location of their first discoveeyg( ‘Johannesburg Subgroup’). Reefs mined in
the West Rand and Far West Rand goldfield aregidtte Central Rand Group, e.g. t@arbon
Leader ReefandMiddelvlei Reef(both Johannesburg Subgroup, >3 000 m below s)ifand
the Elsburg Reefand Composite Reef Turffontein Subgroup’). In addition, an up ton8-thick
contact zone between the upper parts of the Witaagted sediments and the Ventersdorp lava,
known asVentersdorp Contact RedfVCR, 2 000 m below surface), as well as a bitumago
conglomerate in even younger strata in the oveglylmansvaal SupergroupB(ack Reef,10—<1
000 m below surface) are mined. The latter is thlg peef in the area that is developed by open-
cast mining (byFirst West Rand Consolidated the uppermost part of the Wonderfonteinspruit
catchment). The groups are separated by far-regdlamlts along which the sediments were
vertically and/or laterally shifted. A major fauit the Far West Rand area is the N—S-running
‘Bank fault’ separating sediments of different alluvial fangye points and sources areas, which
are now mined by three mines to the east and seuss to the west of the fault.

The gold in those reefs is believed to originatentgarom eroded auriferous granite domes in
the northwesterly hinterland of the rivers and weitber transported in particle form (detrital
minerals), hydraulically settling where stream e#tlpdecreased (placer deposits in deltas), or in
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dissolved form precipitating in reducing environrngeas e.g. found in shallow parts of the lake
shores inhabited by colonies of cyano bacteriah\Wdld and uranium belonging to the heaviest
elements naturally occurring on earth and disptagn extremely high density, both elements are
often found to be associated in placer depositbljRmd Robb, 1998).

Influenced not only by gravitational sorting bus@lby redox-initiated precipitation, the richest
reef of the area, th€arbon Leader Reefwas formed, reflecting tidal, marine conditionisisl
named after its high concentrations of carbonifer@ituminous) matter that is believed to
originate from decomposed algal mats on sedimétasely exceeding 10 cm in thickness, the
lowermost 1-2 cm of the reef almost exclusively sisin of black bituminous matter of
anthracitic, coal-like appearance called ‘kerogéferogen, also occurring as isolated nodules
throughout the overlying quartzitic conglomeratefs toe reef (‘flying speck’), contains
extraordinarily high concentrations of gold (up30l100 mg/kg) and uranium. The CLR was
particularly well mineralised along the common kardetweerBlyvooruitzichtGM and West
Driefontein GM and displayed decreasing gold content in the ndistl regions of the reef.
Only occurring west of the Bank anticline as thepkst of the three mined major gold reefs (>3
200 m below surface), the CLR is now largely mioedi (Cole, 1998).

Dolomite

A peculiarity of the Far West Rand area is the gmee of carbonate rock (dolomite) covering
auriferous Witwatersrand sediments. The up to XrBabick dolomitic layer formed in a marine
environment by calcite precipitation. Exposed ton@pheric weathering the upper 100-200 m of
the dolomite is heavily weathered by chemical dig&mn, resulting in extensive karstification
including the formation of large subsurface cavetays interlinked by solution slots and joints.
Being filled with infiltrating rainwater, this upp@art of the dolomite acts as a major aquifer. It
was water from that aquifer which entered sunkeaftshof early mining attempts at the
beginning of the 20 century. After being formed the more than 80-kmg@nd 10-15-km-wide
dolomitic layer was divided into several units figoartments’) by impermeable syenite/ dolerite
dykes that intruded from below during volcanic aties (Swart et al., 2003). To ensure safe
underground mining and to minimise pumping costsnes of these compartments were later
dewatered by continuously pumping infiltrating gndwater from underlying mine workings to
the surface and discharging it outside the dewditepenpartments (Swart et al., 2003).

1.3 Uranium mining (F. Winde)

1.3.1 Historical development

Initiated by the ‘Manhattan Project’ of the USA develop the nuclear bomb in the 1940s,
uranium exploration in South Africa started in 194den an American expert group screened
several thousands of samples of Witwatersrand sadsrfor the much-needed uranium. Owing
to concerted efforts by the South African governtmand Chamber of Mines of SA, and

supported by the USA and Great Britain, large-scaldustrial production of uranium

commenced soon after that. By 1959 SA already medl4 950 t uranium entirely used for the
atomic-weapon programme. With more than 150 00@umium concentrate produced during the
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Cold War between 1945 and 1990, SA became thehdamyest uranium producer in the world
after Canada, the USA and East Germany (the lpttetucing uranium for the nuclear-weapons
programme of the USSRY0le, 1998; Venter, 200l An the peak of uranium production in

1980 SA was the seventh largest uranium producih, an output of some 7 000 t uranium
(Harding in Venter, 2001) (Cole, 1998: 6 146 t).

Compared with primary ore deposits with uraniumdgsaof 0,03—7 per cent (300—-70 000 mg/kg)
as mined in Canada and Australia, secondary oresits@ssociated with phosphates, copper and
gold are regarded as low-grade ore with gradesimgrigom 30—200 mg/kg uraniunMgcLean,
1994; Cole, 1998 Therefore, in SA uranium was mainly (although exclusively) produced as

a by-product of gold, which subsidised mining cos$ts 1994 some 96 per cent of the total
uranium production of 1 708 t came from gold mimésthe Witwatersrand basin, while the
remaining 4 per cent was produced as by-produttédygopper mine in Phalaborwa (Cole, 1998).

1.3.2 Uranium occurrence

Uranium in gold reefs of SA occurs mainly in brotackish tetravalent minerals such as
uraninite (UQ) or pitchblende (an amorphous mixture of JUénd UQOg), and in oxidised
derivates thereof (secondary minerals) such asindgeff(USiQ,), brannerite (UTOg) and
leucoxene, the latter being a weathering produttrafnerite (Cole, 1998). The extremely heavy
uraninite (density: 10,95 g/cm?) occurs in reefgha form of small, muffin-shaped weathered
particles from uraniferous rocks with a typical rdigter of 77-100 um. Uraninite becomes
unstable in the presence of oxygen and tends éaseluranium into dissolving agents such as
fissure water. Other forms of uranium include aevidnge of hexavalent minerals with typically
bright yellow, green and orange colours frequefitiprescing under UV-light. Such minerals
include carnotite, uranophane, beta-uranophanejatyunite, autunite and torberite. Urano-
organic compounds, as a third form of uranium iesprare frequently present in sedimentary
deposits such as black shale and lignite.

The highest uranium concentrations in the areaaaseciated with carbon and were found in
kerogen seams and nodules of @leR, displaying up tdd8 000 mg/kguranium (5,8%). Other
uraniferous reefs include tfioornfontein Reef(which was never exploited because of low gold
grades), Ventersdorp Contact Reef, Elsburg Reef, CompositeeRand quartz-pebble
conglomerates of th&/hite Reef, Monarch ReedndMiddelvlei Reef(<7 m thick, well sorted)
(Table 1)

Table 1. Uraniferous reefs and their uranium graaléise Far West Rand (FWR) and West Rand
(WR) goldfields (data compiled from Cole, 1998)

Goldfield Reef av. uranium Notes

grade [mg/kg]
FWR Carbon Leader 145 Max uranium concentrati@0&0 mg/kg
FWR Doornfontein 340 Not mined owing to low goldide
FWR Middelvlei 51 Mined, but uranium not leached
FWR/WR VCR (upper unit) 126
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Goldfield Reef av. uranium Notes
grade [mg/kg]
FWR/WR VCR (lower unit) 158
FWR/WR Elsburg 383
WR Composite 120
WR White Not mined owing to low gold grade
WR Monarch Not mined owing to low gold grade

Owing to the comparatively high uranium concentradi in the gold reefs mined earlier on,
uranium production in SA was concentrated on thestWRand and Far West Rand goldfields
Uranium in the Far West Rand was exclusively preduftom the Carbon Leader Reef, yielding
a total of11 295 t YOg between 1952 and 1988 at an average uranium gfddisang/kg (Cole,
1998).

The first pilot uranium plant of SA was construcidBlyvooruitzicht (1951), followed by the
first uranium producing uranium plant at West R&uhsolidated (1952) and others across the
area including uranium plants at Randfontein Estatalipaardsvlei (all in the vicinity of
Randfontein), Western Areas (near Westonaria), Vibesfontein and Western Deep Levels
(located around Carletonville). At one stéjeut of the 22 activgold minesof the region were
feeding uraniferous ore into a total of seweanium plants (McLean, 1994; Cole, 1998)

1.4 Radiometric evidence for sediment contamination (H. Coetzee)
During 1991 the Council for Geoscience undertoghhiesolution airborne radiometric surveys

of large parts of the Witwatersrand. The primamy af these surveys was the mapping of the
geology, together with the simultaneous collectafnmagnetic data. It was well known from

previous regional-scale surveys that the mine-wdstaps in the Witwatersrand would show
significant radiometric anomalies, owing to thelievated concentrations of uranium daughter
nuclides. The airborne radiometric method canneoéctly detect uranium, but focuses on
gamma-emitting radionuclides. In the uranium sefiéBi is the dominant gamma emitter.

The high-resolution data, showed a new and distgrltrend. Not only did the mine-waste
deposits emit significantly more gamma radiaticemtthe surrounding environment, the wetlands
downstream of the mining areas were also contaednadh deposits such as these, the normal
assumptions made in airborne radiometric surveyirgy, that the daughters are in secular
equilibrium with the parent nuclide and that th@al&t has a lateral extent greater than the field
of view of the spectrometer detector (typically tgpa few hundred metres), are obviously not
valid. The anomalies do, however, indicate sigaificlevels of contamination with radioactive
material (Coetzee, 1995). In addition to the raddides, other metallic contaminants have been
located in the radioactively anomalous areas (@eetind Szczesniak, 1993). Figure 3 shows a
portion of this dataset in a mining area near Krsgerp.



Figure 3. Total-count radiometric image of a partiof the Wonderfonteinspruit
catchment, over a Landsat Image background. Rexb andicate elevated radioactivity
levels. Note the elevated radioactivity in the wetls downstream of mining areas

The areas identified in this study correlate welthvthe sites found to have high radionuclide
levels by Wade et a{2002).

1.5 Background to this project (H. Coetzee and P. Wade)
During 1997, an intensive sampling programme wadertaken in the Wonderfonteinspruit

catchment (See Figure 2). In this study, it wasitbthat mining activities in the area are a major
contributor to the radionuclide content of the watgpecifically with respect to uranium and
uranium-series nuclides, but that the activitiedgliegolved radionuclides decrease downstream of
mining activities. Following this finding, Wade at (2002) undertook a study funded by the
Water Research Commission to investigate the fadetrmnsport of selected radionuclides within
the catchment.

This second study indicated that radionuclides wewacentrated in the wetland sediments
throughout the catchment, but that the processesetdrating the radionuclides were reversible.
Using a combination of chemical modelling and ekpental studies, Wade et al. (2002)
demonstrated that changes in the geochemical emm@nt within the catchment could
remobilise radionuclides, potentially leading tamtamination of downstream water resources.
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This potential for downstream contamination wasidied as a specific concern for the water
supply of the City of Potchefstroom. The Potchefsin City Council therefore requested a
detailed follow-up to these studies, looking atnimen and heavy metals in the dam on the farm
Blaauwbank. This dam was selected as it is thedas downstream of all mining activities in
the catchment, and was judged to be critical to pmetection of the water supply for
Potchefstroom. The Council for Geoscience was casigried to undertake this study, which
had three major conclusions:

1. The study confirmed the results for uranium of Waeke al (2002), with uranium
concentrations of several hundred mg/kg being faunthe sediment (the expected natural
background concentration for a dolomitic area sagthis would be less than 1 mg/kg).

2. The study also identified a number of other heawtats of concern, and noted that these
appeared to follow the same behaviour as the radimles described by Wade et @002).

3. Based on laboratory studies and chemical modellitge metals (uranium-series
radionuclides are all metals, and behave chemieallguch in the environment) are adsorbed
or chemisorbed to a number of sediment phasesf alhich can be re-released by plausible
geochemical processes.

These two studies on sediment concluded that whiteent conditions were relatively stable,
albeit not totally effective in removing metals rinahe water, the unpredictability of the future
required management plans that would either mairdanditions as they werd infinitum or
would have to contemplate rehabilitation of thetaomnated areas within the environment.

Following the production of the second report odiments, the dam in question was drained,
exposing the sediments to an oxidising environni®ae Figure 4), one of the rerelease scenarios
described in the report. At this point, the Potstrebm City Council took legal action against
one of the gold mines responsible for the contatiinaThis case was settled out of court, with
the mine agreeing to rebuild the dam wall and tabditate the environment.



(b)

Figure 4. Andries Coetzee's Dam: (a) prior to dragrin January 2003 (Photo Winde, 2001), (b)
after draining and (c) close-up of the dried-outlisent exposed to oxidation (photos: H
Coetzee).

1.6  Scope of this report (H. Coetzee)
The scope of this study is described in the injtigroposed aims, as submitted to the Water
Research Commission:

“The proposed research aims to answer a numbehefuhanswered questions
surrounding the Wonderfonteinspruit. Available ntoring data indicate

contamination by mining activities, but, with thgception of a one-year DWAF
study on radioactivity, this has not yet been esped in terms of risk. Furthermore,
the findings of Dr Wade's WRC-funded study in 1%@&e not been incorporated
into the findings regarding radiation doses.



The Wonderfonteinspruit system has pollution inpfrtsm a large number of
sources. The specific contributions of these sautaecurrent pollution in the water
and to historical pollution recorded in the seditsewill be determined, using
isotopic studies on water and sediments.

The project will :

produce an inventory of contaminated sedimentsi¢tude locations, volumes and
the total reservoir of radionuclides, as well dgeotoxic components;

look at the potential for the liberation of thesgihs from the sediments, given the
potential variations in physicochemical conditimshe river; and

establish a real-time monitoring capacity for thborsterm variations in
physicochemical parameters and monitor these asmisly for a significant time
period.

Determine the contributions of the different soummeas and, where possible,
individual sources to the polluted waters and sedisiwithin the catchment.

These data will provide input to future remediatpdans for the catchment.”

This project addresses these aims in the follownegs:

1.6.1 Produce an inventory of contaminated sediments, to include locations, volumes
and the total reservoir of radionuclides, as well as other toxic components

The inventory of contaminated sediments has beeneaged by the review work, found in
Sections 2 (Impacts of gold-mining activities orater availability and quality in the
Wonderfonteinspruit catchment (F. Winde)) and ¥¢€lmtory of uranium sources and pathways in
the catchment (F. Winde)), as well as the samimgj analysis of samples from the catchment,
described in Section 4 (Identification of contammitsaand contaminated sites (H. Coetzee and G.
Ntsume)). The determination of sediment volumesoaginally proposed was found to be
impracticable, owing to the difficulty of geophyalcsurveying of many of the wetland areas, as
well as the inaccessibility of many of the wetlardas to drilling equipment. The total reservoir
of uranium was, however, indirectly determined kgfireating fluxes into the catchment in
Section 3 (Inventory of uranium sources and patlswiaythe catchment (F. Winde)). Since
uranium was found to be the contaminant of mosteonin the risk-assessment section of this
document, it will provide a conservative identitiom of risk areas for other toxic components of
the waste streams entering the Wonderfonteinspduénium is identified in the project as the
contaminant of concern in Section 4.3 (Identificatof contaminants of concern) by comparing
concentrations in both water and sediment withthdahsed guidelines for a number of metals.
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1.6.2 Look at the potential for the liberation of these toxins from the sediments, given
the potential variations in physicochemical conditions in the river

The potential for the liberation of metals from gegliments in the Wonderfonteinspruit has been
addressed using theoretical as well as laborat@thods. The theoretical aspects of uranium
transport are discussed in Sections 3.3 (Pathwagsmeechanisms of uranium migration from
mining sources into the environment), 3.4 (Transpburanium along the aqueous pathway), 3.5
(Transport of dissolved uranium within the fluveistem) and 9.5 (Environmental chemistry of
uranium), and the laboratory investigation in Setl (Speciation determination of heavy metals
and uranium— BCR Protocol Sequential Extraction (H. Coetzee, Rademeyer and G.
Ntsume)).

1.6.3 Establish a real-time monitoring capacity for the short-term variations in physico-
chemical parameters and monitor these continuously for a significant time period.

A high-frequency (3—10 min) monitoring station westablished at a monitoring station in the
Wonderfonteinspruit catchment. The station providedr-continuous data for about half a year.
These data are used to determine physicochemidatieas in the river water. The origins and
possible effects of these variations are descrévetiinterpreted. This is described in Section 8
(Temporal variation in hydrochemistry of stream evat results of a continuous monitoring
study (F. Winde, H. Coetzee and G. Ntsume)).

1.6.4 Determine the contributions of the different source areas and, where possible,
individual sources to the polluted waters and sediments within the catchment.

Isotopic studies were undertaken to identify pdesfmurce areas for the pollution using lead-
isotopic analysis of selected sediment samples (Seetion 5 Source apportionment
Radiogenic lead-isotopic study of selected sedimantples from the catchment (H. Coetzee and
M. Rademeyer)), as well as sulphur and strontiwtojges in the dissolved fraction in water (See
Section 6 Identification of sources of Wonderfonsgiruit river water using sulphur and
strontium isotopes (U. Horstmann and M. Rademey€njing to the complexity of the system
and limited resources for expensive isotopic arays was not possible to resolve the sources to
the level of individual mines; however, it is pddei to discriminate between different areas
within the catchment.

1.6.5 Future remediation plans

A definite aim of the project is to feed informatidnto the future remediation of the
environmental impacts of more than a century ofimginFor this reason, the conclusions and
recommendations (Section 10 Conclusion and recomatiems (H. Coetzee)) are expressed in
terms which could assist in these actions.
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1.6.6 Additional areas covered by the project:

As part of the identification of the theoreticapasts controlling remobilisation of metals from

sediments, it was possible to identify the mechmagis/hich could result in the observed elevated
uranium and other heavy-metal concentrations imidlusediments in the Wonderfonteinspruit

catchment.

The final compilation of the data collected by ewing the available literature, as well as
sampling and analysis, has been expressed in ®rmgisk assessment. This risk assessment
evaluates data to identify potential risks to theimnment and downstream water users, using
the United States Environmental Protection Agen&isk Assessment Guidelines for Superfund
(RAGS). The full risk assessment is presented oti@e 9 (Risk assessment (P. Wade, F. Winde

andH Coetzee)

During the course of the project the title was adesgl) changing the scope of the project to
emphasise methodological development. At the Biedring-committee meeting, it was felt that
the results were better represented as a risk saseas than a methodological study. It is
nevertheless hoped that the methodology presenttdsi report is suitably rigorous and generic
to be applied in other catchments. An outline o$ tnethodology is presented in Section 10.6
(Methodological considerations ).
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2 Impacts of gold-mining activities on water availability and
quality in the Wonderfonteinspruit catchment (F. Winde)

This chapter focuses on uranium as a contaminaitig walues published in the literature. In
Section 4.3 (Identification of contaminants of cemy), uranium is identified as the principal
contaminant of concern, using a tier 1 risk appnpas described by Wads al. (2002). Other
contaminants have been detected in the same wesdens. The interpretation of these data have
been performed by the author, based on first pijhgs

Many gold mines in the area are located on topafatzitic ridge called the ‘Gatsrand’ that runs
in northeast—southwest direction. Elevated by sbf@-300 m above adjacent valleys, this ridge
forms the watershed between the Wonderfonteinsfiawithe north) and the Loopspruit (to the
south). While some lease areas of gold mines oftdreWest Rand fall almost completely into
the drainage basin of the Wonderfonteinspruit, #agse of Venterspost GM (now part of Kloof
GM), Blyvooruitzicht and Doornfontein GM (now meryénto ‘Blyvooruitzicht GM), others
stretch across the watersheds into neighbouringhownts, e.g. those of Driefontein Cons.
(consisting of formerly separated West and EasefDntein GMs), Kloof GM (in its original
extent before merging), Savuka GM and Tautona GMh(Ipart of West Wits Mines, formerly
known as Western Deep Levels). A few mines of theWest Rand fall outside the drainage area
of the Wonderfonteinspruit and drain into adjacestichments of the Klip River and Rietspruit
(Western Areas), as well as the Loopspruit (Elemisr Deelkraal) (now merged into the
Elandskraal GM) and Mponeng GM (the southernmo& ohthe West Wits Mines) (GSG,
2002).

Having established this, it needs to be pointed that surface catchment borders do not
necessarily coincide with subsurface drainage ar&€herefore inflow of groundwater from
adjacent (surface) catchments into the Wonderfospeuit system, as well as outflow of
groundwater into neighbouring (surface) drainagesinsa needs to be considered when
determining water balance. This may also be of m@mee when assessing the potential
pollution, e.g. by seepage from tailings dams. Despeing deposited outside the surface
catchment, seepage from some slimesspecially those located rather close to the wsihbek—
may reach the Wonderfonteinspruit via undergrouridenworkings and pumping schemes,
and/or other routes of subsurface flow.

21 Impacts associated with the dewatering of dolomitic groundwater
compartments
Owing to increased volumes of dolomitic groundwadittrating into underlying mine workings

where fissures and faults were progressively ietdesl, and because of the associated costs for
pumping this so-calledfissure water’ back to the surface, as well as for safety reasgolsl
mines of the Far West Rand in the late 1950s afficiproposed the dewatering of overlying
dolomitic aquifers to governmental authorities. ekfta subsequently launched investigation,
jointly conducted by a total of 10 governmentalrauities (nter alia involving the departments

of Mining, Water, Agriculture) (pers. commun. Stpdh.J., 2003), the implementation of
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dewatering was recommendedmainly based on macro-economical consideratioosdéan et
al., 1960). Based on this and a subsequent agrédmetmneen the government and involved
mines to collectively deal with arising consequesiciarge-scale dewatering officially started in
the area in the mid-1960s. However, the Venterspmsipartment had been partly dewatered by
operating gold mines several years prior to thiggien (pers. commun. Stoch, E.J., 2003). By
continuously pumping more groundwater from undexgtbmine workings than was naturally
recharged by infiltrating rainwater, and dischaggithe pumped water outside the (surface)
boundaries of drained compartments, the groundwatde was gradually lowered until the
affected dolomitic aquifers effectively were emp8tarting with the Venterspost compartment,
dewatering was then extended to the Oberholzer admpnt, followed by the Bank
compartment, and concluded with the Gemsbokforgempartment in the 1980s (pers. commun.
Stoch, E.J., 2003). Except for the latter, whiclomsated in the upper Wonderfonteinspruit, all
dewatered compartments are located in the lowerdétdonteinspruit (Venterspost, Bank and
Oberholzer Compartment). Ongoing pumping maintdiesdewatered status to this date.

The dewatering of dolomitic compartments not orffe@s groundwater, but also the availability
and quality of surface-water resources. Conseqsancide:

» The lowering of the groundwater table caused ddionsprings that used to feed into the
Wonderfonteinspruit to dry up. This, in turn, siggantly reduced stream- flow volumes and
increased flow variability downstream of affectgatings. The flow regime of that part of
the lower Wonderfonteinspruit where it successivétgverses the three dewatered
compartments is most severely affected. Later ¢htire reach of the stream was diverted
into a pipeline.

« The accelerated formation of sinkholes as one cuesee associated with dewatering
provided additional conduits for infiltrating raiater and increased groundwater recharge
rates. This, in turn, lowered the surface run-afmponent and additionally reduced the
stream flow.

» The lowering of the groundwater table also causecetwles of farmers to fall dry.
Associated water shortages subsequently led togelsaaf agricultural land-use patterns.
This, in turn, is likely to have altered run-offefticients and base-flow volumes of affected
areas. For example, changing from irrigation crefth high return-flow volumes in the
form of seepage to rain-fed crops with low retdowfmay have resulted in a reduced base-
flow contribution to stream flow.

»  The construction of new (open) concrete canaldjvtert abstracted fissure water from mine
shafts to farmers in order to compensate for lagelhwole water, is likely to result in
increased water losses through evaporation anddeskirom broken canals.

3 For this purpose the Far West Rand Dolomitic WAgsociation -FWRDWA- was founded.
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* Reduced stream flow in reaches of the Wonderfogpeint is likely to have had an adverse
impact on natural riparian wetland areas dependensurface watér Consequences of
reducing wetland areas include

= |ncreased stream-flow variation due to lower bdse-fcontributions from wetland
areas in dry periods and lower capacity to retaiods;

= Loss of habitats for a wide range of aquatic orgraisi, disturbing the functioning of
aguatic ecosystems (food chains);

» Reduced capacity for natural self-purification dfetstream, e.g. by settling of
suspended solids, adsorption of dissolved metal® drghly sorptive wetland
sediments, etc.

« The lowering of groundwater tables in compartmentsdified subsurface hydraulic
gradients, and may result in increased inflowsrougdwater from adjacent compartments
via fractures and faults in separating dykes.

2.2 Impacts associated with point discharges of mine effluents

2.2.1 Discharge of fissure water from underground mine workings

Most of the fissure water that is pumped to thdagar is discharged via canal systems into the
Wonderfonteinspruit. Consequences of the pointdisyh of large volumes of fissure water into
the stream include:

Creation of artificial flow regimes below the powitdischarge

Because of price differences between peak andeafkglectricity, pumping rates display distinct
day—night differences resulting in pronounced dilirgariations of discharge volumes and
associated stream flow below the point of dischaigecontrast, the seasonal fluctuation of
stream flow, often important for natural ecosystetos thrive, is markedly reduced by
continuously discharging water throughout the yetaa more or less constant rate. Since fissure
water is of a different quality than the water e tWonderfonteinspruit, this has an impact on
both quantity and quality of stream water.

Contamination of stream water

In cases where fissure water comes into contatt ai¢ bodies that have been (partly) oxidised
because of either mining or dewatering, such waight be contaminated with uranium or other
toxic heavy metals released from the ore. At soold mines the discharge of fissure water had
to be stopped since it exceeded limits for ionisiadiation (radioactivity) set by the National
Nuclear Regulator (NNR) (Khoathane, 2003). In additsuch water also often contains elevated

4 This, however, only applies to wetlands which e been already drained for agricultural purpogesr to
dewatering.
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concentrations of dissolved solids (indicated bgréased electrical conductivity) mainly
consisting of sulphates that originate from oxidisalphides.

2.2.2 Discharge of water used in mining processes (‘process water’)

In some mines abstracted fissure water is partlgdusm mining processes such as dust
suppression and underground blasting, cleaningqoipenent, cooling of underground mine
workings, drinking-water supply, metallurgical pesses, etc. In other mines water for such
purposes has to be imported, e.g. by buying it freater service providers such as Rand Water.
Water used in mining processes in this report iméel as'process water’ Consequences of
discharging process water into the Wonderfonteuisprclude:

Increase of sediment loads

Depending on the nature of the process in whichwiditer was used it subsequently may contain
significantly elevated concentrations of susperst@dls, many of them originating in dust from
rock and uranium-bearing ore. At one mine concéntra of suspended solids were such that
canals have been blocked by sediment bars formesbttyng suspended solids (pers. commun.
Stoch, E.J., 2003). To avoid this problem and redcencentrations of suspended solids, the
pumped fissure water is now diverted over a suamess settling ponds before being discharged
into a canal system. Despite large amounts setifirganals, much of the suspended material is
likely to have reached the stream where it subsgfjuaccumulates in low-flow areas such as
wetlands, weir basins and dams. This may contributee contamination of sediments sampled
in such areas.

Contamination of stream water with dissolved palfis

The mechanisms described for the possible polluwidissure water also apply to process water.
In addition to this, the use of water in metalleadi and leaching procedures may add
considerably more dissolved contaminants to them@ulles, 1991; Pulles et al., 1996).

Contamination of groundwater with dissolved polhtsaand suspended solids

Apart from being discharged into streams, in thepeupWonderfonteinspruit abstracted
groundwater is discharged via a borehole direatlp ian adjacent (not dewatered) aquifer.
Depending on the quality of the discharged wathis tmay have an adverse impact on
groundwater quality in receiving compartments.

2.3 Impacts associated with uncontrolled release of water from diffuse sources
Uncontrolled release of water from diffuse, minmedated sources into the environment includes,

inter alia:

» Porewater-fed seepadgeom fine-grained, unlined mining residues suctslames dams and
sand dumps (active and decommissioned)ften highly contaminated- (Matic & Mrost,
1964), affecting shallow and deep groundwater, el @ surface water such as dams, lakes
and streams

* Run-offfrom coarse-grained, unlined mining residues sigchre piles and rock dumps
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* Run-offfrom sidewalls of fine-grained mining residuestsas slimes dams and sand dumps
» Seepagdrom evaporation facilities (pans, dams)

* Run-offandseepagdrom irrigation of vegetated slimes dams with mexwater

» Leakagedrom unlined dams, canals, pipelines

» Spillagesof slurry (slimes-water mixture), process watemuétallurgical plants, sewerage,
etc.

* Rainwaternot captured in storm-water drainage systems amdributing to run-off from
mining property

» Seepagédrom slimes dams

Owing to their large surface area and content otaninants, slimes dams are likely to be the
single largest source of diffuse water pollutionrbyning. Seepage from slimes dams frequently
displays significantly elevated concentrations r@ium and other toxic heavy metals, as well as
dissolved salts such as sulphates and chloridesn) skverely limiting the usability of affected
water resources. In tailings where sulphide oxadateads to the formation of sulphuric acid (a
process termed ‘Acid Mine Drainage’, AMD) the higtidity of the seepage (pH <2-3) is known
to aid the liberation of toxic metals from tailinparticles. Largely unexplored, however, is the
contribution of nitrate and carbon as decay praglattyanides (used as leaching agent for gold),
which may promote eutrophication in receiving scefavaters.

Owing to large surface areas and volumes, slimesdpgenerate comparatively large volumes of
seepage. Amongst others, seepage release is gdliogtspontaneous formation of wetlands at
the basis (foot) of many slimes dams. Driven byebavated porewater head inside the tailings
(phreatic surface), a continuous outflow of seepamgmanently elevates the adjacent
groundwater tables and allows for wetland vegeatasioch as reeds to grow throughout the year,
even during the dry winter season. Comparativeiessudf tailings deposits under different
climatic conditions suggest that seepage losses di@commissioned tailings deposits were in the
order of mean annual rainfall volumes they receiy@dnde, 2003). In most slimes dams
eventually a hydraulic equilibrium between infitirg rainwater and seepage losses will be
established at a mean water content of 10-30 w&¥hifarid conditions of SA). At active slimes
dams, however, where additional water from slusnapplied, seepage losses may exceed the
MAP by up to several times (Winde, 2003).

Seepage from slimes dams often migrates along blydrgradients across shallow aquifers of
adjacent floodplain sediments into nearby stredmsmall catchments, where a comparatively
high proportion of the total area is covered byirtgs deposits, such seepage may form a
significant proportion of stream flow, considerabgducing water quality (Winde, 2002). Acid

mine drainage in tailings often increases the leachate for uranium and other heavy metals by
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orders of magnitude resulting in concentrationsdissolved uranium in the region reaching
several hundred mg/l (Mrost and Lloyd, 1970; Win86802). Compared with the discharge-
unweighted mean of global background concentrdbomuuranium in fresh water of 0,0003 mg/I
(DWAF, 1996), uranium concentrations in seepageuatmlly between thousand to a million
times higher and therefore likely to exceed theuratbackground of many of the receiving
watercourses in mining areas by several ordersagitude, i.e. in order to dilute the uranium
concentration of such seepage to background lewetsntaminated fresh water of a thousand to
a million times the volume of the seepage woulcéeded. Taking this water needed for dilution
into account, the total water use of mining in Séwd be considerably higher than the currently
estimated 3 per cent of the total water use otthumtry (DWAF, 2002).

With about a quarter of all South African gold ondled, processed and deposited by mines of
the West Rand and the Far West Rand (Wymer, 188f)es dams in this region are assumed
also to comprise about a quarter of all gold tggiproduced in the Witwatersrand basin (Robb
and Robb, 1999). While the total area covered hLyned deposits is estimated to be
approximately 400 km? (Robb and Robb, 1999), aewmagive (under)estimate of some 40 km? is
used for the Wonderfonteinspruit catchment (Marsd®&86; GSG, 2002). Using this surface are
and an again underestimated mean annual preamit@dAP) of some 600 mm/a throughout the
whole area, slimes dams of the West Rand and Fat Rénd receive approximately 24 million
m3 of rainwater per year. The proportion of raimsvainfiltrating into tailings (resulting in
seepag®q’ largely determines the resulting volume of seepigm slimes dams. The rate at
which seepage percolates through slimes dams miy camsiderably according to climatic
conditions (evaporation rates, rain intensity, Jednd tailings-related factors such as grain-size
distribution, vegetation state, extent of erosibensity and width of cracks in dried tailings, etc.
However, with the usually flat tops of most slimdeams having almost no gravitational surface
run-off, cracks allowing for easy infiltration adinwater into deeper layers of slimes, and almost
no losses by interception or transpiration frometatjon, the recharge rate on slimes dams is
likely to be significantly higher than under nailucanditions. While 100 per cent relative air
humidity entirely prevents evaporation during ralhfafter rain events much of the infiltrated
water is largely protected from evaporation by tweg tailings. Furthermore, many of the
slimes dams in the area of investigation are atilive and receive additional water input. In view
of this and the above-mentioned finding that seepagses from tailings deposits are in the order
of received rainwater volumes, an average appkcabépage-recharge rate of 100 per cent MAP
seems to be reasonable. Being possibly too higddoommissioned slimes dams and too low for
active ones, it represents a (conservatively otienated) first-order approximation. Based on
this, a total volume of (undiluted) seepage of s@henillion m3/a (760 I/s) from all slimes dams
located inside the Wonderfonteinspruit catchment ise expected. This equals about the current
total surface run-off from almost the entire catemtnarea of the Wonderfonteinspruit as
measured at station C2H069 (measurement perioti920/03/1999).
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Assuming an average uranium concentration in gsliseepage of 1 my/about24 t of uranium
per yearis transported in dissolved form from slimes damie ground- and surface water of the
Wonderfonteinspruit system.

In addition to the transport of leached contamisdram slimes dams, gully erosion of sidewalls
of slimes dams frequently also transports tailinggterial directly into adjacent watercourses.
Being exposed to atmospheric oxygen, bacterialdajolrite oxidation in such slimes is not
impeded by restricted airflow into deeper layessthas is the limiting factor for AMD to occur in
slimes dams (Mrost and Loyd, 1970). Therefore, atkaoh of sulphides readily occurs in such
spills, liberating contaminants such as uraniumeareasily.

Currently, less than 1 000 t of uranium is produaedually by South Africa (Venter, 2001).

Compared with 1980, when some 7 200 t of uraniurardihg quoted in Venter, 2001) were

extracted, this results in some 6 000 t of uranpemyear which are additionally disposed of onto
slimes dams (Winde and de Villiers, 2002a/b). Sieeehing with sulphuric acid extracted some
90 per cent of the original uranium content frone tore, a tenfold increase of uranium
concentrations is to be expected in all tailinggciwhare no longer leached for the radioactive
metal. Particularly high concentrations are theeelikely to be found in upper layers of slimes
dams at gold mines with above-average uranium grasleich have abandoned uranium
production.

Along with some 1,1 billion t of gold ore that waslled by mines in the West Rand and Far
West Rand up to 1998, more than 150 000 t of uramiere brought to the surface. With only a
guarter of it being extracted and sold, the majasftthe mined uranium remains in tailings. The
slimes dams of the West Rand and Far West Randaiooattotal of well abov&00 000 tof
uranium (1998), reachingverageconcentrations in some mines of over 300 mg/kg fass-
weighted mean uranium concentration in all tailiogsabout 100 mg/kg is about two orders of
magnitude above the natural background in soilssamthce rocks of the area, rendering slimes
dams a potential source of uranium contaminatiopniéf, 1999).

2.3.1 Other diffuse sources of uncontrolled release of water

In addition to mining residues dumped on the s@;father mining-related sources of diffuse and
uncontrolled release of water into the environnexist, including:

. Stormwater run-off from sealed areas such as rqakjng areas, roofs, plants, ore piles
and rock dumps which is not collected in stormwadtainage systems;

® This is based on an average retention factor [sohk. solids : U-conc. water) of 100 and an averdgat-
concentration of 100 mg/kg found in South Africdimes dams. The resulting Unat-concentrations iepage is
conservatively underestimated since concentrat&anhigh as 30—>100 mg Unat/l were observed (Mrodtlaoyd,
1970; Winde and de Villiers, 2002).
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. Spillages of process water;
. Leakages from defect pipelines and broken channels;

. Seepage from unlined return-water dams, evaporéiditities and other water reservoirs
such as pollution-control dams, etc;

. Leakages from water supply and waste-water reticmasystems, often exacerbated by
mining-induced seismicity and ground instabilitytie region.

2.3.2  Controlled release of waste water from point sources

Point sources via which uranium-contaminated waséder might be discharged into the
Wonderfonteinspruit include:

Domestic waste water from mining-related sewageksvo

With workforces of gold mines in the order of taxfghousands of people, the resulting sewage
volumes are often comparable with those of manyiumedized towns in the area. The treated

waste water mainly originates from imported tapexéiought from a water service provider such
as ‘Rand Water’. At some mines fissure water iatee in water-purification plants and also used
for human consumption. Higher uranium concentratiorsuch waste water are to be expected in
cases where miners drink uranium-contaminated wateth as cooling water in underground

mine workings, resulting in elevated uranium coricion of the urine, as detected in some

cases (Steenkamp, 1996).

Process water from metallurgical gold/uranium pgkan

Although much of the water in metallurgical plamgsrecycled and reused, some of the water
needs to be discharged. Based on a volume of 2/9@® mine-water effluent with an average
uranium concentration of 0,74 mg/l (Pulles, 199¢pld mines in South Africa discharge a total
of approximately 50 t of uranium per annum intoaadnt streams. Based on a 25-per cent share
of the West Rand/Far West Rand area on the tofdl miing output, it can be assumed that
mines in the area discharged about 12 t uraniumyeer into fluvial systems. Since uranium
concentrations in process water of uranium plaréganerally higher than in gold plants, owing
to the leaching of uranium from the ore, it is likéhat even higher uranium loads occur in the
Far West Rand considering the higher number ofiunaplants in the area. With the decrease of
uranium production this source of stream contaronatas become less important. However, the
associated positive effect of decreasing uraniuodyection might be counterbalanced by the
afore-mentioned increase of uranium concentratisiimes dams.

® This concentration is approximately ten timesahaent South African guideline level for idealrtking
water, more than 70 times the tentative South Afriguideline level for irrigation and is more tham
times the level for drinking water determined irctsen 9.7.5 (Regulatory limits)
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Surface run-off from stormwater-drainage systems

Stormwater-drainage systems collect mainly rainmate-off from sealed surfaces such as tarred
roads, concrete-covered areas and roofs. Owingutdhrigher run-off coefficients this can result
in almost 100 per cent of the rainwater from suckas flushing untreated into nearby streams.
Containing a wide range of heavy metals such a@ffiinates in petrol), Cd (abrasion of tyres),
Zn and Cr (corrosion of cars, gutters, roof matgrian-off from roads and other sealed surfaces
constitutes a significant source of stream contation (Winde, 1996).

In addition, fine windblown-dust from adjacent sisn dams is frequently flushed into
stormwater-drainage systems. Concentrating dust fewge surface areas in comparably small
drainage channels often results in outlets of statar-drainage systems being a significant point
source for discharging contaminated sediments stigams (Winde, 1996). Assuming for the
whole Wonderfonteinspruit catchment a total areasaine 50 km? of sealed surface in the
vicinity of slimes dams on which in the course ofear a dust layer of only 1-mm thickness is
deposited and entirely flushed into the stormwatdmrainage system, a sediment load of
approximately 100 000 t/a would result. With slinmaterial containing on average 100 mg/kg
uranium, stormwater-drainage systems discharge tabdut uranium per yearinto nearby
streams. This is about the same amount of uranhaththe Wonderfonteinspruit received in
dissolved form from point sources (mine efflueranyl that is released via seepage from slimes
dams respectively. While 50 km2 might be slighteestimated, the assumed thickness of 1 mm
dust deposited over a whole year is certainly iibie,| considering that dust concentrations of up
to 3 700 mg per m3 of air were reported from amdjiacent to slimes dams of the East Rand
during a windy day. With an average density of dliynes of about 1,8 g/cm? (less than the
density of a single particle due to the pore spemmaining between compacted spherical
particles) a single event with such dust conceotmatlready results in a layer of slimes dust of
about 2 mm thickness. Even without having exact bens for the Wonderfonteinspruit
catchment, this illustrates that stormwater-dragnggstems may constitute an important source of
uranium pollution.

Other sources likely to contribute to the contarmomof stormwater with uranium include run-

off from ore piles, and rock and sand dumps, ad a&lfrom uranium plants where possible
spillages of process water, dust and uranium cdratenmay be found. Furthermore, tailings
particles eroded from nearby slimes dams may besp@ted into stormwater-drainage canals.
Rainstorms exceeding an intensity of a 1 in 504 iwimost cases result in additional spills of
run-off from slimes dams overflowing the prescrib@@-m high free board of stormwater-

retention dams.

There are also reports about illegal use of stoemdrainage channels to dispose of highly
contaminated process water from metallurgical glamthe upper part of the catchment (Parker,
1982).
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2.3.3 Accelerating karst-related ground movements

Owing to the lowering of the groundwater table accelerated formations of sinkholes,
dolines and ground subsidences were observed. Consequences for water resources
include:

- Creating potential sources of off-site contamimatiy filling formed sinkholes for stability
reasons with tailings from gold mines. Findingsaafecent study into the effects of tailings-
infilled sinkholes on groundwater quality suggesattthey act as significant sources of
uranium contamination (Dill and James, 2003).

- Frequent breaches of water and waste-water refiiculaystems, with increased water losses
through leaking pipelines and water contaminatignwaste water (pers. commun. Swatrt,
C.J.N., 2003)

- Depreciation of commercial land value (pers. comn&tonch, E.J., 2003)

- Creation of further sources of pollution (includibgcteriological) by misusing sinkholes as
illegal waste dumping sites (Dill & James, 2003)

- Further reduction of the surface run-off and inseeaf groundwater recharge through
sinkholes.

2.3.4 Diverting stream flow into a pipeline

In order to avoid that pumped fissure water fromdarground recharges backs into the
underground mine workings through sinkholes, wigokferentially formed in the vicinity of the
stream channel, the Wonderfonteinspruit was corelyladiverted into a 26-km-long pipeline
(equals >20% of total length of the Wonderfonterngjp. Consisting of rubber-lined steel with a
diameter of 1 m, this pipeline more or less follaws course of the (now dry) stream channel.
Some of the consequences for flow and quality dewassociated with the diversion of stream
into this pipeline include:

. Confining stream water to a pipe, and thereby prting interactions with the natural
environment such as the atmosphere, sedimentsti@aqmosystems, etc. directly or
indirectly affects the self-purification capacitfthe stream. Mechanisms affected include
sunlight-dependent biological decalcification arsbariated pH-fluctuations that trigger
precipitation of dissolved metals, flocculation geeses due to microbiological activity,
etc., in about a third of the total length of thream.

. The pipeline also prevents dilution of contaminaemhcentrations in the stream water by
excluding groundwater and surface run-off.

. The above factors allow for extended transportadists of pathogenic bacteria and other
pollutants originating from raw-sewage inflow, withe latter being frequently observed at
Donaldson Dam as starting point of the pipeline.
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. The complete diversion of stream flow into the pipe exposes (supposedly)
contaminated stream sediments of the dry streantbedxygen and the associated
liberation of contaminants such as uranium andrdibavy metals.

. Since no areas of low flow velocity, as e.g. inleds, occur inside the pipeline, rates of
downstream transport of sediments are likely todase.

. Water-dependent riparian ecosystems such as wstldsehthic, aquatic and riparian
habitats, etc. were largely destroyed.

. The reduced potential of the altered streambecetinge peak-flow volumes and retain
sediments is of particular concern during storrméyewhich may lead to floods flushing
down the stream channel.

. The diversion of the stream flow also reduced tradewavailability for inhabitants and
fauna of the riverbanks.

. In addition it may also affect the microclimate a@bthetic value of the scenery.

2.3.5 Internal use of fissure water by the mines

Some mines increasingly use fissure water for mimiarposes such as transport and deposition
of tailings, irrigation of slimes dams, leaching@pesses, cooling underground mine working, etc.
Consequences of doing so include:

J Reduction of the volume of water available for detweam users and the environment.
. Reduced dilution of pollution loads from upstreahth@ point of discharge.

. Some of the water may partly flow back into thetegsas return flow from diffuse sources
such as slimes damsthen, however, often considerably contaminated.

2.3.6 Import of water from areas outside the catchment via water service providers

Owing to its good quality, imported water is likelg have an overall positive effect on the
guality of water resources in the Wonderfonteindgpratchment, mainly because of dilution of
pollutants in receiving water bodies of the catchtndherefore, reducing the import of such
water— e.g. by using fissure water will most likely result in an overall increase @intaminant
concentrations in receiving watercourses.

2.4 Impacts associated with the altering of run-off coefficients of occupied surface
areas
As a result of reduced borehole-water availabildy agricultural usage and of mining-induced

establishment of settlements, roads and mining$trfucture such as hostels, shafts, metallurgical
plants, parking areas, etc., the land-use patterne Wonderfonteinspruit catchment have

changed considerably over time after mining comraedna the area. Some of the associated
consequences for surface and groundwater resoaredisted below.
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2.5

2.6

Changing land-use patterns on mine lease areas aitey the proportion of rainwater that
runs off and infiltrates into soil respectively ifroff coefficient). While some activities
such as sealing surfaces with tarred roads andlibgd, and increasing topographic
gradients in the microrelief by erecting prominstructures such as tailings dams, rock
and sand dumps, etc. increase run-off coefficieotBer activities such as vegetating
formerly bare ground and creating trenches, pits,may have the opposite effect.

Run-off coefficients of sealed surfaces such asedaroads, concrete-covered areas around
metallurgical plants, offices, hostels, residentiakas, and the buildings and roofs
themselves are significantly higher than thosersfealed (natural) surfaces such as open
grassland, soil, lawns, etc. Thus run-off from miaase areas in general is artificially
elevated compared with natural (premining) condgior ogether with the pollution of such
run-off, this leads to an overall increase of waséter discharges and a decrease of natural
groundwater recharge.

In cases where drained stormwater reaches the dnpywWWonderfonteinspruit, traversing
dewatered compartments, an increased rechargeoohdyvater via sinkholes may occur,
especially since sinkholes are particularly conegatl in the streambed. The associated
increase in groundwater recharge is likely to imseethe ingress of fissure water into
underground mine workings.

The deposition of tailings in SD up to several tehmetres above ground creates artificial
hydraulic gradients between phreatic surfaces deird inside the deposits and adjacent
groundwater tables. This again drives seepage Biimes dams into groundwater and
adjacent streams. Such seepage frequently disptayeentrations of sulfate, heavy metals,
uranium and CN-borne nitrogen and carbon thatigrefeantly above natural background
levels.

Other (indirect) mining-related impacts
lllegal leaching of stolen auriferous slimes materiwith highly toxic mercury (HgQ)
(amalgamation), being flushed into nearby streamg contribute to water contamination.

Contaminants from discharged fissure water frequeatcumulate in sediments of
affected streams, often reaching higher conceaotratithan in the actual source of
contamination.

Such sediments may temporarily release accumutatehminants, constituting secondary
sources of contamination.

Impacts associated with the rewatering of formerly dewatered aquifers

Rewatering refers to the natural process of repteng formerly dewatered aquifers by rain and
stream water after pumping of fissure water frondarground mine workings has ceased.
Although rewatering- in the true sense of the wordoccurs as soon as natural recharge exceeds
pumping rates, the term is commonly used only ferrtd increasing groundwater levels once
mining-related pumping has stopped completely. gisged impacts on water quantity and
quality include the following aspects, which arepafticular concern:
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2.6.1 Cessation of pumping fissure water into the Wonderfonteinspruit

The cessation of pumping after mine closure impliest fissure water will no longer be
discharged into the Wonderfonteinspruit. Being entlly the most significant contribution to
stream flow, this will significantly reduce volumasailable to downstream users such as the city
of Potchefstroom which relies entirely on surfaggen. This is exacerbated by the fact that, apart
from fissure water, discharge of purified waste ewdtom mining-related sewage works that
mainly originates from imported water will eventiyadlso stop. In addition, large proportions of
rainfall on surface areas of dewatered compartmemisof stream flow entering the latter from
upstream will only contribute to groundwater regar Until premining water levels are
reinstated in the formerly dewatered compartmerdstrof the water entering this area will not
be available for downstream users. This situati@y hast up to several decades, depending on
recharge rates and groundwater losses to downstceampartments via mined-through dykes
(Dill and James, 2003). Possible consequences oh sn extended dry period in the
Wonderfonteinspruit due to rewatering include:

» Water-shortages for users dependent on pumped water such as farmers and the City of
Potchefstroom

* A severe reduction of stream flow downstream ofmfer discharge points will have an
adverse impact on aquatic ecosystems such as detleit. (‘ecol. reserve’)

» Insufficient dilution of pollutant inputs from muipal sewage works that will continue to
discharge waste water into the Wonderfonteinspiithis may cause deterioration of water
quality with particularly high concentrations of ntaminants occurring during low-flow
conditions in dry seasons.

» Change of flow regime of the lower part of the Werfdnteinspruit from perennial to only
seasonal or even episodic.

» Prolonged exposure of uranium-contaminated sedsnentvetlands, dams and the stream
channel to atmaospheric oxygen during dry times

» Reduction of total uranium load if fissure waterswthe main source of uranium input.

2.6.2 Increasing water levels in formerly dewatered compartments

After the cessation of pumping, groundwater witidfly fill the underground mine voids and
overlying aquifers. Currently it is still uncertaiow long the rewatering process will take and
whether premining groundwater levels can be redtatall in the dewatered compartments. The
two main models addressing the latter question thed associated consequences are briefly
outlined below.

‘Megacompartment’ model

Since formerly impermeable dykes which separatedgttoundwater compartments from each
other have been mined through, at least three ef dawatered compartments are now
hydraulically interlinked, forming a so-called ‘megpmpartment’. This allows for water to flow
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downstream through the pierced dykes (Ventersposand Bank D.) from the two upstream-
lying compartments (Venterspost C. and Bank Cg ihe lowest-lying compartment (Oberholzer
C.). With the downstream dyke of the receiving camipent still being impermeable (not mined
through), groundwater there will rise until it réas the surface and decants via a reactivated
spring (‘Oberholzer eye’) into the Wonderfonteingpr Assuming an unlimited water flow
between the compartments, the water tables irhaktcompartments will be at the same level,
with the highest possible elevation at the levethaf spring as ultimate point of decant. If this
scenario applies, final groundwater tables in the tipstream departments would remain far
below pre-mining levels (up to 60 m in the uppentpaf the Bank and Venterspost
compartments).

Consequences of this scenario include:

. Former springs on the upstream sides of the dykdmih ‘upstream compartments’ will
not flow again, and will thus not contribute toestm flow

. A large part of the Wonderfonteinspruit stream ctedr{ca. 20—25 km) would remain dry,
with all afore-mentioned impacts on aquatic ecasyst local users, microclimate, habitats
and fluvial dynamics of stream flow and sediments

. After complete rewatering the discharge of thergpiin the lowest-lying, hydraulically
connected compartment will significantly exceednpireng flow rates, then discharging
about the sum of the premining flow of all sprifigshe upstream compartments

“Permeability gradient” model

In contrast to this Dill and James (2003) firstgesgfed that drastically decreasing permeability of
rocks underneath the karstic zone of the dolomuald/ not allow for sufficient water flow into
underground mine workings and through perforatekedyrendering it unlikely that a common
water level in all three rewatered compartmentsld/€inally be established. The authors assume
that the natural recharge will exceed water lofses the karstic zone to the deeper underground
and that, therefore, the upper (cavernous) zonéhefdolomite will gradually be filled by
infiltrating rainwater, finally reaching preminirgroundwater levels. In contrast to predictions of
the ‘mega-compartment model’, this implies thatirggs in all three compartments will flow
again. However, owing to water losses to the loveeshpartment the spring flow in upstream
compartments will be below premining levels andéf@re more prone to cease during longer
dry spells. The water lost at the upstream compartswill increase the flow of springs in the
lowest-lying compartment. Depending on which of sthetwo scenarios eventually will
materialize, different consequences for water flmvad quality will result. Some of the aspects
associated with the different scenarios are oudlimelow.
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2.6.3 Ground-stability aspects

Since the formation of sinkholes, dolines and gtbsabsidence significantly increased soon
after dewatering commenced, and the lowering watde moved through the cavernous zone of
the upper dolomite, predictions are that this valoccur as soon as the rising water table reaches
that zone again. Mechanisms discussed in thisddgalude increasing sheer stress at end points
of remaining arches of chert bands that span leagéies, decreasing support of such structures
owing to lack of buoyancy, and subsurface erosibrfilb material in palaeosinkholes by
infiltrating rainwater migrating across the cavaraodolomite. It was also suspected that
increased volumes of pumped groundwater dischaiggedthe Wonderfonteinspruit may have
contributed to the accelerated development of sildéh inside the stream channel of the
Wonderfonteinspruit (Enslin, 1951; Brink, 1979). low far re-established buoyancy, after a
complete refilling of the karst system and the amsded reduction of vertical water flow through
the cavernous zone, will assist long-term constibdastill needs to be determined.

In places where near-surface groundwater levelst@rbe re-established this might lead to
basement instability of waste dumps, houses and#rer structures built in low-lying areas on
previously dry ground during the decades of devwager

In case predictions where the ‘megacompartment fhapplies, groundwater tables in rewatered
compartments will remain up to several tens of gsetrelow their premining levels, fluctuating
within the cavernous zone of the dolomite. The amganovement of water through this highly
permeable zone, associated with seasonal fluchstid the groundwater table, is likely to
increase further karstification and collapses ofites, as the weathered part of the dolomite is
most vulnerable to phreatic solution and subsurfa@sion. Downstream of the lowest-lying
spring, increased stream flow may contribute taifllierosion, particularly at inlet caves and
swallow holes (‘ponors’) at the bottom of the streehannel and in subsurface channels inside
the dolomite.

In addition to karst-related effects, the replenmisht of dewatered compartments is also
associated with the build-up of a water columntapeveral thousands of metres high, that exerts
additional pressure on abandoned underground naits.vAt present no information could be
obtained on whether or not this might have negatiwglications for the long-term stability of
(artificially) plugged water conduits (as found .eay West-Driefontein) and underground mine
workings that may collapse (although buoyancy mighigate the effects of water pressure).

Similar to the effects of large dams, which oftegger seismic movements owing to adjustments
of the geological underground after being filleghvatering also may lead to short-term increases
of seismicity because of an adjusting geologicalirenment considerably altered over decades
of mining.
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The question as to how far possibly elevated acidit groundwater from underground mine
workings due to Acid Mine Drainage (AMD) may accale the dissolution of dolomitic
carbonates, and therefore increase chemical weaghand associated consequences such as
occurrence of sinkholes, dolines and ground subseleshould also be included in future
investigations addressing stability-related aspeftewatering.

Water-availability aspects

After a slow initial phase in which the mine voiéstending several thousands of metres below
surface, will be flooded, groundwater levels arpested to rise much quicker once they reach
overlying rock formations with a comparatively lostorativity (0,01%). The increase of
groundwater levels will again slow down once theetaous upper zone of the dolomite about
100-200 m below surface is reached. where larget kgstems in the form of interlinked caves,
dissolution slots and joints need to be filled Ibefgroundwater tables can reach the surface. In
this weathered zone of the dolomite, with an averatprativity of about 10 per cent, the
groundwater increase will be about 1 000 times slothan in the underlying bedrock. It is
therefore estimated that it may take several decafier cessation of mining-related groundwater
pumping before premining water levels are re-esthbd and groundwater via reactivated
springs and base flow will contribute $tream flowin the Wonderfonteinspruit again (Swart et
al., 2003). During this time availability of natllyaoccurring water in the area will be severely
reduced.

Whether groundwater tables ultimately will be réablished at their premining levels depends
mainly on the volumes of groundwater lost to thevdst-lying compartment through cross-
compartmental flow via underlying bedrock and mitledugh dykeS If such cross-
compartmental water flow through pierced dykes t(easl) can be avoided (e.g. by sealing
mined-through dykes with plugs), original flow rattmay be reached again at the affected spring.
If complete sealing cannot be achieved and thegacompartment modedssumptions apply,
premining groundwater levels will not be reachedhia compartments upstream of the lowest-
lying compartment. Consequences of this include:

. The resulting groundwater tables in the two upstremmpartments will be between 30
and 90 m below their original levels, increasingthwigrowing distance from the
downstream compartmesti.e. in many areas of those compartments borelodlEEsmers
will remain dry.

. The dolomitic springs of the upstream compartmeiiisemain dry.

. Stream flow will be markedly reduced and confineddin events (episodically) since no
base flow by dolomitic springs will be provided.

" Possible losses of groundwater to compartmerasljgcent catchments not considered
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. Surface water-reliant users and ecosystems wilé v access to water; wetlands in this
area are likely to remain dry, not being able tdfésuflood peaks in flow and retain
pollutants from upstream.

If the ‘permeability gradient model’ applies, ongi (premining) groundwater levels eventually
will be re-established and, therefore, springs folv again. Consequences of this model would
include:

» Losses of groundwater through dykes to the lowestylcompartment will reduce flow rates
at upstream springs, rendering them more pronalkalfy during longer dry spells. This, in
turn, would result in less constant stream flowhiose compartments and might turn the flow
regime of the Wonderfonteinspruit from perennidbiseasonal, simultaneously reducing the
stream’s capacity to dilute waste-water discharges,by municipal sewage works.

» The flow rate of the lowest-lying spring in the dwtream (receiving) compartment is likely
to increase. This increase will be about equivalerthe flow decrease of the upstream-lying
springs.

» Increasing water levels may also acceleratess-compartmentaloutflow of water to
compartments bordering to the west, north and sweigttpathways such as mine workings,
stopes, blasting-induced fractures, boreholes,spigie. This again might reduce the flow rate
of the lowest-lying spring of the dewatered comppart.

» Owing to the increased number of sinkholes theaserfun-off will be reduced in favour of
increased groundwater recharge rates.

» Seepage from slimes dams may provide seasonalyeskmse flow to shallow (perched)
aquifers feeding into the Wonderfonteinspruit. Tisiparticularly applicable to the upper non-
dolomitic part of the catchment where:

- Losses to deeper aquifers are smaller than in dbtoareas (quartzitic bedrock of low
permeability).

- The proportion of slimes dams-covered areas of tttal catchment is higher than
downstream.

- Slimes dams are generally situated closer to tearst

- The topographic gradients of the headwater regiengenerally steeper, allowing for
higher proportions of interflow after rainfall thamthe undulated downstream parts of the
Wonderfonteinspruit catchment.

Under such conditions the water quality of theastrecan deteriorate significantly.
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2.6.4 Water-quality aspects

Stream contamination in the headwater region

The problem of low dilution of tailings seepageniiming-affected headwater regions of streams
is illustrated by the fact that long-term averag€-\alues of stream water in the upper

Wonderfonteinspruit (DWAF, HIS data for station CI&2, 1971-2000) are almost twice as high
as in the lower Wonderfonteinspruit, despite thgetahaving received waste effluents from

almost the entire catchment (DWAF station HIS datastation C2H069).

The situation is likely to worsen during dry wintemes when seepage from slimes dams is
almost the only source of base flow feeding thesstr. Findings from the headwater region of the
Natalspruit near Alberton (Central Rand goldfieddiggest that about a quarter of the total flow
measured in March 1999 (after an above-average swetmer) originated in seepage from
adjacent tailings. The proportion of seepage tadked flow coincided with the proportion of the
total catchment area covered by mining residueb siscmine dumps and slimes dams (Winde
and de Villiers, 2002). Apart from elevated levefsEC (as a synonym for the concentration of
dissolved salt), under such conditions high corregions of other tailings-related contaminants
in the stream water such as uranium are also likeelyccur. In the case of the upper Natalspruit
this resulted in an extrapolated annual load adahiged uranium of some 400 kg. It is likely that
such factors have contributed to the extremely higinium concentration of 4 mg/l found in a
grab sample from Russell Stream (Central Rand,ni@sburg) without continuous monitoring
(Kempster et al.,, 1996). With many slimes dams he theadwater region of the
Wonderfonteinspruit being abandoned, and manyerhtheavily eroded and subject to extensive
acid mine drainage, such extremely high uraniunceotrations are not unlikely to occur in the
upper Wonderfonteinspruit as well.

Groundwater contamination by tailings-filled sinké®

Since large-scale dewatering commenced about 1 s@ikholes may have occurred in the
affected region (pers. commun. Swart, C.J.N., Gddbtability Group Gold Fields Ltd, 2003). To
increase stability of adjacent areas and decressaciated risks for local residents, many of the
sinkholes were filled with slimes material fromlitas dams, simultaneously reducing possible
groundwater recharge through such conduits (Swaat ,e2003; Dill and James, 2003). In cases
where sinkholes occurred near or underneath egistsiimes dams, fresh slimes from the
metallurgical plant were pumped from the pipeliirectly into the cavities. In some instances it
took several months of ongoing pumping slimes wuih cavities were filled (pers. Commun
Stoch, E.J., Environmental Consultant WelverdieRd03).

Where rising groundwater tables submerge diligld sinkholes,contaminants such as uranium
might be leached from the tailings material anashgported downstream. In cases where AMD
occurs, the leaching of heavy metals including wranwill be enhanced, simultaneously
increasing the salt load (EC) and acidity (lowenoid) of the groundwater. This is supported by
data from a leaching experiment and chemical modetiredicting uranium concentrations in
seepage from filled sinkholes of 0,3 mg/l and 6@-81g/l respectively (Dill and James, 2003).
Considering that only slimes material with a wealldw average uranium concentration was
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investigated (15-45 mg/ kg, while the mass-weiglaegrage uranium concentration of slimes in
this area is 119 mg/kg), and owing to some pedtiéarof the applied methodology, these values
(especially the lower range) are likely to undeneste the associated uranium contamination
(Winde, 2003: Comments on the methodology usedlirabd James 2003, unpublished, 8 pp).

Groundwater contamination in underground mine wogs

Water in contact with oxidised ore bodies underground mine workingsis likely to be
contaminated by uranium that is liberated from mafeesuch as uraninite (Joand pitchblende
(U30g) — the most common uranium-bearing minerals in theechigold reefs of the Far West
Rand— both unstable in the presence of free oxygen. éstjon arising from this is whether this
process will fade out once the mine void is flooded no free (gaseous) oxygen is available.

For long-term predictions of spring-water quality is also important to understand the
groundwater flow after the compartments have beenptetely rewatered. Of particular interest
in this regard is whether contaminated water friwn filled mine void will be rather stagnant
once the compartment is filled, resulting in diéfiet consequences for the quality of ground- and
surface water.

2.6.5 Groundwater hydrodynamics

In the case of groundwater in underground mine wgskbeing more stagnant, it is assumed that
infiltrating ‘clean’ rainwater in the highly permigl@ cavernous zone of the upper dolomite will
be the only mobile element of the groundwater ehtifeeding the dolomitic springs (pers.
commun. Stoch, E.J., 2003). Being stagnant in thnee moid and separated from the cavernous
zone of the dolomite by several thousand metredf with low permeability, it is assumed that
the contaminated water from underground mine waskiwill therefore be topped by a layer of
clean water with which only very limited interaci® if any, take place. Therefore the quality of
spring water will generally be good, only impededpdnssible seepage from slimes dams that
may migrate via shallow (alluvial) aquifers int@tfiuvial system.

U-tube effect

It is, however, also possible that former shaftsasc conduits for vertical water flow through
rocks of otherwise low permeability. Being lateyationnected underground by mine workings
this may result in the so-calléd-tube effect, where water is assumed to flow downwards to the
flooded underground mine workings in one shaft tmdross over through filled mine voids to
other lower-lying shafts. Driven by hydraulic grawdis, resulting from such differences in
elevation, water might flow upwards inside the reiog shafts and reach the surface. In that case
dissolved contaminants from oxidised rocks and amethe mine void will finally reach the
stream. The resulting groundwater quality is madgyermined by the ratio between the influx of
clean (uncontaminated) rainwater and the rate ofarninant release from the ore body into this
water. Should AMD decrease once the mine voidlliedfi a gradual improvement of the water
quality is to be expected. If, in contrast, infiling rainwater keeps on dissolving contaminants
from the rock face ground and stream pollution weinain a long-term problem. The ‘U-tube
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effect’ can occur in a single compartment, as \asllacross boundaries of compartments which
are hydraulically interlinked, e.g. by mining thgtuthe separating dykes.

Gradient flow

While the U-tube effect would result in a ratherajugroundwater flow through mining-related

conduits that offer no flow resistance, pluggingaling) of shafts and underground mine
workings could supposedly minimise such flow. Jthewever, rather unlikely that water in mine
voids will remain totally stagnant given the higlmmber of fissures and faults in this tectonically
stressed area, providing pathways for flowing wafBhis would result in contaminated

groundwater from the mine void eventually reportingthe surface at the lowest point of the
compartment (‘megacompartment’ respectively). Sirsuch flow only occurs once the

compartment is filled, the surfacing of contamidateater from the mine void may only occur
several decades after completion (not start) oatermng.

Thermal convection

Apart from hydraulically driven water flow along gferential pathways, mixing processes
between shallow and deeper groundwater due to Hiegnadients along the water column,
several thousands of metre high, might also ocdlith deep groundwater at 1-4-km depths
below surface being significantly warmer than sha#r groundwater, due to rock temperatures
rising with increasing depths (‘geothermal gradjertonvection-driven mixing of groundwater
from underground workings with the overlying watelumn may occur. This would allow for
contaminants to enter shallow groundwater finatyiysing spring and stream water as well. If
such a convectional mixing process is possibldlait avould occur largely independently from
hydraulic conditions.

Stream pollution by contaminated sediments

During a possible phase of rewatering where fisaater is no longer discharged into the stream
and stream flow ceases for an extended periodnu, texisting wetlands may disappear and
fluvial sediments may fall dryBeing exposed to oxygen may aid the liberatiomraiium and
other heavy metals from such sediments in whicly e accumulated to partially extreme
levels, especially in dams and wetlands. Spordgiocacurring run-off after storm events may be
contaminated and flush uranium and other heavylmdtavnstream.

Capillary ascending porewater in such sedimentgquiptly leaves extensiverusts of salts
(sulphates) on the sediment surface after it exapsr With uranium and other heavy metals
being particularly highly enriched (factor 7—10 qmared with concentrations in the underlying
material) and with a high solubility, such crustigint act as (secondary) sources of pollution for
rainwater run-off and episodic stream flow.

Decrease of dilution
If the discharge osewage effluentfrom urban areas and informal settlements is noetl
through the ‘dry’ phase of rewatering, tlaek of dilution by uncontaminated water may cause
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unacceptably high levels of sewage-born pollutanth as bacteria, NHNO; and heavy metals
typical for urban environments (Pb, Zn, Cd, Cu,. Cr)

Impacts of buffer capacity of dolomitic rock

Owing to extended contact time between the repghecigroundwater and dolomitic rock (to a
lesser extent this applies also to surface wated the associated dissolution dblomite,
concentrations of Ca, Mg and g@re likely to increase, resulting in higher pHued and
hardness of ground-, spring and stream water. iflagg counteractbuffer) the acidification of
groundwater by acid mine drainage from mine workilagd acidic seepage from slimes dams
migrating into subjacent aquifers. It was, howepainted out that the coverage of dolomite with
precipitation products, such as iron hydroxidesy mafact limit the buffer capacity of dolomite
to the very first phase of rewatering.

Reactivation of stream flow in formerly dry reacloéshe Wonderfonteinspruit

Along with dewatering, sinkhole formation, partiauln the stream channel and adjacent areas of
the Wonderfonteinspruit, was accelerated to suchxéent that a large proportion of the stream
water was lost to the dolomitic bedrock via suclmdwdts. Percolating through the dewatered
dolomite and finally reaching underground mine viogls, the water had to be pumped back to
the surface again in the early 1970s, and it wasddd to divert the stream from its original
channel into a 26-km-long rubber-lined steel pipelof 1-m diameter traversing the dewatered
compartments. During decade-long maintenance of desvatered status in selected
compartments the formation of sinkholes and dolicestinued, continuously providing new
conduits for occasional stormwater to seep diréotly underlying bedrock and further into mine
workings. In order to prevent such accelerated amygh of groundwater and to reduce the
associated (costly) pumping, many of these sinlhalere filled with tailings material from
nearby slimes dams of gold mines. In case the Ipelipe is to be removed after completion of
rewatering as part of a remediation programmefdhewing consequencegjter alia, should be
considered:

Acceleration of subsurface erosion

This may occur in the cavernous zone of the uppérniite owing to excessive stream- water
losses to the underlying karstic system via sindhchcting as ponors. This is of particular
concern in stretches where groundwater levels & rdwatered compartments will not reach
premining levels and active fluvial erosion willfedt deeper parts of the cavernous zone.
Consequences include:

. Further acceleration of ground instability (sinkemldolines, ground subsidence).

. Severe reduction of stream flow or even disappearahthe stream downstream of ponors
due to losses to the cavernous zone.

. This simultaneously leads to increased flow ratesla@omitic springs upstream of the
lower dykes of each affected compartment.
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Accelerated erosion of tailings-filled sinkholes

A large proportion of sinkholes that have occuiirethe area because of dewatering is located in
the vicinity of the stream channel. An evaluatidmata in Swart et al., 2002 revealed that around
80 per cent of all reported sinkholes occurred iwithh 100-m-wide band on both sides of the
stream channel of a 26-km-long stretch where thend®donteinspruit traverses dewatered
compartments. With about one to two thirds of @lkloles being filled (pers. communun. Swart,
C.J.S., GSG, 2003) (many with tailings materiahfroeighbouring slimes dams), it is likely that
many of those filled sinkholes will be subject tavfal erosion once the stream flow in this
stretch of the Wonderfonteinspruit is reinstatedn§zquences associated with this may include:

. Reactivation of filled sinkholes, providing new conts for further groundwater recharge
and enhancement of subsurface erosion

. Downstream transport of uranium-bearing tailingsrfreroded fill material into wetlands
and reservoirs

Deterioration of stream-water quality

Uranium may be leached from submerged tailingsrikheles, particularly by stream water of

low pH-values as a consequence of acid rain orregst base flow contaminated by (acidic)
seepage from adjacent slimes dams. If stream igagsvallowed and flows mainly underground,

calcite precipitation and other sunlight-dependeathanisms of selfpurification will be reduced.

Simultaneously wetland areas will not be reactiatehich also has negative impacts on the
water quality. Impacts of waste-water inflows wilbllute deeper dolomitic groundwater more
easily.

34



3 Inventory of uranium sources and pathways in the catchment
(F. Winde)

In a number of previously conducted studies uraniuas identified as a major element of
concern in terms of surface and groundwater comtatioin in the Wonderfonteinspruit
catchment (IWQS, 1999; Wade et al., 2002; Coetzes.£2002). Uranium mainly originates
from mining activities in the catchment which liber the radioactive heavy metal from the
lithosphere and allow for its subsequent migrafimm mining properties into the environment.
This chapter describes possible mining-related csuof uranium and selected pathways along
which uranium migrates into aquatic systems ofetm&ronment.

3.1 Background
Uranium is a natural constituent of the earth’sstmith an average global concentration in soils

and rocks of 2—-4 mg/kg (Turekian and Wedepohl, 1960SDR, 1999). However, auriferous
sediments of the Witwatersrand basin that are mifeedtheir gold contain much higher
concentrations of uranium. Depending on the mireef, ruranium concentrations range from
several tens of mg/kg in the Evander goldfield trelEast Rand to several hundreds of mg/kg in
the Far West Rand and the Klerksdorp area. In ioedarboniferous reefs (isolated kerogen
seams) uranium even reaches up to several thous&8(00 mg/kg (Cole, 1998). With a mass-
weighted mean concentration of about 110 mg/kg iunaracross all seven goldfields of the
Witwatersrand basin (Wymer, 1999; Winde, 2001), tlined reefs contain 10—-100 times more
uranium than gold; i.e. for each ton of gold progtlicmining simultaneously brings about 10—
100 t uranium from the geological underground ® ghrface, exposing it to a chemically much
more aggressive environment.

After a peak in uranium production in 1980, theniwen price on the world market and
subsequently uranium production in South Afreateadily declined (Cole, 1998; Ford, 1993).
Of the 26 South African gold mines, which at oregstwere feeding 18 uranium recovery plants,
only three mines and four plants were left by 1984ducing approximately 1 600 t;0; per
year (Cole, 1998). About a third of the total utamiproduction in SA currently comes from the
uranium plant of Western Areas (600 t/a).

While mining effectively removes a certain amouhnhaturally occurring uranium from the area
as a whole by extracting it from the ore and sgllihto buyers outside the catchment, it
simultaneously increases uranium concentrationthiennear-surface biosphere considerably. In
addition to the elevation of uraniuooncentrationof up to 300 times above natural background
levels, mining also increases tmbility of uranium by milling and leaching the mined axad
exposing it to atmospheric conditions. With freetevaand oxygen, as well as pronounced
temperature fluctuations, the atmosphere conssitatehemically more aggressive environment
than the geological underground from where uraoifsrores were extracted. It is for this reason
that uraniferous mining residues deposited on tinease of mining sites such as tailings are often
of greater concern for possible uranium contamamaf the adjacent environment than the
mined reefs as primary uranium source.
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Apart from mining residues, oxidised ore bodies uinderground mine workings and ore-
treatment facilities on the surface, such as cruglamts, metallurgical plants and their associated
infrastructure (pipe, canals, etc.) also constipgeential sources of water contamination. While
controlled discharge of contaminated mine and veater into adjacent streams via canals and
pipelines, as well as accidental spills of proagater into such systems, is termed ‘point-source
pollution’, the uncontrolled release of water fronining sites, e.g. through seepage from slimes
dams, contaminated rainwater run-off from rock aahd dumps, ore piles and uranium-
production areas, as well as seepage from procats Wams, evaporation facilities, canals and
pipelines, constitute ‘diffuse sources of contartiore. While the former is usually confined to
active mines and ceases when mining stops, thex lasually remains of concern long after mine
closure.

Once uranium is liberated from rock material anssdived in water it migrates in solution into
receiving water bodies and other environmental aomepts such as soil, air and biota. Being
non-biodegradable, uranium as all heavy metalsstémcaiccumulate in the environment, often
reaching off-site concentrations in sedimentsssaild biological matter that exceed those in the
actual source of contamination. Under certain diori8 such contaminant reservoirs temporarily
release accumulated pollutants and act as ‘secpsdarces of contamination’.

3.2 Sources of uranium pollution in the Wonderfonteinspruit catchment

Potential sources of uranium pollution in the Wamaigteinspruit catchment can be divided into
four major categories:

* Uranium sources on gold-mine properties (furthérred to as ‘on-site sources’)

* Gold mining-related uranium sources outside mirmperties (‘off-site sources’)

* Mining-related uranium accumulations in the envinemt (secondary enrichments)

» Non-mining-related sources of uranium

3.2.1 Gold mining-related ‘on-site sources” of uranium

Gold mining-related sources of uranium contamimatt@n be subdivided into point-sources
through which contaminated water is discharged @ortrolled manner using pipelines, canals,
etc., and diffuse sources from which uranium-coimaned effluents are released with no control.

Point sources of uranium contamination include:

» (Fissure) water from underground mine workings thas in contact with oxidised uranium
ore

» Water used in mining processes (‘process wateginfroperations underground (for dust
suppression, etc.) and on surface, e.g. in meg@tlalr plants (leaching ore, floatation) and
transportation of tailings (slurry, return water)
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» Stormwater run-off from contaminated areas sucloraspiles, gold and uranium plants,
tailings dams (sidewalls), rock dumps, sand durtgkngs-dust-covered sealed surfaces near
slimes dams and various types of retention dams

+ Sewage effluent with elevated uranium levels imarfrom hostels of underground mine
workers (Pulles, 1991, Anonymous, 1990, Slabb&26)

Diffuse sources from which uranium-contaminatedewnas released from mine lease areas into
the environment in an uncontrolled manner include;

» Seepage from active (unlined) slimes dams

» Seepage from decommissioned (unlined) slimes dams

* Run-off from sidewalls of slimes dams (dissolvimgnium crusts on the surface of the walls)
» Seepage from (unlined) return-water dams, toe dams

» Seepage from pollution-retention dams

» Seepage from sand dams

» Seepage from evaporation dams/pans

» Seepage from slimes dams irrigated with processrwat

* Run-off from contaminated areas not captured byrsi@ter-drainage systems

» Leakages from process-water canals, pipelines amsd(frequent pipeline burst due to
increased ground instability)

» Spillages of process water (pipeline bursts, uranaant accidents ...)
» Spillages/ run-off/ seepage from handling uraniwumoentrate (storing, transporting, etc.).

3.2.2  Gold mining-related ‘off-site sources’ of uranium

As a direct or indirect consequence of mining opena uranium-bearing material is transported
— controlled or uncontrolled- from mine lease areas into the adjacent envirohntemmples
for the controlled export of uranium-bearing matemclude:

. Tailings used to fill nearby sinkholes, includirigkdholes on mine property which are part
of cavity systems that extend underground beyordbtbrders of the mine lease area. A
particularly dramatic case of introducing contartgdamaterial into a sinkhote although
this did not happen in a controlled manreoccurred when a sorter and crusher plant of
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West Driefontein GM, treating uraniferous ore, wamllowed by a sinkhole along with 27
workers.

. Slimes discarded as suspended solids along witthaliged process water subsequently
settling in irrigation channels, settling pondsindeand wetlands.

. Tailings or scrap metal used as building matenigs$ioe the mine property.

Examples of uncontrolled release of uranium-contateid material from mine properties into the
environment include:

. Tailings particles from slimes dams eroded by wételuding dam breaches)
. Slimes spillages due to pipeline bursts, etc.

. Windblown dust from tailings depositing on sealadfaces (towns) and open water
surfaces (dams)

. Gold-bearing slimes illegally used to extract goldside mine properties. Apart from the
associated transport of uranium contained in slianes, illegal extraction of gold may
also lead to contamination of affected areas wignaury (Hg), frequently used as leaching
agent for gold (through amalgamation).

As a result of the continuous release of uraniumtaminated mine effluents, uranium is
frequently found to accumulate in sediments of ixéeg water bodies outside mine properties.
Such ‘off-site reconcentrations’ of uranium mainlgcur because of physicochemical processes
(such as precipitation, coprecipitation and adsonpt as well as biological processes
incorporating uranium into biological tissue (‘bézamulation’). Under certain conditions such
off-site accumulations of uranium may turn intoeftlrsecondary) sources of water contamination.
Uranium enrichments in the environment are fregyetiserved in:

. Sediments of fluvial systems, including:

Fine-grained (clay/silt) and often organic-richiseehts (sludge) of dams
o Coarse sediments (sand/gravel) of stream channels

0 Wetland sludge/subaquatic soils (dy, gyttja)

o Floodplain sediments and soils

(@]

. Salt crusts (hard pans) forming owing to evaporatibcontaminated water on:
o Topsoil of floodplains
o Sediments of riverbanks
0 Vegetation (dead wood, cut plants)

. Organic matter of aquatic ecosystems such as:
o Algae, phytoplankton
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0 Agquatic plants (wetland reeds, floating plants ...)
0 Subaquatic biofilms (on sediments, etc.)
0 Agquatic fauna (benthos, crabs, frogs, fish ...)

3.2.3 Non- gold mining-related sources of uranium

Besides the afore-mentioned sources of uraniumaaaingtion, a few further (potential) sources
exist in the Mooi River catchment which are notdity linked to gold-mining activities.

With the Nuclear Fuels Corporation of South AfridlUFCOR) as one of the world’s largest
continuous producers of uranium oxide (GCIS, 200®)ated in the upper part of the
Wonderfonteinspruit catchment (near the town of MWearia), one of the potential sources of
uranium contamination is indirectly linked to gattining. At NUFCOR uranium concentrates
supplied by four uranium-producing gold minegdr alia by Western Areas GM) iare refined to
nuclear fuel for the nuclear power plant in Koebé¢ngar Cape Town). This involves the
treatment of yellow caRg(Triuranium octaoxide: ¥Dg) including roasting and adding of metal
oxides, as well as transporting of uranium conegatfraw material and final product) by trucks
(pers. commun. Wade, P., 2003).

A truly non-gold mining-related potential sourcewhnium is a fertiliser production facility in
Potchefstroom (Kynoch Fertilizer) using phosphatdsich are known to contain elevated levels
of uranium (ATSDR, 1999). Run-off from the plandaadjacent areas, which are visibly covered
with white dust from production processes, as aglseepage from an adjacent slimes dams with
waste products (several tens of metres above gyomay lead to elevated uranium levels in
receiving surface and groundwater. This even morsisce a number of small non-perennial
streamlets run in close vicinity to the factory atsctailings dam. One of the receiving streams is
the Wasgoedspruit that discharges into the MooéRwithin Potchefstroom.

In case of elevated uranium concentrations in wdtawn from Boskop Dam as the main
reservoir of the water-supply system of Potchefstroand receiving water from the
Wonderfonteinspruit, it is likely that sludge oktlwater-purification and sewage plants contains
elevated uranium levels. Where such sludge is tmealgricultural purposes (e.g. application on
cultivated soils), a possibly associated soil camtation with uranium should be investigated
prior to further utilisation.

Since both facilities may contribute to elevatednimm levels in the receiving Mooi River that
would otherwise be entirely attributed to the Waolgteinspruit, these potential sources are
mentioned even though they fall outside the Wortdedinspruit catchment.

8 Which is in fact olive green rather than yellowtlas name would sugge&TSDR, 1999
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3.3 Pathways and mechanisms of uranium migration from mining sources into

the environment
Water is the main agent for transporting uraniuomfrpotential sources into the environment,

either in dissolved, colloidal or in particulatarfa For the purpose of this study, no distinction
between dissolved and colloidal is made. All uramin water samples passing through 0,45 um
filters is regarded as dissolved.

In addition to the aqueous pathway uranium can bésdransported via the atmosphere, e.g. as
windblown dust from slimes dams and in gases ld®n as a product of the radioactive decay of
uranium. Because of the extremely long half-lifetled major isotope of natural uranium U238
(4,7 billion a) compared with the temporal scope tbis study, changes in the uranium
concentration due to its radioactive decay and rthigration of daughter products can be
neglected. The main focus in this study is on maathways that affect the quality of water
resources in the Wonderfonteinspruit catchmentséteclude:

» Dissolution of uranium from solid phases in minedfs, milled ore and tailings
* The waterborne transport of dissolved uranium foomsite sources into adjacent streams

» Transport of dissolved uranium within the fluviatstems, including immobilisation and
remobilisation

3.3.1 Dissolution of uranium from solid phases

Leaching of uranium from underground ore

Uranium in mined gold reefs of the Far West Randucs mainly in its tetravalent form as
uraninite or pitchblende (UfJs0g). Having been formed under reducing (anoxic) cooils,
such tetravalent minerals are unstable in the poesef free oxygen and tend to release uranium
into surrounding waters. Since mining allows focessive contact between the uraniferous rock
face and oxygen, the rate of uranium release franednreefs is likely to be significantly higher
than from natural (undisturbed) ore bodies as Hreyfound e.g. in the Northern Cape (Namaqua
region). Groundwater of that region, displayingta@ mg/l uranium, suggests that even higher
maximum concentrations are to be expected in #sawater of gold mines in the Far West Rand.
This is supported by the fact that applicationsrfoclear licenses from gold mines in the study
area were declined by the NNR, since levels ofoadivity in effluents leaving the property of
such mines exceeded applicable limits set by th&k NKhoathane, 2003). Although uranium
does not form sulphides, which might be transforimtd much more soluble sulfates as is the
case with many other heavy metals, sulphide oxidafF acid mine drainage) was frequently
observed to accelerate the dissolution of uraniuomf solids and to increase uranium
concentration in mine effluents by several orddrsnagnitude (Mrost and Loyd, 1970). Apart
from uranium grades of the ore and the extent dflisation, the uranium concentration in
surrounding fissure water is also determined byctbretact time between ore and water and the
flow rate. Carbonate-rich groundwater, such asmdlo fissure water, frequently forms calcite
scales in underground pipes and canals containgwgral thousands of mg/kg uranium. In
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addition to this secondary (hexavalent) uraniumarahsation is frequently observed in fissure-
water environments underground (Wendel, 1998).

Leaching of uranium from processed ore

To enhance the leaching of uranium from the minexltbe latter is crushed and milled to a
particles size of 70-100 um, increasing the reactiuface area of the ore considerably. Exposed
to concentrated sulphuric acid as the most commuogsgd leaching agent in SA, about 90 per
cent of the uranium could be leached from the #ssuming a water:solid ratio of 1:1 (50%
water) the leachate (pregnant solution) may haveanoed between 90 and >300 mg/l uranium
depending on the uranium grade of the leachedwditb. uranium concentrations of up to 58,000
mg/kg in kerogen seams of the Carbon Leader Reallk poncentrations may have been up to
200 times higher (Cole, 1998).

Leaching of uranium from tailings

While in tailings of uranium plants only 10 per tef the original uranium concentration of the
ore is left, tailings of gold plants which are nat,are no longer, leached for uranium contain 100
per cent of the original uranium concentration whianges from >50 mg/kg to >300 mg/kg on
average. Displaying an enlarged reactive surfater ahilling, tailings are susceptible to the
oxidation of remaining sulphides (mainly pyrite)dathe associated leaching of uranium (acid
mine drainage). This natural process is aided layelia and was under consideration to be used
in industrial leaching of uranium from milled orethe early 1970s (Mrost, 1970). In pilot studies
it was found that the activity of bacteria is mgirdetermined by temperature and, more
importantly, the availability of free (atmospheri@xygen. In deeper layers of slimes dams the
latter is often the limited factor, since airflovetiveen tailings pores and the atmosphere is
increasingly impeded the further away the slimesfeom the surface of the dam (interface to the
atmosphere). The main driving force for the airflevthe day-night difference of air temperature
that leads to changing air volumes, with associgwednping’ or ‘sucking’ effects. Under the
climatic conditions of the South African Highveldhere most of the slimes dams are located and
comparable long sunshine hours with high tempeeatailuring the day and rather cold nights
prevail, this mechanism allows for sufficient aosil up to a depth of about 2-3 m below surface.
Below this depth bacteria-aided AMD and associd&eghing of uranium from slimes particles
slow down significantly, often also indicated byclaange of the colour of slimes. Apart from
progressively decreasing temperature fluctuationdeeper layers of the slimes dams, the
formation of piezometric surfaces by porewater rap contribute to limit the depth of pyrite
oxidation in slimes dams.

Under conditions of sufficient aeration in shallpans porewater of oxidised tailings displayed
concentrations of dissolved uranium of upl&D mg/l That means, that off-site depositions of
tailings eroded from slimes dams are particularlgng to AMD and the associated accelerated
uranium releases. Since AMD was found to be temijprianpeded in water-saturated tailings

(as occurring e.g. after rainstorms) (Mrost andd,o$970), the release of contaminants from
tailings washed into nearby streams (as is fredy@tiserved) might be limited as long as such
tailings remain covered by water (subaquatic). Dyriry seasons, however, when many non-
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perennial streams dry up, such sediments are likelgecome rapidly oxidised, transforming
uranium into more- soluble compounds. This is atftipalar concern shortly after the onset of
rains when associated stream flow is likely to Hlussolved uranium downstream. Under the
climatic conditions of the FWR this is particuldely to occur during early spring.

3.4 Transport of uranium along the aqueous pathway

3.4.1 Uranium from underground sources

Water from underground mine working that was intaohwith uranium-bearing material such as
mined and unmined reefs, secondary uranium minénalsater canals and pipes, dust from
blasting operations and contaminated mining equipime either pumped to the surface,
evaporates (leaving dissolved solids and solidiumarbehind) or lost as seepage to deeper and
adjacent aquifers. Such waters include:

. Fissure water from overlying aquifers which mighat/a been in contact with virgin ore,

. Fissure water from overlying mine workings that fmesen in contact with mined and
therefore oxidised ore,

. Fissure water used to suppress dust of drillinglaladting operations (thereby turned into
process water),

. Cooling water running through contaminated pipeth Wighly uraniferous scales,
. Water used for washing contaminated undergroungsunt,

. Water running through open underground canals ofiemivorkings which contain
secondary uranium minerals or uraniferous scales.

In cases where fissure water is treated to becootable water, traces of uranium might be
removed by forced precipitation, leaving behindtaamnated sludge in water-treatment plants.
The discharge of such water via sewage works idikelt to constitute a major source of point
contamination. However, sewage sludge of the matifon (maturation) plants should be
analysed for uranium.

Water used for dust suppression underground, dewgtef mine workings and cleaning
underground mining equipment, however, is likelyctmtain higher concentrations of dissolved
and particulate uranium (suspended solids). To veme latter such water is frequently
discharged via settlings ponds, where the majootysuspended solids settle, generating
contaminated sludge. The discharge of such watghtntionstitute a significant source of point
contamination mainly with dissolved uanium. In marases the water needs to be transported
from the mining site to the receiving stream in mpeanals (furrows). Being exposed to
evaporation (white) sulfate crust is frequentlynfied at canal walls. Such crusts are likely to be
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repeatedly redissolved when discharge volumes diging night time, reflecting the higher
pumping rates utilising cheaper off-peak tariffs &ectricity. In such cases the onset of higher
flow rates in canals after 22h00 hours might can&evated uranium concentrations. Besides the
redissolution of sulfate crust on canal walls, thereased volume of uraniferous water being
discharged into the Wonderfonteinspruit is likety ihcrease the overall uranium load during
night time in general. The same applies to weekandsholidays when higher pumping rates due
to off-peak tariffs are used as well.

3.4.2 Uranium from processed ore

Water being in contact with processed uranium ad gre includes:

. The leachate (pregnant solution) and flotation wdtem the metallurgical process
(‘metallurgical process water’),

. Water used to transport tailings from the metalkabplant to the slimes dams (slurry)

. Water decanting via the penstock from paddock aoéatimes dams and flowing to the
return-water dam

. Return water being directed onto evaporation fixedi

. Rainwater run-off from ore piles, metallurgical mis, etc.

Water used in the above processes usually disgimys concentrations of uranium and other
contaminants, and can therefore not be dischamgedniearby streams. It is therefore reused in
the metallurgical process as often as possibleoahddisposed of once it is no longer suitable for
such purposes. A common way of disposing of suctiraoyclable water is evaporating it in on-

site ‘evaporation dams’ or ‘evaporation pans’. Qgvim the nature of the water, sediments in
evaporation facilities usually contain high concatibns of uranium, gold and other heavy
metals which are frequently recovered in metalkabiplants. In many instances such

evaporation facilities are not lined and seepagaisc In examples from the Klerksdorp goldfield

more than 90 per cent of the highly contaminatetexvdid not evaporate but seeped into the
(dolomitic) underground. Other losses occur as agegdrom return-water dams of which the

majority currently are also not lined, seepage foamals, leakages from pipelines, etc.

Another potential source of contamination is aacide spillage of process water within
metallurgical plants or outside by bursting or iegkpipelines, etc. Such spillage usually drains
into stormwater-drainage systems, which eventufiigharge the highly contaminated water into
the streams. Cases have also been reported in wiughwater- drainage systems were used to
dispose of process water illegally.

To retain water from return-water dams which arerfigowing owing to storm events, additional
dams are often constructedbuffer’, ‘pollution-retention’ or ‘pollution-preention’ dams. Storm
events exceeding rain intensities of 1:50a reoecwe intervals are likely to cause spillages from
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such dams. Run-off from metallurgical plants, pit#sfreshly broken ore and other sealed

surfaces on which contaminated material such #sdgsidust is deposited may also contribute to

the contamination of nearby streams once it ishdigged via stormwater-drainage systems. Since
rainfall in the Highveld mainly occurs during highintensive thunderstorms, this pathway

constitutes a significant source of potential (poicontamination of adjacent streams. This

pathway is of particular concern during wet summenths (October—March).

3.4.3 Uraniu m from active and decommissioned slimes dams

Water potentially contaminated by tailings in slsx@dams includes:

. Porewater in slimes dams and resulting seepage

. Seepage contained in toe dams of slimes dams

. Stormwater run-off (paddock, sidewalls, salt crust)

. Seepage and run-off from irrigation of vegetatel®wialls with process water

The term ‘porewater’ is used for all water contdine the space between tailings particles
(pores) of slimes dams. Ifactive’ slimes dams (those onto which tailings are stding
deposited) it is mainly fed by applied slurry watleat seeps into underlying slimes, as well as by
infiltrating rainwater. The area on which new tays are deposited is called ‘paddock’ and
defined by little slimes walls containing the watailings mixture (slurry). Surplus water from
the paddock decants into a vertical drain throlghstimes dam (‘penstock’) placed in the centre
of the paddock to be stored in the return- waten far renewed use in the metallurgical process.
With slurry flowing toward the penstock, a puddbems around it (‘pool area’) surrounded by a
much larger area (95% of the total paddock areajvater-saturated tailings (‘beach area’).
Evaporation rates from the pool area are almosdvatgnt to the potential evaporation from open
water surfaces under Highveld conditions (as measir Symon- or A-pans), and amounts to 4
mm/d. Compared with this, evaporation at the bemefa (1 mm/d) only reaches 25 per cent,
leaving more water to infiltrate into underlyingilitegs where it is largely protected from
evaporation. This contributes to the formation optaeatic surface (porewater table) several
metres below the top of the slimes dam, which in tirives seepage into underlying aquifers. In
order to retain out-flowing seepage, ‘toe dams’ enafislimes material are installed at the foot of
the slimes dam. The spontaneous formation of weslast the foot of slimes dams, which
frequently can be observed, indicates a permanewatéon of groundwater levels in the vicinity
of slimes dams due to the ongoing outflow of tgéirseepage throughout the year (Winde and de
Villiers, 2002).

In many instances seepage migrates via grounduvafervial sediments of adjacent floodplain
areas (‘alluvial aquifer’) into fluvial systems. $&ing through highly sorptive floodplain
sediments and peat bogs may remove some of thehadidsuranium from the contaminated
groundwater, either by adsorption onto negativélgrged surfaces of clay minerals and organic
matter or coprecipitation along with insoluble caupds such as iron hydroxides. While this
leads to lower uranium loads reaching the stretsimultaneously contaminates floodplain soils
and fluvial sediments. In low-lying areas of thecrorelief of the floodplain, capillary ascending
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water from the shallow groundwater table frequelghves extensive sulfate crusts on top of the
floodplain soils once it has evaporated. Uraniumcemtration in such crusts was found to be up
to ten times higher than in the tailings as actairce of contamination. The indication is also

that neutral uranyl-sulfate complexes may form WhHargely prevent adsorption of uranium onto

negatively charged surfaces of floodplain sediméRts/ne, 1998; Winde, 2002). Being readily

redissolved by rainwater, the sulfate crusts akelyli to act as secondary source of stream
pollution with uranium (Winde, 2002).

In addition, highly contaminated slurry water alsdiltrating rainwater contributes to the
formation of the phreatic surface. tecommissionedlimes dams infiltrating rainwater is the
only source of porewater recharge that counterbakarthe seepage losses. The equilibrium
between recharge and seepage in decommissionesssiiams under South African conditions is
established at a level of about 25 m% water conitetfite tailings.

Because of its use in the metallurgical processnsluvater already contains elevated
concentrations of dissolved salts and uranium wihés discharged onto the slimes dams. In
addition to this, uranium is leached from the largactive surface area of the tailings particles
that either contain 10 per cent of their originehnium concentration (if uranium has been
leached) or 100 per cent in cases where uraniunmdialseen recovered. AMD can significantly
elevate the concentrations of dissolved uranium sgepage as illustrated by uranium
concentrations of 30 mg/l found in seepage of adam in the Klerksdorp area. AMD is of
particular concern in old, decommissioned tailimgshe upper part of the Wonderfonteinspruit
catchment, where uncertain ownership and lack dhteraance also allow for significant water
erosion of sidewalls to take place. Erosion dogsamby wash tailings particles into adjacent
areas and promote AMD of such slimes spillagesatsat increases AMD at the slimes dam itself
by enlarging the reactive surface area througé aiid gullies in sidewalls exposing more tailings
to atmospheric oxygen.

Dissolution of uranium from slimes particles by gmating rainwater that is frequently of low pH
(acid rain) and strong dissolution capacity, duéddow ionic strength, also contributes to the
contamination of porewater and porewater-borne agepWhile high infiltration rates and zero
topographic gradients largely prevent run-off dhwaater from the flat top of slimes dams, run-
off from sidewalls can be significant. This is ofirpcular concern not only because of the
associated gully erosion but also owing to theissalution of sulphate crust covering large parts
of the tailings surface. Uranium being reconcenttah such crusts of up to 10 times compared
with underlying tailings material run-off from sidalls can be highly contaminated. This is
particularly true for the first flush of run-off aehing the stormwater-drainage system or the
stream (overland flow).

While the outflow of seepage occurs throughoutytbar, run-off, under Highveld conditions, is
confined to the wet summer months (October—Mar©fing to the comparably small size of the
catchment area, streams in headwater regions findgushow severe flow reduction or even fall
dry during winter. However, because of the ongauatflow of seepage from slimes dams which
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cover large proportions of some headwater regions the study area, e.g. the
Wonderfonteinspruit, the Tweelopiesspruit, the Lgmpit and the Klip River, a large amount of
base flow during the dry winter months consistshigihly contaminated seepage. Under such
conditions uranium concentrations may rise sigaiiity as samples from the Russell’ Stream
suggest, where4 mg/kgdissolved uranium was found (IWQS, 1999). Sincedoff from slimes
dams might additionally contribute to stream contetion with uranium, the uranium loads of
affected streams might be even higher in the summunths, despite possibly lower uranium
concentration in the stream water.

3.5 Transport of dissolved uranium within the fluvial system
The distance and extent of downstream transpodissblved uranium after it enters the fluvial

system are determined by the net effect betweenoliisation and re-mobilisation processes.
Immobilisation comprises all processes which remove dissolvesiwrafrom the water column
by turning it into solid phases through differerdghanisms such as:

. Adsorption(e.g. onto suspended solids, sediments, etc.),

. Flocculation (e.g. of colloids),

. Precipitationas uranium compound of low solubility,

. Coprecipitation along with hardly soluble compounds such as iramganese
hydroxides/oxides,

. Biological incorporationinto aquatic organic matter (biofilms, benthogaa).

It needs to be stressed that the term ‘immobibséatis used in its chemical rather than a
mechanical sense, since many of the resulting sohdium phases are still mobile and can be
transported further downstream as e.g. suspendatk.sdhey are, however, unavailable for
uptake by organisms, which take in solutions only.

Remobilisation, in turn, comprises all processes which liberatnium from solid phases such
as:

. Desorption(e.g. from contaminated sediments)

. Dissolution of solid phases (e.g. of secondary uranium minetainium-bearing calcite,
salt crusts, etc.)

. Biological decompositiorf uranium-contaminated organic matter (e.g. degjit

The term remobilisation in this context is alsodige a chemical rather than mechanical sense
and refers to all processes by which uranium isvedad from solid phases into dissolved
(solute) phases. It does not refer to the mechlngaobilisation (erosion) of contaminated
sediments by increasing stream velocity, e.g. dufiood events. However, such event-related
mobilisation of contaminated sediments also needset considered when assessing associated
risks, including events such as floods, droughtdd ¥ires, and accidental waste-water spillages
that affect the hydrochemical environment, etc.

Almost all mechanisms of remobilszation and immehtion are largely dependent on the pH
and Eh of the aquatic environment in which theyetplace.
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3.5.1 Immobilisation processes in the Wonderfonteinspruit

Decreasing uranium concentrations in water withidasing distance from the uranium input as
found in the Wonderfonteinspruit (IWQS, 1999), aallvas elevated uranium concentrations in
sediments of the stream (Wade et al., 2002; Coettesl., 2002) indicate that uranium is

immobilised during its fluvial transport. Uraniurorecentrations in sediments of 40—->600 mg/kg
(map 1), which are far above local natural backgrounceley0,2-3 mg/kg), simultaneously

indicate that immobilisation is the dominating pees during the observed time period, turning
fluvial sediments into sinks for uranium. If remidation had prevailed, no lasting uranium
accumulations in stream sediments would have oedurr

It is, however, feared that the capacity of flusdadiments to act as sinks for dissolved uranium
from stream water may soon be exceeded, and abldied uranium would be transported
downstream towards Boskop Dasthe main drinking-water reservoir of the Potcheisin
municipality (Coetzee et al., 2002). Another concrised with regard to the sediments is the
possible release of accumulated uranium from sedimgents due to changing hydrochemical
and hydraulic conditions in affected water bodM&ade et al., 2002; Coetzee et al., 2002). Both
concerns will be addressed in Chapters 7 and 10.

Important mechanisms for removing dissolved uranitom stream water are:

. Coprecipitation of uranium and other heavy metdisng with precipitating iron-
hydroxidegelsandmanganese oxide

. Coprecipitation of uranium along with calcite doéiological decalcification

. Adsorptionof uranium onto sediments and suspended solids

. Formation of salt crusts by evaporation of contaminated water forming epsmm
gosslarite, gypsum (and jarosite) at the surfacgatér-saturated sediments

. Biological uranium uptakeb{oaccumulatior)

. Precipitation otetravalent uraniumin reducing environments

. Precipitation of uranium-bearirgplloids.

Coprecipitation of uranium along with Fe-/Mn- hydides/-oxides

Brownish amorphous flakes settling on the bottorthefstream visibly indicate the precipitation
of iron hydroxides. Strong correlations betweenaRd Mn, on the one hand, and uranium and
other heavy metals, on the other, found in sedimehthe KMS (Klerksdorp goldfield) suggest
that uranium and other dissolved heavy metals @peecipitated along with iron hydroxides and
manganese oxides (Winde, 2002). The precipitatibiram hydroxides is particularly strong
where subsurface seepage contacts atmosphericroxggataining large amounts of dissolved
iron such seepage puddles are often covered witk thusts of FeOOH floating on the water
surface. In streams the precipitation of iron hydtes is triggered by well-oxygenated stream
water that mixes with almost oxygen-free (reducisggpage, keeping iron and manganese in
solution. Apart from amorphous flakes, precipitgtitydroxide also forms thin brown coatings on
sediment particles such as quartz sand, which wiberhave no sorption capacity to retain
uranium. Owing to increasing surface-mass ratiossnmaller (spherical) particles, uranium
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concentration is higher in finer sediments affecbgdthis process than it is in coarse ones.
Simultaneously it means that there is no uppett lohsediments to accumulate uranium by this
mechanism since new layers of uraniferous coattagsbe added indefinitely. It was, however,
found that in fast-flowing streams mechanical alorasof such coatings during fluvial
transportation reduces the thickness of coatingksraleases parts of the coatings as suspended
solids into the stream. Settling in low-flow aremsch as dams and wetlands, such particles
contribute to elevated uranium concentrations ginsents.

Apart from the presence of oxygen, precipitatioiraf hydroxides is also determined by the pH-
value. Without bacteria, precipitation of iron hggides only occurs if the pH is >7 and Mn-
oxide forms only under even higher pH-values (85)addition to this the rate of precipitation
increases by a factor of 100 for each logarithmiit of pH-increase.

Therefore, comparably high pH-values in well-buffiér dolomitic water of the lower

Wonderfonteinspruit aid the natural removal of uwamnfrom the water column through Fe-Mn
hydroxide/oxide precipitation. In the upper reach&she Wonderfonteinspruit, however, where
non-dolomitic rocks dominate the catchment andastrevater shows significantly lower pH-
values (4-5), it is to be expected that a highatigno of uranium stays in solution and is
transported downstream (IWQS, 1999; Winde, 2003).

Coprecipitation of uranium due to biological dedétation

The term‘biological decalcification’ describes the precipitation of calcite (CafLQue to the
abstraction of dissolved carbon dioxide (G&) from water by green cells of aquatic plants as
part of their photosynthetic activities. Using dis®d CQ for photosynthesis in order to produce
biomass (with oxygen as by-product), aquatic ogasisuch as algae and phytoplankton disturb
the calcium-carbonate—carbon-dioxide equilibriunmick determines the ratio between sqlid
and dissolved, calcium carbonate (CaGPin waters depending on the concentration of
dissolved carbon dioxide according to the followatgiation.

CaCOss) + COpaq) + H20 ————— Ca”™ + 2HCO3 o)
4—

While carbon dioxide-rich waters dissolve carbomatsk such as dolomite (CaMgG)dnto free
calcium ions (C%) and dissolved hydrogen carbonate (also knowmiasrbonate, HC@),
which leads to chemical weathering known as ‘kathe extraction of carbon dioxide from such
water triggers the reverse process, namely theipit@mon of (solid) calcium carbonate (also
termed talcite’). Since this reduces the concentration of disgbva in the water, this process is
termed ‘decalcification’. If biological activity triggers the process it termed ‘biological’
decalcification, whereas in cases where,@8ses into the atmosphere are responsible the ter
‘chemical decalcification’ is used.

Hellman (1999) found for the River Rhine in Germahgt biological precipitation of calcite,
often forming crusts around suspended solidsufgvuchs), simultaneously reduces the
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concentration of heavy metals in stream water. Resd a study conducted in the Klerksdorp
goldfield indicate that calcite precipitation alsmmoves dissolved uranium to a certain extent.
Scales sampled at a canal in the Stilfontein miranga that discharges pumped dolomitic
groundwater from deep underground mine workings afefunct gold mine (1-1,3 km below
surface) into the Koekemoerspruit show a high datian between the concentration of calcium
carbonate (those scales consists of up to abouwtt%e CaCQ) and uranium and other heavy
metals (Winde, 2002). In this particular case tal@recipitation was not only biologically
triggered, but also caused by £€xhalation from the water into the atmosphere wu®wer
atmospheric C@pressure on the surface compared with the atmadsppeessure >1 000 m
underground. The latter process supposedly is @lsmportance for the Wonderfonteinspruit
catchment.

Chemical decalcification, due to reduced solubitifygas at higher water temperatures (Henry’'s
law), is also responsible for the scaling of watettles in areas where dolomitic water is used.
With most water kettles being used on a regulaily(dbasis, such scales reflect the long-term
quality of water boiled in the kettles. In order ptace results from grab-sample analyses in
perspective, those scales were analysed for thairium concentration and will be discussed
later in the report.

Because of the predominance of dolomitic rockshim Wonderfonteinspruit catchment, calcite
precipitation is likely to be an important mechamifor removing dissolved uranium from the
water column. While in surface water of streams dachs biological decalcification dominates,
in groundwater chemical decalcification induceddegreasing atmospheric ¢Pressure, when
pumped to the surface, might be more important. eOdischarged into open canals, both
processes might superimpose each other.

Along with changing concentration of dissolved carldioxide the pH of water also changes,
rising as soon as sunlight for photosynthesis @lable. After reaching a maximum in the late
afternoon (around 16h00 hours), the pH graduallgr@gches its starting minimum, usually
reached around midnight. Counterbalancing ,@39ses by precipitating solid calcite,
simultaneously C®is released back into the water. The ability ofewao compensate for GO
losses (‘buffer capacity’) is particularly high éatchments with carbonate rocks (e.g. dolomite).
There photosynthesis-triggered fluctuations offiHeare normally significantly lower (about half
a pH-unit/d) than in non-dolomitic water, whereytloan be as high as 2 logarithmic units per day
(Winde, 2003).

In view of the significance of the pH for many imhilisation processes in natural waters, such
fluctuations are an important factor influencing thranium mobility in surface waters over time.
In order to understand the hydrochemical dynamitshe Wonderfonteinspruit, real-time
measurements were carried out. The results of thosssurements are discussed later in the
report.
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Precipitation, in general, is to be regarded aspmmechanism for immobilising uranium in the
Wonderfonteinspruit. Since it simultaneously pragiicmew solid phases, which subsequently
become sediment, no upper sorption capacity etiatswould limit the ability of such sediments
to bind uranium.

Adsorption of uranium onto sediments and susperdiids

Positively charged uranium and its compounds careb®wved from the water phase by being
adsorbed onto negatively charged surfaces of ggi@mses such as sediments and suspended
solids. The ability of solid phases to bind uraniisncalled ‘sorption capacity’ and largely
depends on the number of free valences and theofitkee reactive surface area. Solids of
particularly high sorption capacity found in the Mderfonteinspruit include:

. Freshly precipitated iron-hydroxide gels, with aative surface area of up to 800 m/g,

. Detrital organic matter present, e.g. in wetlangdgk, upper horizons of floodplain soils
and dam sediments, mostly originating from decoraggsdants, algae and other aquatic
organisms (detritus),

. Flakes of coagulated organic substances mainlyinatigg in sewage effluents (five
sewage works, raw sewage from informal settlementsanure discharge?)

. Clay minerals such as montmorillonite (three-laggresmectite, kaolinite (two-layered),
mainly found in floodplain sediments, wetland araang.

The adsorption of uranium onto freshly precipitaged is only possible under neutral to alkaline
conditions when the surface of such gels is negigticharged. Lower pH-values prevent
adsorption owing to binding competition by increhsencentrations of hydrogen ions.

Adsorption of dissolved uranium from groundwater serepage onto fine-grained floodplain
deposits and wetland sediments (sludge) often ase® with contact time. Comparatively low
flow velocities of water through such porous mddwxour adsorption. In floodplain areas next to
slimes dams groundwater levels are frequently ebeivby seepage to such an extent that lower-
lying parts of the floodplain are submerged. Thassas display higher uranium concentrations
than less-frequently submerged parts of the flamidpl(Winde, 2001). However, the
encapsulation of uranium in organic complexes, sashhumid acids, or neutral inorganic
complexes, such as uranyl sulphates, may prevenadsorption of uranium. Adsorption onto
flakes of organic matter or coagulating organic ssailices are of particular importance
downstream of sewage-work discharges. The seditm@mtaf such flakes and agglomerates in
low-flow areas such as wetlands and dams may isertge uranium concentration of sediments
in such areas significantly.

Formation of uraniferous salt crusts
Because of the evaporation of contaminated watan fthe surface of sediments, uranium and
other dissolved solids remain as (usually whitejsts of secondary uraniferous minerals on the
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sediment surface. Crusts are preferably efflorasgersediments where water ascends to the
surface owing to capillary forces, as e.g. in lowging parts of floodplain areas with elevated
groundwater levels and in bank sediments of strelaamnels (capillary fringe). Extensive crust
covers were also observed on the surface of slitaes and on cut ends of vegetation (grass and
reeds), as well as on dead wood. Extensive crustaiion was also found in wetland vegetation
after being subjected to veld fires (Winde, 20025 was frequently observed in the
Wonderfonteinspruit catchment sandy ‘beaches’ ohglare also prone to the formation of salt
crust where infiltrating dam water or ascendingugwater flows to the surface through
capillary pores. Large salt crusts were also foamdertical walls of cut-off floodplain sediments
adjacent to slimes dams.

Biological uranium uptake (bioaccumulation)

Of particular importance for uranium concentratidnssurface water and sediments is the
biological incorporation of uranium into aquaticganisms such as algae and phytoplancton.
Owing to biological accumulation, algae tissue inranium-mining area in the Czech Republic
contained up to 500 mg/kg uranium (dry substanc®). Deposition of such algae after their
death, therefore, can significantly contribute ighhuranium concentration in affected sediments.
Far less uranium was found in water lillies in aanium-mining area of tropical North
Australia,and crabs and fish sampled at the Eastl Raldfield (Schoonbee et al., 1995). Another
factor in biological uranium accumulation is biaf# on subaquatic sediments, although their
uranium uptake has not yet been quantified. Intamtdto iron-hydroxide coatings, contaminated
biofilms may explain why chemically almost inerdseent particles such as quartzitic sand or
gravel were found to contain significantly elevatgdnium concentrations (Winde, 2001).

In wetlands and floodplain areas the uptake of iuranby vegetation such as reed is to be
considered. Schoonbee et al. (1995) found up tor@®g uranium (DS) in reeds. Burning such
vegetation in annual veld fires and thereby corretiny the accumulated uranium in the ash,
may also contribute to the contamination of flo@dplsediments.

Precipitation of tetravalent uranium

Since the solubility of tetravalent uranium*{Vis significantly lower than that of its oxidised
form (hexavalent U, £), strongly reducing environments such as pollgesindwater, anoxic
zones in wetlands and dam sediments may lead taeithection of §* and its subsequent
precipitation as ¢. In geological history such processes (termed-froht deposits’ Lit. )
generated many uranium placer deposits mined t(elgy Wismut area near Seelingenstadt, parts
of the Witwatersrand ore and others). In the cataitmof the Wonderfonteinspruit such
conditions may occur in shallow farm dams with hygbutrophied water owing to seepage from
surrounding agricultural areas containing tracesediliser, the inflow of manure and sewage
effluents, as well as to other sources of nutriédtongly reducing conditions may also be found
in wetland areas where the typically high inputoafanic detritus naturally exceeds the rate of
mineralisation. In areas where seepage from adjatemes dams seeps through such sediments
they may act as geochemical barriers and remogelgiesd uranium and other heavy metals.
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Precipitation of uranium-bearing colloids

In mining water of the Wismut area (Germany) it i@snd that colloids might carry up to 25 per

cent of all ‘dissolved’ uranium, depending on th¢. |Colloids are the results of flocculation or

precipitation processes without agglomerating taigas of visible size. Colloid-forming agents

include Al- und Fe-hydroxides, as well as orgarompounds (Zénker, 2002). Studies on how
important colloidal transport of uranium in the Vdenfonteinspruit might be are not available
yet. Changing hydrochemical environments, partitylaH and Eh conditions and the ionic

composition of water, may lead to flocculation athsequent precipitation of colloids.

3.5.2  Possible mechanisms of remobilisation of uranium in the Wonderfonteinspruit

Dissolution of secondary solid uranium phases

Of particular importance in this regard is the diggon of uranium-bearing sulfate crusfrom
surfaces of sediments of the riparian zone (badkrsmts, floodplain soils) and tailings dams,
since salt crusts are usually readily dissolvaBementioned earlier, this might be of particular
concern where such crusts are redissolved on $ardgasis owing to alternating water levels and
in instances where a sharp contrast between wetigndonditions (as is common in the South
African summer) exists. In floodplains and wetlattds might frequently lead to efflorescence of
extensive salt crusts during dry periods which thenome redissolved during rain events, and
subsequently rising stream-water levels, releagotpes of dissolved uranium into affected
streams.

The dissolution of other uraniferous precipitatfoducts such d@se/Mn-oxides/hydroxidesand
calcite is less quick and likely to require longer periadschanged hydrochemical conditions.
Conditions favouing the dissolution of calcite aeeg., high C@concentrations and low pH-
values in surrounding water for sufficiently longeripds of time (months to years?).
Redissolution in general is a slow process andikely to produce sudden changes of uranium
concentrations in streams.

Desorption

Desorption of uranium may occur if the pH of sunding water drops (Hcompetition for free
valences) or the EC rises (other ions competingfrise valences on sorbants). It usually only
affects a rather small proportion of uranium (tiveakly bound’ one as determined in sequential
leaching procedures) (Wade et al., 2002). The plessemobilisation processes described here
are investigated experimentally in the sequentftbetion study as discussed later in the report.

Decomposition of organic matter containing uranium

With shallow farm dams frequently intercepting tbeurse of the Wonderfonteinspruit and
offering ideal conditions for the growth of alg#es likely that uranium is accumulated in tissue
of the latter (bioaccumulation). In the processheing deposited on top of the sediment after
death, and becoming mineralised, uranium mightiberdted or contributes to the uranium
contamination of the affected sediment. This algplias to biofilms frequently found on fluvial
and limnic sediments.
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Since uranium also accumulates in wetland vegetatsnuch as reeds (Schoonbee et al., 1995),
the annual burning of wetlands may return the resdouranium to the soils in the form of
contaminated ash. Over long-term periods this m&es likely to increase uranium concentration
in topsoil of wetland sediments.

Fluvial erosion and sedimentation

Uranium-contaminated sediments can also be tratespaiownstream during flood events after
being hydraulically resuspended (eroded). Havingeobeen brought into suspension, such
sediments are also distributed as suspended salidss inundated floodplain areas. Samples of
freshly deposited sediments (termed ‘flood depQsttken after a flood event in the upper
Wonderfonteinspruit from rock surfaces (no possimiging with underlying uncontaminated
soil) displayed an average uranium concentratio®&ing/kg (Winde and de Villiers, 2002).
With an order of magnitude above the natural umaniconcentration found in the affected
floodplain soils, the deposition of the suspendedasn sediments leads to the contamination of
topsoil of rather large areas. The resulting paterf contamination are determined not only by
the concentration of uranium in the flood depoditg,also by the hydrodynamics of flooding and
the horizontal distance of affected floodplain séibm river banks.
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4 Identification of contaminants and contaminated sites (H.
Coetzee and G. Ntsume)

A reconnaissance sampling exercise was undertakeR001, with the aim of identifying
contaminated sites, as well as identifying the figiocontaminants in the catchment. Samples
were collected at sites throughout the catchmeniyell as a background sediment sample from
Klerkskraal Dam. Klerkskraal Dam was selected @sekground site as it is situated in similar
geology to the Wonderfonteinspruit, but has no dingaterborne impacts from gold/uranium
mining. There is, however, a possibility of somadblown contamination from slimes dams in
the catchment.

The sampling sites are listed in Table 2 and pteseon Figure 5.

Table 2. Sampling sites for the reconnaissance leamp

Sample | Date collected| Description Latitude Longitude
w1 23 May 2001 | C2H060Q01 Doornfontein canal -26,370668| 27,252314
w2 23 May 2001 | C2H069Q0%+ DWAF weir -26,370014| 27,249376
W3a 23 May 2001 | Andries Coetzee's Dam -26,369585| 27,241580
W3crust | 23 May 2001 Andries Coetzee's Dam -26,369730| 27,241581
w4 23 May 2001 Andries Coetzee's Dam -26,370300| 27,240450
W6 23 May 2001 Andries Coetzee's Dam -26,373411| 27,237310
w7 23 May 2001 Sediment in floodplain on Carletonville -26,310838| 27,531313
Randfontein road
w8 23 May 2001 | R559 Road Bridge -26,266585| 27,700986
w101 15 Aug 2001 | Andries Coetzee’s Dam -26,372067| 27,240550
W102 15 Aug 2001 Andries Coetzee’'s Dam -26,372067| 27,240550
W103 15 Aug 2001 Muiskraal -26,436383| 27,151433
W105 15 Aug 2001 Klerkskraal Dam Background -26,225167| 27,151667
W106 15 Aug 2001 Small dam downstream of Khutsong -26,350039| 27,313169
Water Care Works
W107 15 Aug 2001 Below Carletonville -26,314939| 27,382778
W108 15 Aug 2001 Attenuation Dam -26,213355| 27,742100
W109 15 Aug 2001 Below Kagiso -26,156356| 27,765394
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Figure 5. Locations of sampling points for the ret@ssance sampling campaign
In selecting these sites, the following criteriarevased:

1. Sites were selected to be representative of thiamgeireas in the catchment. Wade et al
(2002) describe the processes by which metals aneeotrated in wetland sediments.
Since one of the aims of the study is to compileirarentory of, and to quantify, the
contaminated sediments in the catchment, likebssitere sampled.

2. Where possible, sites used in previous studies wieosen. This allows the results to be
related to DWAF sampling programmes, as well agwallg an estimation of the
concentration variations within specific sites.

3. Andries Coetzee’s Dam was repeatedly sampled, asstbeen identified as a critical
hotspot within the catchment. It is also the fatam on which all mining activities within
the catchment will have a potential impact. Theeegpd sampling of different parts of the
sediment body within this dam allows the identifiea of different processes which
concentrate metals.
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4, Klerkskraal Dam was sampled as a background sagpliint. Klerkskraal may receive
some windblown dust from the mining activities viitithe catchment, but lies on geology
(Malmani Group dolomite) similar to the largest tomm of the Wonderfonteinspruit and
has no gold/uranium mining located upstream of it.

41 Results
The results obtained are presented in Table 2324nich the Appendix. In order to achieve the

aims of this phase of sampling, the data have lbsed to compile a Tier-1 Risk Assessment
(USEPA 1992) and to identify contaminants of concer

4.1.1 Tier-1 risk assessment

The US EPA Tier-1 Risk Assessment, as described/age et al(2002), has been applied to a
subset of the data. In this assessment, a triggel, Itypically a legislative or regulatory stardiar
is selected and measured concentrations compatkedhis standard. The risk quotient is defined
as

MeasuredConcentrabn

RiskQuotient= — —
Legislative/Regulatoy Limit

Since South Africa does not have legislated lifotsmost contaminants in soil, values from the
European Union (ANTEA, 2000) have been used. Fdioegtive elements, the South African
National Nuclear Regulator’'s (NNR) level for exatus from regulatory control of 0,2Bg/g has
been applied. It should be borne in mind that lénel does not necessarily imply a public health
threat, but that a conservative level has beemeleliely chosen to ensure the protection of the
public. This exclusion limit is, however, the catréevel for a Tier-1 assessment, as it allows the
separation of those sites where uranium conceomigtare so low as to be of “no regulatory
concern” from those where additional study, in tbhem of higher-tier risk assessments, is
necessary, and regulatory measures may be warrdsnéattunately, no guideline level based on
the chemical toxicity of uranium is available fooush African soils. This level has been
converted to mg/kg concentrations for the sakeasfsistency with the data presented in this
report.

The data for a selected set of metals is preseintdthble 25 in the appendix. In this table,
concentrations with risk quotients between 0,5 2rde presented by shading in grey, while risk
quotients greater than 2 are presented in bladk. t@ble allows the identification of sites where
significant contamination has occurred. These degasummarised in Figure 6.

Based on this assessment and the radionuclidegesplorted by Wade et. §2002), the entire
study area, including the background site, is gedre of environmental concern. It is therefore
necessary that these values are placed in pengpé&atjure 6. Box and whisker plot, showing the
range (min.-1st quartile—median-3rd quartile maxer-1 risk quotients for sediment analyses in
the Wonderfonteinspruit. Risk quotients greatemtharequire follow-up studies and possibly
remedial action.
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Table 3 shows mean values for a range of rock t{pesekian and Wedepohl, 1961), compared
with the same guideline levels as the Wonderfostwint samples. It is interesting to note that a
number of these standards are exceeded by natelyring rock types. The mean values for
the Wonderfonteinspruit samples do, however, sicanitly exceed both natural concentrations
and levels of regulatory concern for Co, Zn, As,abd U.
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Figure 6. Box and whisker plot, showing the rangen(-1*' quartile—median‘3 quartile max.)
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Tier-1 risk quotients for sediment analyses in Yenderfonteinspruit. Risk quotients greater
than 1 require follow-up studies and possibly refaleattion.

Table 3. Concentrations of selected heavy metala irange of rock types (Turekian and
Wedepohl, 1961), compared with EU and NNR regujasteindards.

Element Cr Co Ni Cu Zn As Cd Pb Th U

Std mg/kg 65 20 35 36 4500 19 | 0.001 85 50 16°
Source EU EU EU EU EU NNR | NNR
Ultrabasic 1600 150 2000 10 50 0.004 0.001
Basaltic 170 48 130 87 105 4 1
Hi-Ca Granitic 22 15 30 60 8.5 3
Lo-Ca Granitic 4.1 4.5 10 39 17 3
Syenites 2 4 5 130 13 3
Shales 90 19 68 45 95 12 3.7

% This level is currently being revised by draftukions, which raise the limit for regulatory cenc from 0,2Bg/g to

0,5Bq/g.
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Element Cr Co Ni Cu Zn Th U

Sandstones 35 0.3 2 1 16 1.7 0.45
Carbonates 11 0.1 20 4 20 1.7 2.2
Deep-sea Carbonate 11 7 30 30 35 1 0.1
Deep-sea Clay 90 165 7 1.3

Mean Wonderfonteinspruit sediment

251.45| 557.82| 1120.78 75.64 BNARvEeR 48.08

1.88 221.39

All the sites sampled within areas where miningvéats are taking place also show significant
contamination with these elements.

4.1.2  Quantitative analytical results determined using X-Ray Fluorescence

Following the court action regarding the drainirighee dam on the farm Blaauwbank in January
2003, it was felt that quantitative results weredexl to confirm pollution. A suite of samples
was collected for analysis by X-Ray FluorescencBEXand sequential extraction (See Section

5). The sampling positions for these samples arsgnted in

Table 4 and on

Figure 7. The XRF results for these samples argepted on Table 26 in the Appendix.

Table 4. Localities of samples collected for quatitie XRF and sequential extraction analysis of

sediments.

Sample No.| Locality Lat Lon
GNO029 | Kagiso ext 8 -26,144139 27,762528
GNO30 | Luipaardsvlei Dam -26,217361| 27,737667
GNO031 | Greuning Dam -26,244750| 27,732556
GNO032 | Donaldson Bridge -26,269000| 27,697972
GNO033 | Bridge over the Carletonville Pretoria Road at Glo&rer -26,319194| 27,381167
GNO038 | Tudor Dam -26,135306| 27,794889
GNO040 | Gerhardminnerbron -26,484750| 27,135222
GNO041 | Boskop Dam -26,546417| 27,112778
GNO042 | Blaauwbank Dam -26,389139 27,212028
GNO043 | A. Coetzee Dam -26,376778| 27,236194
GNO044 | Khutsong Bridge -26,341167| 27,327944
GNO045 | Donaldson Dam -26,284306| 27,682278
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Figure 7. Sample localities for the XRF and seqgakektraction studies

The site variability in these analyses is relagiarge. A previous study (Coetzee et aD02)
recorded a range of values for sediment samplésctedl in Andries Coetzee’'s Farm Dam. One
sample was collected here in this study, with aswesd uranium concentration of 77 mg/kg. In a
previous study, 14 samples were collected with entrations between 46 and 915 mg/kg. The
mean value for these 15 analyses is 354+317 mdlkgigfna). Unfortunately, sampling and
analytical costs preclude repeatedly sampling eaatpling site to quantify the in-site variation.

4.2 Compilation of semiquantitative and quantitative data
Semiquantitative data were used to identify theepidlly contaminated sites, as well as the

variables of interest, prior to the quantitativealgsis of samples from these sites by XRF. This
approach was used to limit the cost of analysisi-XRalyses typically costing approximately an
order of magnitude more than ICPMS scans. Durirgdburse of this study and the DWAF-
funded study on Andries Coetzee's Dam, a significamount of both quantitative and
semiquantitative data were collected from a sirsge. Unfortunately, both analytical methods
show the large range of concentrations that caexpected from a single site, but plotting data
from both analytical methods on a single histogsdrauld allow visual comparison of the two
methods. Such a histogram is presented in Figufadgire 9 shows the four quartiles of data
collected using the two methods. It is interestmgote that the data occupy a similar range, with
the mean and median values of the XRF analyselstigligigher than those recorded using the
semiquantitative ICPMS method.
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Figure 8. Histogram showing semiquantitative ICPMftiantitative XRF and quantitative
radiochemical data from Andries Coetzee’s farm dam.
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Figure 9. Box and whisker plot showing the extretfhand ¥ quartiles and median of the

semiquantitative — ICPMS (n=12) and quantitativXRF (n=15) data determined on sediment
samples from Andries Coetzee’s Dam
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All available uranium-concentration data are sunigear in Figure 10. The categories used to
classify the uranium concentrations are refleate@able 5.

Table 5. Categories used in mapping uranium Coraioms

Category Rationale

<background / ND A local background value of 0,28/kg has been recorded |at
Klerkskraal Dam. The detection limit for XRF anatyds 3
mg/kg. Values below this have been assigned NDegalu

<16 mg/kg 16 mg/kg uranium is equivalent to an\étgticoncentration of
0,2Bq/g, the limit for regulatory control set byethNINR.
categories>16 mg/kg The data have been subdividiedd number of categories o

identify the degree of contamination.
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4.3 Identification of contaminants of concern
The second phase of the reconnaissance study es/dhe identification of contaminants of

concern. Here the results of the ICP-MS scans baea compared with local background levels
by normalising them to the concentrations recorfitech Klerkskraal Dam. The normalisation
process was facilitated by setting all values réedrat Klerkskraal that were below the detection
limits of the method (~1ug/kg) to one half of this level. In the case of niumn, the
radiochemically determined value for Klerkskraal @25 pg/kg (Wade et al 2002) has been
used. All normalised values below 1 per cent ofltdoal background were set to 1 per cent, to
limit the range of normalised values. These modifans were limited to very low concentrations
only, and are not seen to significantly alter thecome of the analysis.

The results for the full elemental scans are shiowrigure 11 to 11.
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Figure 12. Box and whisker plot of reconnaissameeming results of sediments for elements Se-Ndnatised to Klerkskraal Dam
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On these figures, the extrema of the data are stogwthe “whiskers”, while the box depicts
the first and third quartiles of the data, withaihontal line in the box at the median of the
data values.

The values presented on these plots allow theifdeion of the contaminants of greatest
concern. The contaminants of greatest concern leeefbre uranium, cadmium, zinc and
cobalt, with the median value for uranium concerdrs measured in this sampling phase
720 times the local background and for cadmium, ti¥i8s the local background.

Based on this analysis and the tier-1 risk asse#sr@g, Co, Ni, Cu, As, Cd and uranium
require further action, with uranium and Cd potalhti having the highest environmental
impact.

The focus for this study will be on uranium, foe ttollowing reasons:

1. Uranium is emitted by a single industry, simplifyirthis study. The methodology
developed for uranium should be applicable to othetals.

2. In recent years, uranium has been a major publitragulatory concern within the
catchment. A detailed study, such as this, whichsaat improving our understanding
of uranium in the catchment, could significantiduee public uncertainty.

3. It is felt that the resources available for thigdst allowed a relatively high degree of
detail for a single element. For the reasons meatdabove, uranium has been selected
as a target element.

4.4 Distribution of uranium in sediments in the catchment
Based on previous studies mentioned above and maismance sampling, the spatial

distribution of uranium in the Wonderfonteinspraén be broadly grouped into two zones,
the Upper and Lower Wonderfonteinspruit. The boupdeetween these zones would lie at
the dam wall of Donaldson Dam, where the river fiswransferred to a pipeline, to reduce
the inflow of water into the dolomite and the mimerkings below. These two zones can be
further subdivided as follows:

1. Upper Wonderfonteinspruit

a. Non-dolomitic headwater regiors Slime- and evaporate-filled dams with very high
(>1 000 mg/kg in places) uranium concentration.

b. Wetlands downstream of Kagise Fine—grained, organic sludge, uranium tailings
concentrations without transported tailings. Uramiconcentrations in this area may
exceed 100 mg/kg.

C. Donaldson Dam— sampled coarser stream sediments Uranium ~ 50-@gm
Approximately equal to flood deposits sampled afteloruary 2000 rain event.
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Lower Wonderfonteinspruit

1% 30-km pipeline over dolomite. Sediments last igutar contact with stream water
approximately 30 years ago. A uranium concentratibh?2 mg/kg has been recorded
for sediment sampled in floodplain area. This amihoccasionally be flooded with
rainwater where a high degree of dilution is expéct

At the end of the pipeline, a large volume of watecluding a significant component
of pumped minewater, is discharged into the catchmeediment uranium
concentrations reach ~500 mg/kg.

In downstream farm dams uranium concentrations sdite significantly elevated;
uranium concentrations relative to the local backgd, recorded at Klerkskraal Dam
(<1 mg/kg). In one specific dam (Andries Coetzdaisn dam), concentrations of up to
900 mg/kg have been recorded in sediments.

68



5 Source apportionment — Radiogenic lead-isotopic study of
selected sediment samples from the catchment (H. Coetzee
and M. Rademeyer)

5.1 Lead isotopes in mining environments
Lead isotopes offer a unique insight into sitestaoinated with waste from uranium or

thorium mines, or mines containing elevated uranamad thorium concentrations, as the
stable lead-isotope ratios reflect the decay o$eéhelements over time. Naturally occurring
lead is composed of four stable isotopes, with mahmasses of 204, 206, 207 and 208. Each
of these isotopes has a different origin, sincesjrésotopes are not generally fractionated in
chemical processes taking place in the environmiBme. origins and significance of these
isotopes are summarised in Table 6.

Table 6. Lead isotopes in mining environments

Isotope Origin Significance in environ-
mental studies
204P : 204P
b Common lead- formed in The="Pb content of a mass
cosmogenic processes of rock remains constant over

time, allowing normalisation
of lead-isotope ratios to an
invariant isotope

%pp Radiogenic lead, which The®*PbF**Pb ratio gives a
originates from the decay of| measure of the amount of
28y 23 that decayed in the
parent material.

Py Radiogenic lead, which The®Pb/*Pb ratio gives a
originates from the decay of| measure of the amount of
2y 283 that decayed in the

parent material.

“pp Radiogenic lead, which The**PbF**Pb ratio gives a
originates from the decay of| measure of the amount of
#2Th 232Th that decayed in the

parent material.

The measured®PbF*Ph, 2°Pb/Pb and?*PbF*Pb ratios therefore reflect the U/Pb and
Th/Pb ratios at the time of ore formation and the af the ore. Witwatersrand gold ores have
extremely high U/Pb ratios and, being old (~3 biiliyears), highly radiogenic ratios. These
can be applied diagnostically to identify contarmioa from these ore deposits and have also
been used to identify specific contamination streélaglington et aj 2001).

Lead concentrations in water are often extremaely, kequiring special analytical techniques
that were not available for this project. Furthereydead is adsorbed onto sediment phases,
creating an integrated record of past contaminateniding temporary effects that would be
created using grab water samples. Lead-isotopeyseslwere therefore undertaken on
sediment samples to give a representative vievh@fixing relationship between water in
the catchment and local background conditionsal @iso hoped that lead-isotope ratios may
provide a diagnostic tool for the identificationinflividual contaminant streams.
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5.2  Analytical methods
Pb-isotope analyses were carried out in the radiogsotope laboratory of the CGS using

conventional anion exchange techniques and mastrgpetric analysis. All ratios were
normalised to accepted values for the NIST982 egjiaath lead standard.

5.3 Results
PpF¥%Ph and®**PbF*Pb data have been plotted, as these give an imatficaf both the

uranium- and thorium-series concentrations in therce materials. Data from the entire
catchment are shown in Figure 14. Note that theen@htfrom mines has an elevated
2%pp%Pp ratio, representing the high U/Pb ratios indhes (the uranium-238 has decayed
to lead-206 over the time since ore formation). Vhdability of this parameter shows the
variations in uranium content of the different otlest have been mined.
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Figure 14. Uranogenic vs. thorogenic lead plot di@ta collected on mine wastes and
sediments from the Wonderfonteinspruit catchment.

A number of clear trends are seen in these data:

1.

Material from Doornfontein Mine is highly radiogeni indicating the large

concentration of uranium in the initial ore. This diagnostic, and allows the direct
identification of this or similar waste streamstire Blaauwbank Farm Dam, where,
even after mixing with the lead from the naturalimnment, the ratios are still more
radiogenic than any of the other mine waste. Cfgapointing of the source would

require the analysis of samples from all the mindke vicinity.

The far-downstream and background samples have sigijar 2°Pb/*Pb ratios and
only slightly varying?®Pbf*Pb ratios (Note that the x and y scales in Figurevdry
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significantly). This probably represents local bgirund ratios and the variability of
these ratios.

3.  The local background differs significantly from aam value for South African leaded
petrol, showing the contribution of natural envimental sources, as well as
atmospheric fall-out due to the use of leaded petro

42

I ‘ I
Pollution Source Area

41 —

40 —

39 —

208pp/204ph
T

38 — Legend —

& Blaauwbank Dam
= O Doornfontein Dumps B
Background and far AN Blaauwbank - downstream

37 [~ downstream samples \V/ Khutsong Bridge ]

L < Turffontein B

E >< Upstream of Doornfontein Canal

36 — X Petrol —
. | | | | | | | |

0 20 40 60 80 100 120 140 160 180

206Pp [204Pp

Figure 15. Uranogenic vs. thorogenic lead plot data collected on mine wastes and
sediments from the Doornfontein—Blaauwbank porabthe catchment.

Figure 15 shows a similar diagram from the vicirofythe Blaauwbank farm dam. Here a
clear mixing trend between the pollution source @relsink in the sediments can be seen. A
similar trend can also be determined between thek€ection, or isotopically similar
wastes, and Donaldson Dam (see Figure 16). Againra complete analytical dataset would
allow better fingerprinting. Here the possible miirelationships are not as well defined,
either because of an incorrect choice of backgrpwndbecause the background isotopic
composition includes a component of mixing withlptibn due to the use of leaded petrol.
Other mining sources upstream may also play a fleh mixing relationships have been
defined for the Johannesburg and Pretoria areas,enbaded petrol plays a significant role
in environmental contamination (Coetzseal, 2002).
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Figure 16. Uranogenic vs. thorogenic lead plot data collected on mine wastes and
sediments from the Cooke Section—Donaldson Danigmoof the catchment.

5.4 Conclusions
Examination of these figures suggests that whengukiad isotopes alone, the source of

sediment contamination may be determined ot a lecale. It would appear from Figure 14,

however, that the method does not give easily whdedable results on a regional scale. It is
also clear that a better inventory of sources witbre analytical data will be needed to

identify pollution sources unambiguously.
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6 Identification of sources of Wonderfonteinspruit river water
using sulphur and strontium isotopes (U. Horstmann and M.
Rademeyer)

6.1 General
Seven water samples were submitted by H. CoetzeéeGarNtsume for strontium- isotope

analysis of water and sulphur stable-isotope arslgt dissolved sulphate. The samples
(about two litres of water each) were presentedfitieted or otherwise treated. No sample
location or any other description was supplied. [Bbpratory practical purposes the samples
were renumbered (HG1-HG?7); Table 1 relates theswats to the original descriptions.

All sample treatment and preparation was perforimethe laboratory of the Council for
Geoscience (CGS). Initial sample filtering was stesi by G. Ntsume.

6.2 Sample preparation

Four aliquots (100 to 200 ml) of each sample witeréd through 0,4%m membrane filters
into plastic bottles, using plastic syringes. Theglts were used for elemental-concentration
analysis, and Sr-, Pb-, O- and H-isotope analymng] acidified according to analytical
requirement.

The remaining bulk of each sample was filtered ugioa glass vacuum device, again using
0,45um membrane filters and acidified (1 ml of conc. HGt every litre of water). The
samples were now ready to be prepared for S-is@nplysis.

The analyte for S isotopes is conventionally, §8s, implying that dissolved sulphate (3P
from water samples has to be precipitated as B&®8€re conversion to SO

Precipitation of the soluble sulphate was easilgoawplished by adding a 0,5M BaCl
solution and agitating under slow heating to bagilipoint. Sulphites (S£), a result of

incomplete oxidation, may also be in the solutibastrequiring longer periods to allow for
complete precipitation. After allowing sufficientmie for the precipitate to settle, the
supernatant was aspirated and the sample treatedrfionate.

An amount of 10 per cent HCI was added to the samptucing pH to 4, but not less than 3.
The sample was allowed to stand for 30 to 60 mi&taximum 1?0 will begin to equilibrate
with atmospheric oxygen) and then heated to boiiognt on a hotplate. After settling, the
supernatant was aspirated and the precipitate Waséeeral times with deionised water.
Excess water was aspirated, the precipitated sadnigé at no higher than 80 °C and stored
in a small glass vial. The sample was now readpetaconverted to SCOfor stable-isotope
analysis.

6.3 S-isotope analysis
The conventional procedure for the measurementS#¥S ratios in sulphides and sulphates

followed presently at the CGS stable-isotope laiooyainvolves mixing of the sample
material with \Os + SiO,, combustion of this mixture at £1 120 °C in an lafe vacuum
extraction line and cryogenically trapping the eeal SQ.
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The mass-spectrometric analysis of this, $done on a semi-automatic, triple collector
mass-spectrometer with manual sample change. Tdigtiaal principle is a dual inlet system,
i.e. the sample gas is analysed relative to agrber gas in an alternating mode.

This whole process is longwinded and time consumang access to a more rapid analytical
facility is desirable. The environmental isotopledeatory of the Schonland Research Institute
at the University of the Witwatersrand, Johannegbwas recently equipped with a state-of-
the-art mass-spectrometer, including peripheratungents for sample preparation.

The equipment used at Schonland for S- (and CA#tppe analysis consists of a GEO 20-20
mass-spectrometer connected to an ANCA-GSL (autmindtrogen and carbon analysis for
gases, solids and liquids) sample-preparation systdne principle followed is the coupling
of an elemental analyser (ANCA-GSL) to a continuffow IRMS (isotope ratio mass-
spectrometer, GEO 20-20). This is in contrast ® dwal inlet system mentioned above;
where dual inlet uses peak-height detection, cantis flow detects and evaluates peak areas.

The S-isotopic composition of the samples was detexd using this new method as outlined
below. Samples were analysed in duplicate and riatemal standards were used for
calibration. The latter reproduced to about +0,58%ative to their accepted values. S-isotope
data are given in the conventioainotation according to:

(348/ 328)
(348/ 328)

0%S(%o) { sample —1} x1000

standard

6.4 Methodology of &S analysis by EA-GC-CF-IRMS (from PDZ

Application Note 5)
Samples are dried and ground to a homogeneous mixilhey are then weighed into tin

capsules where vanadium pentoxide@y is added to aid combustion. Samples are then
loaded into a carousel on the ANCA-GSL. They aem tiropped into a furnace held at 1 020
°C where they are combusted in the presence ofesxyfhe combusted gases are swept in a
helium stream over a combustion and reduction ysitéb purify the gas to sulphur dioxide.
Water is removed by a Nafion™ membrane and magmepierchlorate chemical trap. O
gas is separated from,Mind CQ by a gas chromatograph. The resultant chromatbgrap
peak of SQ enters the ion source of the GEO 20-20 CF-IRMSrw/heis ionised and
accelerated®S and®'S are separated in a magnetic field then simultsiganeasured on a
Faraday cup universal collector array. Sample tsmermally about ten minutes per sample.

6.5 Sr-isotope analysis
Sr-isotope analyses were carried out in the radicgsotope laboratory of the CGS, using

conventional cation exchange techniques and masgrsmetric analysis.

The Sr-isotope ratios are reporteddinotation as for S (above) using NIST NBS987 with a
#SrPsr ratio of 0,71205.
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6.6 Results and discussion
Results of the stable-isotope analyses for S andr&rsummarised in Table 27 in the

Appendix, and a detailed list of S-isotope dupkcdéterminations can be found in Table 28.
The data for anion and cation concentrations amapded in Table 29 and Tabl&0
respectively. Figure 17 illustrates the S-isotammposition in relation to selected anion and
cation concentrations, and Figure 18 shows the@jsotatios of S and Sr in relation to each
other and the Sr concentration.

The&*S values of the two samples from Donaldson Dantla@dRiver at Donaldson Dam lie
between 11%. and 14%., and have a distinctly higbetopic composition than all other
samples, which range from 3%o. to 5%.. The differebeaveen these sample groups is further
documented by a lesser concentration 6f Bf and B, and a higher amount of K, Mn and Rb
in the samples from Donaldson Dam and the RivEragialdson Dam.

With the available information, the S-isotope daftahis study are difficult to interpret. This

is mainly owing to the lack of “background” values order to estimate anomalies. The
5*S0O* data from this study are well in agreement witbsth reported for fresh-water

systems worldwide, which lie generally between +%&d +15%. (e.g. Cortecci and

Longinelli, 1970; Ivanov et al., 1983). The soufoethis sulphur can only be speculated on
at present. If appreciable anthropogenic polluttan be excluded, the isotopic composition
of surface-water sulphate is profoundly influendag the isotopic composition of rock

sulphur it interacted with.
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Figure 17. Anion and cation concentrations vs.ddegic composition. Note differences in

5*S and elemental contents of the samples from Denal®am and the River at Donaldson
Dam, relative to other samples.

Nriagu et al. (1991) estimated the méafsQ,> for African rivers to be +2%o on grounds of
an average S concentration of <3 mg/l derived mostly from theeathering of
Precambrian shield bedrockE’S values of pyrites from the Witwatersrand, howevesre
found by Hoefs et al. (1968) to lie between 1 %o 4fid, and Smit (2000, see also Horstmann
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and Bester, 1999) reported pyrites WifiS ranging from -5%. to +5%o. In case the sampled
waters interacted with such a type of rock, & values from 3% to 5%. can be explained
by oxidative weathering of Witwatersrand sulphidegh no or only very little isotope
fractionation (e.g. Mitchell et al., 1998).

If the samples from Donaldson Dam and the Riv&ataldson Dam also got their S-isotopic
signature form their source (recharge?) area, ancRplanation would be required®s
values of 11%+14%0 are observed in waters which receive inpunfeog. groundwaters that
leached evaporite rocks and/or other groundwatphates with an elevatéés content. Such
isotopic compositions are reported from, e.g.,Angazon Basin and major rivers in Russia
(Nriagu et al., 1991), but at much lower S@oncentrations than found in this study. These
interpretations, however, would have to be verifizdcorrelations with S-isotope patterns
from the relevant catchment areas. It should, hewelve borne in mind that the sulphate
crusts described in Section 3.5.1 would providéhsaisource of sulphates, as well as being
deposits which preferentially concentrate uraniuth ather radionuclides.

The SQ* concentrations, varying roughly between 200 mgf 2700 mg/l, point to some
different input of sulphur compounds. Simi&f'S values were reported by Horstmann and
Eglington (2002) for dissolved sulphates from thet®ei Dam, south of Pretoria, but at
lower SQ?" concentrations (25-40 mg/l). As in the case oft¥Rie Dam, anthropogenic
pollution sources cannot be excluded and the $gotsignatures found there and in this
study may point to some kind of anthropogenic sewas well. Nriagu et al. (1991) quote the
S-isotopic composition of anthropogenic sulphugémeral from 0%. to +10%., i.e. covering
essentially the range of the samples of this study.

Some kind of component mixing is indicated in Feya7, which illustrates th&'Sr ratio in
relation to the Sr concentration and 81 ratio. The conspicuous spread in 8&r values
points to some interaction of the water samplesh wibeir respective environment.
Tentatively, a second-degree polynomial curve wath inverse slope in the range of
consideration has been fitted through &&r vs.5*S series. This curve yields & R 0,96
and can be interpreted as a component/water-misiinge deduced from the relation of the
d¥Sr ratios to thed*'S values of the water samples. A similar relatialbgeit in a positive
sense, is shown by th#'Sr ratio plotted against the Sr concentration. Whiservation is
confirmed in a plot 08°’Sr vs. the inverse Sr concentration (Figure 18ha\gh the sample
points are less correlated R 0,72), a rough linear trend emerges, indica@ngwo-
component mixing.
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Figure 18. Sr-isotopic composition plotted agaiSstconcentration and**S values.5*’Sr
calculated usin§’Srf°Sr of NBS987 = 0,71025.

Such relations can be used to deduce the flow patvater for a particular region or
catchment area (e.g. Bullen and Kendall, 1998) nite information about the environment
of the sampling sites (like soil, its mineral confeetc.), is required. One possible
interpretation would imply that the increasing ttesf the radiogenic Sr (highé’Sr) with
the Sr concentration points to a higher residemse of those samples with mot&r. More
time was available for chemical reactions and/achéng to take place, and those waters
would become enriched in Sr if suitable rocks/sails leached and the¥'Sr is likely to
increase as well. At the same time, S values are likely to decrease, as observed, becau
more isotopically light sulphides (e.g. pyrite) aso leached and the S incorporated into
dissolved SG.
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Another and more likely interpretation of the Sncentration and Sr- and S-isotope patterns
is a two-component mixing between mine effluent avater originating from, or having
flown through, a dolomite area. This is substaaetiaby the linear trend a5*'Sr vs. the
inverse Sr concentration (1/Sr,Figure 18). Althoughend members exist, samples with a
low Sr concentration and relatively higfS values (Donaldson Dam and River at Donaldson
Dam) represent less-contaminated waters. To thedersvmine effluent is gradually more
admixed as the Sr content increases @it decreases. The inverse (second-order
polynomial) correlation curve of the Sr- and S-igm ratios can thus be explained as a
mixing line between “dolomite waters” and effluefihe “dolomite waters” with a lower Sr
concentration and highe5*'S values become gradually mixed with mine waterschvh
interacted with isotopically lighter sulphides, amehce lower the S-isotopic composition of
dissolved sulphate in the final mix. The relativilgh &*‘S values of “dolomite waters” most
probably originated from the leaching of carbondtem e.g. evaporitic sequences, which is
possibly supported by the elevated K content cfetsamples.

6.7 Conclusion
Sr concentrations, as well as Sr- and S-isotopicpasitions reveal the submitted samples to

represent two component mixtures most probably atevs originating from dolomite areas
with mine effluents. Plots of the strontium-isommiomposition §Sr) vs. that of sulphur
(5*S), as well as 0b¥’Sr vs. the Sr concentration (normal and inversewscorrelations
which are interpreted as mixing lines between #id 8vo components. Although no clear-
cut end members can be established, a gradual gnbétween waters most probably of
dolomitic provenance and mine effluents is indidate
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7 Speciation determination of heavy metals and uranium —
BCR Protocol Sequential Extraction (H. Coetzee, M.
Rademeyer and G. Ntsume)

7.1 Philosophy of sequential extractions

The philosophy of sequential extraction is thatyesds are used in each extraction phase
which selectively attack the minerals of interedtpwing the determination of the metal
contents (or in this case, the proportion of th&ltonetal content) bound to that phase.
Typically, sequential extractions will target thasetals bound weakly to the sediment, and
those extractable under acidic conditions, reducomgitions and oxidising conditions. Some
methods also include initially stripping metals Wigabound to mineral grains and total
dissolution of the residue.

The European Union’s BCR Protocol sequential ektvacmethod described by Coetzee et
al. (1995) was used to determine the metal speciatithin the sediments. This method is
analytically simpler than the method of Tessieale(1979), described by Ure et §1993),
used previously by Wade et. §2002) and Coetzee et. §2002), and excludes the MgCl
extraction for weakly bound metals. Since this sthgs not been found to release significant
guantities of any pollutants in either of thesedsts, the two methods can be regarded as
equivalent.

The extraction method used in this study aims toukite the following environmental
conditions:

Table 7. Environmental conditions simulated by tifferent stages of the BCR Protocol
Sequential Extraction

Extraction stage Environmental conditions
Extract A— Mildly acidic « Acidification due to acid mine drainage
» Acidification due to acid rain
Extract B— Mildly reducing * Reducing conditions due to inflow/spill of raw pr

partially treated sewage
» Reducing conditions due to eutrophication

Extract C— Mildly oxidising » Drying of sediment due to changes in the flow regim
attempts at mining or drought after cessation| of
pumping activities by active mines

7.2 Sample selection
Sequential extractions were carried out on a setaofples collected on the"Ldf August

2003. These are the same samples as those usédefofRF study (See Section 4.1.2,
Quantitative analytical results determined usingRady Fluorescence). The sample localities
are listed in Table 4 and presented on

Figure 7.
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7.3 Method
1.  One gram of sample is weighed out.

2. 40 ml of 0,1 M acetic acid (pH~5) is added to thmple, which is shaken overnight at
room temperature. The sample is separated fronsdhdion by centrifuging for 10
minutes at 2 500 rpm and the liquid decanted.

3. The residue is extracted overnight at room tempegatwith 40 ml of 0,1 M
hydroxylamine hydrochloride acidified with nitricid to pH 2. The sample is again
centrifuged for 10 minutes at 2 500 rpm and theitiglecanted.

4.  The residue is rinsed in a covered beaker for X tvtbh 10 ml of 30 per cent hydrogen
peroxide adjusted with nitric acid to a pH betw@eand 3. The volume is reduced to a
few milliletre by heating to 85 °C. The sample en rinsed with 50 ml of 1 M
ammonium acetate adjusted to pH 2 with acetic aaj extracted by shaking
overnight. The sample is centrifuged again at 2 00 for 10 minutes and the liquid
decanted.

5.  The three liquid extracts were then analysed by-M3? with quantitative procedures
used for Ni, Cu, Zn, As, Cd, Pb, Hg and U, and sgm@titative scans to determine the
70 elements listed in the table below.

In all stages, a total method blank was determiaed, the analytical results subtracted from
the relevant samples.

The procedure is summarised in Figure 19.

The final stage of the full BCR procedure involegh-pressure microwave dissolution of
the inert residue in a mixture of typically hydraflic and nitric or hydrofluoric and
perchloric acids. Experience within the catchmess Bhown that the local environmental
background levels are very low, compared with thecentrations recorded in contaminated
sediments (See the concentrations in samples frienkskraal Dan+- sample W105 in Table
24). It was therefore felt that the significantfidifilties in the handling of hydrofluoric and
perchloric acids were not justified for this study.

7.4 Data processing
The raw data collected are converted, using theplamasses and extractant volumes, to a

total mass of metal extracted (in ng). These maaseshen used to calculate the percentage
of the total extractable metal per sample for ead¢haction step.

For purposes of calculation, all values less tham 4.e. less than the total method blank)
have been set to zero, and data from samples wahmetal concentrations have not been
used to construct the plots, as many of the valeesrded are approximately the same as the
total method blank. The raw data are, however gntesl in the tables below.
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1 g Sediment

Mild acid il
NaOAC/HOAG (0.1M) Extract || Extract A
overnight room temp Ex Carbonates
Mild reducing g
NaOAC/HNO , (0.1M) Extract | | Extract B
overnight room temp Ex FeO.OH, MnO,
Mild oxidising
H,0,/HNO, (30% pH2-3) IEX1aCt || Extract C
5h 85C | EX Cyy, FES

]

Inert solids

Figure 19. Schematic representation of the BCRdemtSequential Extraction procedure
used in this study.

7.5 Results
The raw data from the sequential extractions aesguted in Table 31 and Table 32 in the

Appendix. These have been processed, using theoagprdescribed above, to arrive at
catchment-wide percentages, the statistics of wilieh shown graphically in Figure 21.
Figure 20 shows the extrema and quartiles of thegpéages extracted in each extraction
phase for the elements of concern. Barium and heag also been presented, as radium is
likely to follow the chemical behaviour of bariumdathe total lead results will predict the
behaviour of*Pb.

Two patterns of speciation are seen in the data:
1. Ni, Co and Cd appear to be relatively evenly distiéd between the three phases.

2. In Cr, Cu, As, Ba, Pb and U, extract C extractesl lHrgest amount of the element,
indicating that most of the metal in the sedimentound to the reduced (organic
carbon and sulphides) phase of the sediment.

In all cases, some of the contaminant metals anadto each of the three phases identified.
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Figure 20. Box and whisker plots showing the disttion of speciation in a selection of
samples, for Ni, Co, Cr, Cu, As, Cd, Ba, Pb and=klracts A, B and C are the weak acid,
weakly reducing and weakly oxidising steps in tli@RBProtocol Sequential Extraction
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Figure 21. Combined sequential extraction resoit<t, Co, Ni, Cu, As, Cd, Ba, Pb and U.

Figure 21 shows the combined sequential extragisults for all samples. Here, the total
metal extracted for each step from each samplebbas combined, as if all the samples
analysed had been composited. This gives an ideavhaft effect a catchment-wide
environmental event would have. The patterns rexbrakre similar to those presented in
Figure 20.

7.5.1 Discussion

The results presented here show that a signifimamponent— generally greater than around
10 per cent- of each of the contaminants of interest is boun@dch of the three phases
attacked in the sequential extraction. This impliest any of the environmental changes
mentioned in Table 7 could have a significant esrwinental impact.

Two distinct patterns are seen in the behaviourtref seven elements analysed for
guantitatively. Ni, Co and Cd appear to be disteluin approximately equal proportions
between the acid extractable, oxidised and redydeses, while Cr, Cu, As, Ba (and
probably Ra), Pb (including'®b) and U are dominantly concentrated in the redluce
(susceptible to oxidation) phase. The second gmmpears to preferentially adsorb onto
organic particles or to be included in sulphideirggavhich form in the sediment owing to
bacterial action. Figure 22 shows a backscattetedtren scanning electron microscope
image of a sample of sediment from Andries CoetzBalim. Note the presence of authigenic
sulphide— probably an iron monosulphide (pers. commun. Me@)— with a framboidal
habit, typical of the action of sulphate-reduciragteria and organic material, here in the form
of carbon.
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10pm Detector = TETRA 110-1
MAG= 204KX }——  WD= 25mm EHT = 25.00 kv Date :12 Apr 2002

Figure 22. SEM image of a sediment sample from Assd€oetzee’s Dam. Note the presence of framboidal
iron sulphidé®, and carbon particles.

7.5.2  Implications for understanding the transport of uranium

Within the sediments collected in the catchmerdnium is found dominantly in the reduced
phase. The presence of framboidal iron-sulphidingréSee Figure 22) and the absence of
transported iron sulphides suggest that the fierdliction process occurs in the sediment,
most likely by bacterially catalysed reduction of i@on- bearing phase, using carbon as a
reductant. The other component of the reduced pwikée the organic component of the
sediment, which is significant (see the loss oritigm (LOI) percentages in Table 26). The
lack of detrital sulphide suggests that the trartspd metals could be by one of three
mechanisms:

1.  Transport in solution, followed by bacteriologigatlatalysed coprecipitation with iron
sulphide.

1 The pyrite labels in this image are from an iniiintification on the SEM, based on the presesfce
iron and sulphur. Since the crystal structure @ thineral can not be determined in this image, it
would be better to simply refer to the authigenitpkide phase as iron sulphide.
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2. Transport as suspended ferric hydroxide flakeschvlaire then reduced by bacterial
action after deposition in the sediment pile.

3.  Transport bound to organic particulates which hemtdeposited in the sediment pile.

The relatively low dissolved-uranium concentratidosnd by IWQS (1999) (See Figure 2)
suggest that transport in one of the particulatesph is most probable. These sediments could
then be transported downstream by mechanical pgese$he metals bound to the sediments
could also be remobilised by oxidation.

7.5.3  Speciation of metals

The results of the speciation study agree with iptes/studies, showing that the majority of
metals are distributed between the carbonate, aidereduced phases within the sediment.
In this study, the majority of most of the contaemis of concern are bound to the reduced
phase of the sediment. This implies that oxidisiogditions could remobilise these metals.
Future activities in the catchment must therefoithee include the removal of the
contaminated sediments or must be regulated torentwat reducing conditions are
maintained in the current wetland areas.

7.5.4 Radionuclide and other metal concentrations

A suite of radionuclides have been detected andntdieal in a previous study. No
radiochemical analyses were performed in this stadyng to cost constraints. Uranium has,
however, been measured in a large number of samalesg with a number of other
potentially hazardous metal contaminants. In cadese a good chemical analogue exists for
a radionuclide, this may be used to predict itsalvitur.

Many of the uranium concentrations recorded withi& catchment exceed the NNR’s limit
for exclusion from regulatory control. The NNR muskerefore be called upon to take
decisions regarding the nature and scope of regol&dr these sediment bodies.

Although South Africa currently has no enforceablandard for sediment contamination,
heavy-metal contents in some sediments within thehenent significantly exceed the
European Union guidelines.
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8 Temporal variation in hydrochemistry of stream water —
results of a continuous monitoring study (F. Winde, H.
Coetzee and G. Ntsume)

8.1 Method (H. Coetzee)
A ‘Hydrolab Quanta water-quality probevas installed on the wall of the weir at DWAF

monitoring station C2H069, a gauging weir downstreaf Welverdiend and upstream of
Andries Coetzee’s Dam (See Figure 23).

Figure 23. DWAF flow gauging station C2H069 at ¥WWenderfonteinspruit downstream of
Welverdiend. Inset shows position of installed Hydb probe at the wall of the weir wired to
a datalogger inside the gauging hut from where datee transferred to the Council for
Geoscience via a cellular modem (Photos: Winde3200

The unit was fitted with a ‘Campbell Scientific Ralogger’ and cellular modem, to allow
remote control and download. The system was powéred 12V deep-cycle lead-acid
battery, which gave a useable battery life of thremths. At battery changes, the unit was
calibrated using a Hydrolab hand-held controllest atandard pH and redox solutions. Owing
to initial problems with the installation of theiyrand data communications, the period of
measurement was limited to the period from 30 Sepés 2002 to 3 June 2003.
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The full parameters of the system are listed inl§ &b

Table 8. Parameters of the continuous-monitoriagost

Locality

DWAF station C2H069

Probe

Hydrolab quanta

Parameters measured

Water temperature
pH
Electrical conductivity (TDS derived from EC)
Oxidation-reduction potential (relative to an A
AgCl,) cell

Logger

Campbell Scientific with cellular modem

Power source

12 V lead acid battery

Logging frequency

3 minutes for the first two matithereafter 1(
minutes (36 928 measurements)

Measurement period

30 September 2002 to 3 June 2003

A picture of the unit and the hand-held controiéepresented in Figure 24.

Figure 24. Hydrolab Quanta Probe (right) and hagld-bontrol unit

8.2 Range of parameter variations throughout the measurement period (F.

Winde)

The first step in analysing the temporal dynamic hyfirochemical parameters in the
Wonderfonteinspruit is focused on their variatiomero the entire period. This gives an

overview of the range of possible hydrochemical dittons which occurred during this

period. Unfortunately this only reflects two thirdé the whole hydrological year, since
technical problems caused a data gap of almost fioamths (June to September 2003).
Therefore it is to be expected that the actual ahrange of variation might be higher. The
number of measurements (counts) and selectedtisttizarameters are compiled in Table 9.
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Table 9. Statistics of stream-water parameters unedsin the Wonderfonteinspruit at
C2HO069 in 3—10-min. intervals over eight monthspt8mber 2002—June 2003)

Parameter Temperaturel pH EC Eh

Unit °C mS/cm | mV (AgCl)
Counts (n) 36 928 36928 | 36928 36928
Average 19,3 7,80 1,0 620
Median 20,2 7,76 1,0 585

Rel. SD 23% 3% % 5%

Min 6,9 6,0 0,6 485

Max 28,6 8,6 1,2 691

Diff Max.—Min. (range) 21,7 2,6 0,7 206

Rel. range [%0Max] 76% 30% 55% 30%

As a means to compare variations of different patams with each other, the relative
standard deviation (RSD, also known as variatioaffament) and the relative range (the
difference between the maximum and the minimum esged in per cent of the maximum)
are used. Both parameters indicate that the watepérature covers the widest range (76%
relative range) followed by the EC (55%). With 3@rpment for both, pH and Eh show
significantly lower ranges of ‘long-term fluctuatis (occurring over the entire period of
measurement). The extent of such long-term flumnatand their possible implications for
the uranium transport in the fluvial system arettyioutlined below.

8.2.1 Water temperature

The temperature of stream water at weir C2HO069easrigom 7 to 29 °C. Since three winter
months were not measured (June—August 2003)likkely that the annual minimum is lower
than 7 °C, resulting in an even higher annual rampdevant implications of temperature
fluctuations on the aqueous transport of uraniuctuite:

» Changes in solubility of dissolved gases such asd@@ Q, which in turn may affect the
pH and Eh of the water

» Shift of temperature-dependent dissociation equalithat may affect the EC.

8.2.2 pH-value

With pH-values from 6,0 to 8,6, stream water a$ fhoint in the longitudinal profile of the
Wonderfonteinspruit varies only moderately rangiingm weakly acidic to moderately
alkaline conditions.

Although it is mathematically incorrect to calcean arithmetic mean for logarithmic values
such as the pH, the resulting average pH of 7,8@ests that alkaline conditions dominate
throughout the measurement period in the Wondesfospruit. While this might only result
from some extreme alkaline pH-peaks shifting therage upward, it is also supported by the
median, which indeed is a better indicator of wdwtditions actually prevail. In this case the
median of the almost 37 000 data is 7,76, indicatirat alkaline conditions occur for at least
50 per cent of the time (Table 9).
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It should, however, be noted that the relativelyhhlievel of pH is not constantly present, but
largely the result of daily peaks caused by phottimsis. These diurnal pH oscillations of
the stream water are analysed separately.

With a range of 2,4 pH-units over the measuringigogerthe H-concentration in the
Wonderfonteinspruit fluctuates by more than a 1@des$. This may have effects on the
mobility of uranium, as discussed earlier.

8.2.3 Electrical conductivity (EC)

The EC of the Wonderfonteinspruit at C2H069 fluetsaover the eight-month period
between 0,7 and 1,2 mS/cm. An average of 1,0 m&faia close-by median of 0,99 mS/cm
suggest that the EC, most of the time, remaingénupper half of the range. While low EC
values occur only sporadically after rainstormduftin effects), high EC levels, in general,
last longer.

Being a lump parameter for the concentration ofaliged solids such as sulfates, chlorides,
etc., the EC is commonly used as an indicator fasterwater impacts. In terms of uranium
transport it indirectly indicates the presence ateptial binding partners for uranium such as
sulphates, carbonates and phosphates to form imorgeanyl complexes.

High EC values may also indicate reduced adsorpmfamranium onto potential sorbents due
to binding competition by other dissolved cationslsas Na, Ca, etc.

8.2.4 Redox potential (Eh)

With values ranging from 274 mV to 480 mV (convdrtato H'-standard electrode scale),
the redox potential in the Wonderfonteinspruit airmC2H069 is oxidising throughout the
measuring period. Together with the pH as the othater variable, the redox potential
largely controls not only speciation and solubitifyuranium but also the intensity and rate of
many precipitation processes known to immobilisium and other heavy metals.

8.3 Dynamics and patterns of temporal variation (F. Winde)
While the afore-mentioned range of temporal vasiatindicates the extent to which the

measured parameters may fluctuate in the Wondeifwygruit, it does not allow for
discerning patterns of such fluctuations as ancatdr for possible causes of the temporal
variations. In the following the temporal dynamiz £ach parameter is analysed with regard
to its seasonal, diurnal and event-related fluatnat Owing to the wide variety of possible
events and their different impacts on the pararagtarent-related fluctuations are dealt with
separately.

8.3.1 Water temperature

Seasonal fluctuations

The eight-month time series of the water tempeeatnrthe Wonderfonteinspruit at station
C2H069 suggests diurnal and seasonal patternsisyypsed by response to events such as
rainstorm and waste-water discharges (Figure 25).
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Figure 25. Temperature variation for the measurémperiod

Using monthly data of average minima and maxima, 4basonal variation of the stream-
water temperature becomes clear, being warmedterstmmer months and colder in the
winter months (Figure 26).
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Figure 26. Monthly average and extremes (min. aad.yyof water temperature (Tw) in the
Wonderfonteinspruit, based on 10-min. data measatrethtion C2H069 from 30 September
2002 to 03 June 2003
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The absolute maximum temperature was measured gerdieer 2002, with the highest
monthly average in January 2003. The absolute mimrtemperature was measured during
May 2003, which was also the month with the lowasstrage temperature. The fluctuations
follow normal seasonal variations in solar-radiatictensity and duration.

Looking at the extent of monthly temperature flations expressed as range relative to the
maximum of the respective month, no clear seagquai#trn is discernable (Figure 27).

Monthly Max-Min-Diff of water temperature (Tw)
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Figure 27. Extent of monthly fluctuations of theteratemperature in the Wonderfonteinspruit
at DWAF station C2H069 between September 2002 aneé 2003, depicted as difference
between monthly maximum and minimum (range) exgeds % of the monthly maximum

The highest temperature fluctuations occurred ituran (May 2003) and the lowest in

summer (February 2003). Increasing day-night teaipez differences in autumn as a
transitional season, where air temperatures duthegday are still warm while nights are

already becoming increasingly colder, might catls® fThe fact that this is not reflected in

high fluctuations during September (spring) is igahle to the low number of measurements
in that month.

Diurnal variations

In addition to seasonal variation, the water terapege also displays pronounced diurnal
oscillations, which are mainly (but not exclusiebaused by daily cycles of solar-radiation
intensity (Figure 28).
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Stream water WFS at C2H069 ( 24-31/01/2003)

time [12h] (solid line - 0:00, dotted- 12:00)

Figure 28. Diurnal oscillations of stream-water pemature in the Wonderfonteinspruit in
summer (note: T-max. occurs during the afternoon)

The water temperature fluctuates between 3 K/diimewand 5 K/d in summer.

The daily minimum commonly occurs between 8h00 40H00 (Figure 2B while the
temporal occurrence of maxima varies considerdblsummer they are commonly reached
in the afternoon (14h00-17h00) (Figure 28), whilewinter maxima occur late at night
(22h00-0h00) (Figure 29).

Stream water WFS at C2H069: 07-14 May 2003
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Figure 29. Diurnal oscillations of stream-water pamature during a typical winter period
(Note: T-max. frequently occurs during night time)
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Such late-night maxima were also found at the Kowlerspruit, caused by discharge of
fissure water from underground mine workingéride, 2002.

Originating from 1 300 m below surface and beingjescted to the geothermal gradient, this
water reaches the surface with an elevated temyveran winter, therefore, it frequently is
considerably warmer than the water in the receigingam. With higher discharge rates after
hours, the input of a large volume of warm fisswer results in the observed late-night
temperature maximum.

A similar situation seems to exist at the Wondedorspruit which has an impact on the
diurnal dynamics of the stream-water temperaturéshdulder’ in the temperature graph,
indicating an interruption of the daily cycle, ptrto the discharge of warmer-than-stream
fissure water (Figure 30).

1-4 Feb 2003

28

'Shoulders'

Tw [C]

22

time [12h steps] (solid lines indicate 12:00)

Figure 30. Modifications of the temperature cyatethe Wonderfonteinspruit supposedly
caused by the discharge of warmer-than-stream réissmater interrupting nocturnal
temperature decrease, as it is indicated by ‘skosil@n the right-hand side of the daily graph
(1-4 February 2003). The time given indicates tha sf the shoulder occurrence.

This is supported by the fact that these shouldetsir at a more or less fixed time of the day
that might relate to lower electricity tariffs.

8.3.2 pH-value

The pH time series of 10-min. data shows that steond fluctuations occur within a rather
narrow range between 7,5 and 8, with some excepganeeding this range in summer (Dec
2002-Jan 2003) and early winter (April 2003) (FegyGd.).
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Figure 31. pH variation for the measurement period

While no clear seasonal pattern is discernablérsit ight, pronounced diurnal oscillations
occur during spring (September—October) and sun{ecember—January). Thereafter the
diurnal oscillations transform into rather errdtiectuations.

Seasonal variations

While the 10-min. data suggest almost no seasduefuftions of the pH, time series of
monthly averages and extrema show a slight decreaseverage minima and maxima
throughout the summer months. All three statistmalameters are at their lowest level in
December (Figure 32).
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Figure 32. Monthly average and extremes (min. aag.yrof the pH-value in the
Wonderfonteinspruit, based on 10-min. data measatrsthtion C2H069 from 30 September
2002 to 03 June 2003
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With the highest maximum and lowest minimum botbuwdng during April 2003, this is the
month with the most pronounced pH-fluctuationsioiwed by December 2002 (Figure 33).
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Figure 33. Extent of monthly fluctuations of the jHthe Wonderfonteinspruit at DWAF
station C2H069 between September 2002 and June, 2@pscted as difference between
monthly maximum and minimum (range) expressed iof the monthly maximum

This, however, is hardly a seasonal effect, siheeeixtreme pH-range in April is caused by
two single events leading to a maximum of 8,5 andramum of 6,0. The higher range of pH
in December is mainly due to the low minimum pH s&di by an increased input of acidic
rainwater during convectional summer rains. Theeased drop in pH of the stream water is
discussed in connection with the analyses of exaated fluctuations.

Diurnal variations

Pronounced diurnal variations are largely confitedthe vegetation period in summer
(December—February) owing to the action of phottsstic water plants, phytoplankton and
algae. During summer the pH starts to rise in #Hré/anorning, around sunrise, and reaches a
peak value around midday before dropping throughafternoon, as the intensity of solar
radiation and therefore photosynthetic activity réases. The pH remains at its minimum
level during the night when no sunlight for photaibyesis is available (Figure 34).
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Figure 34. Typical diurnal pH variation in summer

The magnitude of this variation has a mean valuearofund 0,3-0,4 pH units, with a
maximum of around 0,5-0,6 units in February.

8.3.3 Electrical conductivity
Electrical-conductivity values for the measuren@griod are shown in Figure 35
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Figure 35Electrical-conductivity variation for the measurerhperiod (3—10-min. data)

98



The time series of 10-min. data displays pronourstemit-term fluctuations superimposing a
long-term decrease during summer. In how far thartdlerm fluctuations follow diurnal
cycles, and whether the long-term trend in sumreex seasonal effect are analysed in the
following.

Seasonal variations
Monthly averages show a decrease in conductivitinguthe summer months, mainly due to
dilution of the river water with clean rainwater (

Figure 36). Individual rainfall events are seenressharp downward spikes in the data.
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Figure 36. Monthly average and extremes (min. aaa.jrof the EC in stream water of the
Wonderfonteinspruit, based on 10-min. data measatethtion C2H069 from 30 September
2002 to 03 June 2003

Similar to the pH, the EC shows the highest montflbigtuations in December 2003 and April
2003 (

Figure 37).
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Figure 37. Extent of monthly fluctuations of streamater EC of the Wonderfonteinspruit at
DWAF station C2H069 between September 2002 and 2068, depicted as difference between
monthly maximum and minimum (range) expressed ircpat of the monthly maximum
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Identical processes also cause monthly variatizasely:

. high rainfall volumes in December leading to thitithn of the polluted stream water
and an associated drop of EC (

. Figure 37)
. two events in April leading to an EC increase, Wwhioints to discharge or spillage of

waste water into the stream.

Diurnal fluctuations
In order to trace possible diurnal oscillationgre EC, a period was chosen in which all other

parameters showed pronounced daily variations. Meweno diurnal fluctuation could be
found for the EC (Figure 38

Stream water WFS at C2H069 ( 24-31/01/2003)
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Figure 38. EC of an eight—day period in January32@here all other parameters show
distinct diurnal oscillations displaying no regutkaily pattern

Instead, sharp short-term drops of the EC poimito storms as a major factor governing the
dynamics of the EC (Figure 38). Possible causeshirionger-lasting drops discernable in
Figure 38are discussed in connection with event-relateddhitgns.

8.3.4 Redox potential (Eh)

The 10-min. interval-based times series of the Bplays distinct and frequently occurring
short-term fluctuations superimposing a long-teremd of increase from approximately 300
mV to a plateau of about 400 mV (Figure).39
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Figure 39. Eh variation for the measurement period

Seasonal variations
Redox-potential values show a steady decrease Detémber, followed by a large increase
during the summer months onto a stable plateaw(€ig0).
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Figure 40. Monthly extrema and mean Eh values

The most likely reason for this increase is theoiftiction of oxygenated water with summer
rainfall.

Similar to the pH and EC, the largest monthly Maitisy occurs in December and autumn
(March) (Figure 41). The large variability in Dedeen is most likely due to flushes of
material into the river by thunderstorms, causiog minima (sewage overflows) as well as
high maxima (rainwater run-off) (Figure 40).
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Figure 41. Extent of monthly fluctuations of strearater Eh of the Wonderfonteinspruit at
DWAF station C2H069 between September 2002 and 2008, depicted as difference
between monthly maximum and minimum (range) exgetss per cent of the monthly
maximum

With regard to Eh maxima, responses of the Eh tllesu pH-drops due to acidic rainwater
are also to be considered, as the Eh reacts inyeosthe pH.
Diurnal variations

Diurnal oscillations of the Eh are particularly pounced in summer (Dec.—Jan.), while later
in the year a more erratic pattern of fluctuatiesasms to dominate. An example for a typical
summer period is shown in Figure 42.
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Figure 42. Diurnal fluctuations in Eh during theipd 24—-31 January 2003
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In contrast to the pH and temperature, the Eh dseg the night to a maximum occurring
around midnight and drops during the day to théydainimum around noon. It inversely
reflects the dynamic of the pH with which it is sty associated. The daily fluctuations range
from some 50 mV/d to 130 mV/d.

In addition to this the Eh displays frequent dropkich do not seem to have any periodicity

but were also observed in other streams (Winde3R00is suspected that they are the result
of instrument-related processes rather than nawaakes. Eh-measurements are by their
nature rather difficult to take, since probes ingral show distinct delays in responding to Eh

changes in the measured medium. It is suspectédhibse delays might lead to a build-up of

some kind of potential within the instrument whitien is subsequently released, resulting in
re-occurring sharp drops.

8.4 Relationships and interactions between measured parameters (F. Winde)
In order to understand driving forces behind thaperal dynamic of the stream, chemistry

analyses of interactions between the differentrpatar are analysed using monthly-average-
based time series and 10-min. interval-based charts

8.4.1 Parameter interactions based on monthly-average time series

Water temperature- pH relation
The time series of monthly-average values of baitameters are shown in Figure 43
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Figure 43. Relation between water temperature &héthghe Wonderfonteinspruit, based on
monthly-average values

Figure 43 suggests an inverse relation betweenrwataperature and pH, with high

temperature values during summer coinciding withw I@H values, and decreasing

temperature matching with increasing pH in winfepossible explanation for this somewhat
unexpected relation might be acidic rainfall tratérs the pH at a time when solar radiation
increases the water temperature. Cooling down mewiand receiving significantly less rain,

the water temperature drops while the pH recoviglsdaby a higher proportion of alkaline

dolomitic water in the stream.
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Water temperature- EC relation
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Figure 44. Relation between water temperature abdnBhe Wonderfonteinspruit, based on
monthly-average values

Since temperature increases the mobility of frees im a solution, its simultaneously rising
temperature results in an increasing EC. For #asaon the effect of water temperature needs
to be compensated for before comparing EC valuens ftifferent solutions. Normalising EC
measurements electronically to a ‘reference tentperaof 25 °C or 20 °C respectively
commonly does that. Since all EC measurementsisnsthdy were taken by a temperature-
compensated probe, those impacts of temperatuECagre not relevant.

However, water temperature also has an impact esodiation and solubility of many

chemical compounds, resulting in increased conagotr of dissolved solids at higher

temperatures. Such a direct relation between ECwvaatdr temperature, however, was not
found. Instead, time series of both parametersdbasemonthly averages show, if any, a
weak inverse relation where the highest EC occuwsinter at low water temperatures (May—
June) and decreases in summer when water tempersitigh (December and January).

Contradicting the actual physical relationship ew the two parameters, it is likely that
again— as found with the relation between pH and waterperature— impacts of third
factors on one or both parameters actually goveis relation. In this case low monthly-
average EC values might only coincide with high gematures during the summer months
owing to higher volumes of low-EC rainwater entgrthe system.
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pH-Eh relation
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Figure 45. Relation between pH and Eh in the Wdiodéginspruit, based on monthly-
average values

Both time series show a distinct drop to low valdesing early summer (Nov-Dec) and a
steep rise to significantly higher levels for tieenaining part of the time. Interestingly a drop
in March interrupts the otherwise continuous inseeaf both parameters (Figure 45).

This similar behaviour suggests a direct propodiaelation between the two parameters.
This, however, is contradicted by their inverse gl relationship, where increasing pH
values correspond with decreasing Eh values (Wi20@2).

This again points to additional factors superimpgsithe pH-Eh relationship in the
Wonderfonteinspruit. Again this is supposedly mdiato the influx of high volumes of acidic
rainwater into the stream that lowers pH. The siamdous drop of Eh is unexpected since
rainwater generally displays an elevated redox mi@ke However, with much of the
rainwater recharging the dolomitic groundwater éast of entering the stream directly, this
might result in significantly lower Eh values. Witising groundwater volumes entering
underground mine workings, higher discharge ratssult that may lower the Eh in the
Wonderfonteinspruit.
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pH-EC relation
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Figure 46. Relation between pH and Eh in the Wdiodéginspruit at C2H069, based on
monthly-average values

According to Figure 46he relation between EC and pH changes during thasorement
period. While the first eight months display homedtional changes of both parameters
indicating a direct proportional relationship, tlast two months (May and June 2003) show
an inverse behaviour where the EC drops while tHeripes. Occurring in the non-raining
period, with no possible dilution by rainfall, tdeopping EC might indicate either:

a) a decrease in waste-water discharges or
b) an increase in discharges of less-contamingedré water.

The latter is supported by the associated risbepH indicating higher volumes of dolomitic
(and therefore alkaline groundwater). Possible aessfor this on which one can only
speculate, having no additional information, miglilude technical problems of using fissure
water for other internal purposes or the interaeptof a water-bearing cavity during
underground operations.

While the relationship of the monthly-average valuseems to change during the
measurement period, the temporal dynamics of bathmeters in terms of their maximal
monthly fluctuation are similar and constant thriooigt the observation period (Figure 47).
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Figure 47. Relation between maximal monthly fluctuations of pihd Eh in the
Wonderfonteinspruit at C2H069

Eh—EC relation

The long-term behaviour of the monthly average&@fand Eh seems to be rather similar,
both showing a significant drop in December 200thwai subsequent steep increase (Figure
48).
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Figure 48. Time series of EC and Eh in stream wateéhe Wonderfonteinspruit, based on
monthly averages, displaying a certain similarigarding their temporal dynamic over the
measurement period (Sep 2002—Jun 2003)

As suggested earlier, this might be caused maiplyhb influx of rainwater. Similar to the
relation between pH and Eh, the relation betweerath EC seems also to change from a
direct into an inverse one during the last two rhenwhere the decrease of EC coincides
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with an increases of Eh (May 2003) and vice vetsmé 2003). This also supports the
assumption based on the Eh—pH relationship thathygrochemical regime somehow
changed during these months. Having no data oriqurewinter months, this change might
reflect a seasonal rather than an anthropogenacbnological effect.

8.4.2 Relationships between parameters based on time series of real-time
measurement

In contrast to monthly-average-based time seridgctware affected by short-term events
such as rainstorms increasing or lowering the myntrean significantly, time series based
on 5- or 10-min. measurements are free of sucisttal effects that often mask the actual
relation between parameters. For this reason fl@niong explores the relation of parameters
based on real-time measurements.

Water temperature and pH
Figure 59 illustrates that both parameters showilaindiurnal oscillations, most clearly
indicated by their coinciding daily maxima.

time [d]

Figure 49. Ten-minute-interval measurements of matmperature and pH in stream water of
the Wonderfonteinspruit displaying a degree of kinty regarding their diurnal fluctuations
during a typical four-day period (1-4 February 2003

While displaying almost identical diurnal rhythmihe real-time-based charts for both
parameters contradict the finding derived from rhbraverage analyses that suggested an
inverse relationship. With both, the temperatue weell as the pH-cycle, being driven by
daily changes of solar-radiation intensity, a diregdationship is, however, also the more
plausible one. Apart from their common dependencthe radiation input, this relationship is
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strengthened by the fact that rising temperatugdsice the solubility of CQwhich in turn
leads to higher pH-values.

Water temperature and redox potential
The real-time measurements for both parametershanen in Figure 50.
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Figure 50. Ten-minute-interval measurements of mat@perature and Eh in stream water of
the Wonderfonteinspruit displaying a degree of kinty regarding their diurnal fluctuations
during a typical eight-day period in January 20B8-31)

Figure 60 clearly indicates that Eh fluctuates isedy to the water temperature, i.e. reaching
its daily maximum during the night and decreasingat minimum value occurring late
afternoon, since rising water temperature loweesdbncentration of dissolved, Gvhich—

as a major electron donatermay in turn lower the redox-potential. It was, lewer, found
that the influence of the oxygen concentration stew on the redox-potential is far weaker
than that of pH changes (Winde, 2003). It is thameimore likely that the Eh dynamic is only
dependent on water temperature as far as the laieran impact on the pH that, in turn,
largely controls the redox potential.

pH and Eh
Real-time measurements illustrating a typical periof diurnal fluctuations for both
parameters are shown in Figure 61.
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Figure 51. Ten-minute-interval measurements of pill &h in stream water of the
Wonderfonteinspruit displaying an inverse relatlopsof their diurnal fluctuations during a
typical eight-day period in January 2003

The relation of the pH to Eh behaves similarly ke trelation between pH and water

temperature, changing from what is thought to bediract proportional one (based on

monthly-means analyses) to an inverse (indiregpgntional) relationship in real-time-based

charts. While the monthly-average chart suggestgralar behaviour for both parameters

(Figure 45), the time series based on 10-min. walershows that both parameters fluctuate
inversely to each other.

8.5 Response of parameters to events (F. Winde)
In addition to re-occurring oscillations, the respe parameters to events such as rainstorms

or discharges of waste water were also analysedidiyg examples of selected events
observed during the measurement period. Howeves, itlberpretation of event-related
changes of hydrochemical parameters in the Wondesifuspruit is complicated by the fact
that no accompanying meteorological or flow dat arailable. In the absence of the latter,
the interpretation of charts is based on the falhgwassumptions:

. Rain water generally displays a significantly lovi#€ (distillation effect) and pH (acid
rain) than the Wonderfonteinspruit as receivingastm

. Seepage from slimes dams shows significantly hig@r(mainly owing to dissolved
sulphates) and lower pH (formation of sulphuricdadue to pyrite oxidation) than
stream

. Waste water from industrial, mining or municipausces often displays an elevated
EC and pH compared with water in the receivingastre
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. Parameter changes caused by anthropogenic disshargelikely to display graphs
distinctly different from those caused by naturabgesses. Switching waste-water
pumps on and off frequently results in square-liyglrographs with almost vertical
limbs indicating constant intensity. This is unlikeatural processes, which are
characterised by changing intensities (usually efeging in the process) resulting in
‘softer’ hydrographs.

8.5.1 Ewventon 28/12/2002

The direction and gradient of changes of pH, EC @&mdoccurring on 28 December 2003
point to a rainstorm as triggering event (Figurg 52
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Figure 52. Gradient and direction of changes of pHy, Eh and EC in the
Wonderfonteinspruit on 27 Dec. 2003 pointing t@aiastorm as a possible cause

Apart from decreasing pH and EC, a drop in tempeeatnd increasing Eh are also observed
(Figure 52).

That suggests that the rainwater is cooler and rogigising than the stream water in the
Wonderfonteinspruit. While the redox potential afrwater is likely to remain higher than
the stream water throughout the seasons, the aelatf rain temperature to stream
temperature might vary, depending on the seasons.

8.5.2 Event series in January 2003

A series of significant and sudden drops of thedt€ng January 2003 point to a succession
of rain events affecting the Wonderfonteinspruig(Fe 53).
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WEFS (C2 H069): 1-31 Jan 2003
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Figure 53. Sudden and pronounced drops of the Eftigldanuary 2003 point to a series of
successive rainstorms (time of supposed occurréscadicated by solid-line arrows)
affecting the Wonderfonteinspruit. Each event itofeed by a less-steep, but longer-lasting,

drop of the EC occurring one to four days afterfitet EC drop of each event (indicated by
dashed arrows)

It is interesting to note that each sudden drofhefEC is followed by a second longer-lasting
drop that occurs one to four days after the inibia¢ (Figure 53). It seems that the time lag
between the first and the second EC drop is theteshitne more pronounced the first EC drop
is. The latter, in turn, is likely to reflect theténsity of the rain event. The assumption that
these changes are triggered by rainstorms is fusingported by simultaneous drops of the
pH, indicating the inflow of acidic rainwafér and by suppressed diurnal pH oscillations
(Figure 54).

Measurements of the pH in rainwater, undertakeb9i®9—-2000 in Potchefstroom, yielded pH values asds 3,7 (Winde,
2003).
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Figure 54. Pronounced diurnal oscillations of thkgre markedly reduced during rain events,
indicated by sudden drops of the EC (1-31 Janu2pgy

Regarding the observed dynamic of the EC the questiises as to the cause of the second
longer-lasting drop of the EC following each raireet.

An analysis based on a higher temporal resolutioa comparable rain event in December
(28/12/2003) reveals that the response of EC taira @vent can be subdivided into three
phases (Figure 55).
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Figure 55. pH (lower line) and EC (upper line) dgria rain event on 28 December 2002
showing a ‘bouncing back’ response of the EC (27B8tember 2002)
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The first phaseoccurs almost immediately after the beginninghaf tain event, featuring a
sudden sharp drop of the EC to about 20 per cettteopre-event level within less than an
hour. Accompanied by simultaneous drops of the thli§ points to rainwater and quick
surface run-off entering the stream directly.

After reaching the minimum, theecond phassets in during which the EC recovers to almost
pre-event levels within a few hours. With graduallgcreasing intensity the EC reaches a
plateau on which it remains for one to four daysisTreflects decreasing volumes of low EC

rainwater run-off flowing into the stream and rgpiproportions of (polluted) stream water.

The fact that the level of the plateau is slighiéfow the pre-event level reflects the dilution

of stream water with rain in the upper parts ofc¢agchment.

In phase 3he EC drops again to almost the same level aofhhe initial drop. Lasting for
one to three days, the second drop is significaie8g sharp compared with the initial one,
suggesting a less-intense inflow of low-EC watehisTsuggests that rainwater is again
entering the stream. A significantly lower steepne$ this EC drop suggests that the
rainwater does not originate from a (possible) sda@in event, but flows into the stream via
a different mechanism of lower intensity. Occurradgrays with a delay of one to four days
after an initial rain event, it is very likely thétte second EC drop is caused by rainwater from
the first event whose inflow into the stream wasisbow delayed. The following processes
might cause this delay:

a) Increased discharge of relatively clean fissureewétom underground consisting of
rainwater ingressing at increased rates into thremoid after rain events.

With more than 1 km of dolomite overlying the miwkeid, the time rainwater needs to
percolate through would explain the observed dektyveen the rain event and the EC drop
of several days. Percolating through overlyingtatia close contact with dolomitic rock, an
increase of the pH of the rainwater is to be exgxea€ompared with phase 1, the pH in phase
3 is elevated and would confirm this (Fig. 52).

It was, however, also observed that the second le@ fdllows a preceding rain event more
quickly the more intense this event was. In viewtts rather low hydraulic permeability of
most of the rock strata between the weathered abitee upper dolomite and the mine void,
higher rainfall intensity must not necessarily teso higher infiltration rates that could

explain such a relation.

The fact that the shape of the EC graphs is nataisglike’, despite being of anthropogenic
origin, might be attributed to flow retention inlatvely large wetlands upstream of station
C2H069.

b) Discharge of rainwater run-off collected in stornevedrainage systems including
stormwater-retention dams.

With most stormwater-drainage systems having omgy Mimited retention capacity, this
would explain the relation between rain intensihd &ime lag of the EC response. It is,
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however, unlikely that the delay between rain et discharge of the resulting stormwater
run-off is in the order of several days.

c)  Overflowing rainwater from near-surface karst dasit

With many sinkholes providing conduits for acceledagroundwater recharge, rainwater may
fill near-surface dolomitic cavities. Where suclvitas are isolated and not connected to
large underground caves or mine workings, they mighfilled with infiltrating rainwater
until they overflow, releasing rainwater back irte stream. Depending on the volume of
such cavities (capacity to store water), this woekllt in a certain delay and also explain the
relation between rain intensity and time lag of B response.

The time spans for each phase are illustratedguargi56 displaying an event on 9 Jan. 2003.

WEFES (C2H069): rain event 9 Jan 2003
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Figure 56. Temporal dynamic of a typical EC resjgaiesa rain event on 9 Jan. 2003

In addition to the three phases discussed, aniadditsmall drop of EC occurs shortly after
the initial one, supposedly caused by a seconeiéssse rain event.

8.5.3 Ewvents of 11/5/2003

Two events of a different nature were observed biMay 2003 when sudden drops of the
EC indicated the inflow of clean water (Figure 57).
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Figure 57. Responses of the pH (upper line, ledkig) and EC (lower line, units on right y-
axis) to two events on 11 May 2003

Being accompanied by rising pH values indicates thisz could not have been caused by
rainwater which, in general, has a lower pH thangdineam. Since the shape of the EC drop is
typical for opening and closing pipes rather thatural flow processes, this points to
anthropogenic causes of the two events. FurthernioeepH during the second event drops
significantly after having risen moderately. The pidrease and subsequent plunging during
one single event makes anthropogenic causes ohaital nature even more a likely cause.

8.6 Conclusions and recommendations (F. Winde)
The mobility of dissolved metals is largely conlkedl by pH and Eh. For both parameters

distinct diurnal and seasonal fluctuations werenthusuperimposed by event-related
variations. Such fluctuations are likely to haveimmpact on the uranium concentration in
streams by affecting the rate in which dissolvedatsgincluding uranium) are removed from
stream water via adsorption, precipitation or ceefpitation.

While the pH threshold for the precipitation of Fgdroxide (>7) is generally exceeded
throughout the year, presumably owing to the &rilte of dolomite, daily increases by 0,3—
0,6 units may significantly accelerate the preaipin rate for several hours a day. Owing to
the associated coprecipitation of uranium from atrewater, this aids lower uranium
concentrations. This is particular pronounced dursummer when photosynthesis is
intensified. With major immobilisation mechanismacls as calcite and Fe-hydroxide
precipitation preferentially occurring during thayd higher uranium concentrations in water
at night are to be expected.

The daily increase of the pH is frequently courterd by acid rainfall lowering the pH in the
Wonderfonteinspruit by up to 1,5 pH-units. As aute®f rain events in the catchment,
predominantly alkaline conditions in the streamngeato acidic. Lasting only for several
hours this usually will not allow (slow) redissatui of solid phases such as carbonates or
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Fe/Mn-hydroxides/oxides containing uranium. It wilbwever, suppress the immobilisation
of uranium for this period, resulting in higher mitgm concentration in the stream water.

The Eh measurements indicated that oxidising cmmditprevail in the Wonderfonteinspruit
throughout the year, including during events sushwaste-water discharges. Profound
changes of uranium speciation and the associatetilty of uranium due to diurnal or
seasonal fluctuations of pH or Eh are unlikely;ythmay, however, occur during certain
events.

Relations between parameters as observed basduewmtonthly averages are often very
different from those displayed in real-time measwnts. This is mainly due to the effects of
events such as rainfall or waste-water dischargdslaurnal oscillations. Short-term extremes
of parameter during and after events may shifhartic means and therefore mask the actual
relations dominating in event-free periods. Diurostillations again, fluctuating above and
below a daily average of the parameter, may cazaeth other out when calculating averages.
Therefore time series based on average data frégudm not reflect the actual relation
between parameters as can be observed in realteasurements.

The EC of the Wonderfonteinspruit appears to bleratonstant on a 1 mS/ cm level,
elevated above background by some 0,5-0,7 mS/cemEThis dominated by S@riginating
from mine effluents (oxidised sulphides such asteyound in the mined ore). In contrast to
pH, Eh and water temperature, the EC shows no a@iusscillations and no consistent
seasonal oscillations (e.g. increase during lowftivyy season and decrease during high-flow
wet season). It reflects, however, events suchaasstorms or waste-water discharges by
pronounced short-term fluctuations.

Using the relation between EC and pH, the natuevehts can be analysed. This includes the
influx of rainwater after storm events (indicatgddimultaneous drops of pH and EC) and the
influx of seepage indicated by an inverse behavaiufdropping) pH and (increasing) EC.
However, it is important to use real-time data east of mean values in order to prevent
wrong conclusions.

The extent and temporal dynamic of event-relatedcB&hges may also assist to understand
and predict responses of the fluvial system toagervents. This may include the calculation
of groundwater-recharge rates and the quantifinagfosurface run-off coefficients. The latter
may assist in estimating stream flow during th&ah{'dry’) phase of rewatering.

Sudden pulses of uranium released from solid-sadinghases owing to changing
hydrochemical conditions after rain events andidisge of waste water seem to be unlikely.
It was, however, found in other streams that higldgtaminated porewater was hydraulically
displaced by infiltrating groundwater, resultingamshort-term increase of the concentration
of dissolved uranium in stream water immediatetgraé rain event. Such mechanisms were
not investigated at the Wonderfonteinspruit, buy mecur there as well.

Since current sampling protocols do not considex temporal variations of uranium
concentration in stream water, appropriate adjustsneshould be made in order to
comprehend the actual extent of uranium transport.
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Future real-time measurements should include eleicirprobes for measuring rainfall
(intensity and volume) and stream-flow rates, ai a®to allow for safer interpretation of
hydrochemical data.

Using monthly or even annual average data for icegtarameters as available in DWAF
databases (based on weekly sample analyses) mallowtfor a correct assessment of the
actual real-time- relationships between such patermeUnderstanding parameter relations in
highly dynamic systems such as streams requirédims&in-situ measurement data in high
temporal resolution.
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9 Risk assessment (P. Wade, F. Winde and H Coetzee)
91 Summary

9.1.1 Chemicals of potential concern

Uranium was chosen as the chemical of potentiateon based on the results presented in
Section 4.3 (Identification of contaminants of cerm.

9.1.2 Exposure assessment

Uranium can enter the human body via a number tiwsys from the source, which is
largely tailings dams in the catchment, throughugdwater, to soil, and to river water.
Contaminated groundwater may also be used by humans

Principal modes of contact are ingestion of watet #bod products, and inhalation of dust
and aerosols.

9.1.3 Toxicity assessment

The primary organ at risk from uranium chemicali¢dy is the kidney. Other organs at risk
from chronic radiological toxicity include the lythmodes and the bone. A recent review of
uranium toxicity by WISE (2003) set Minimum DerivBulinking Water Concentrations at 31
pa/l for chemical toxicity, and 63 pg/l based om$v/a, 500 I/a radiological risk. It should
be noted that there is practically no lower limot ficceptable radiological risk, based on a
linear dose-response profile.

9.1.4 Risk characterisation

The chemical-risk quotient associated with drinkiivgr water is 6,67, and the radiological-
risk quotient is 2,22. Both the numbers are abq@8,which means that there is a risk of ill-
health effects by drinking water from contaminat&deams in the Wonderfonteinspruit
catchment.

Studies of the Wonderfonteinspruit catchment (Kempst al, 1996, IWQS, 1999) have
however established that in the dissolved fractimanium is not in secular equilibrium with
its progeny, typically displaying activities sigieéintly higher than its radioactive daughters.
The assumption of secular equilibrium, used touwate the radiological risk quotient will
therefore lead to an overestimate of the total atawhh dose. The radioactive progeny
however, have no influence on the chemical toxictyuranium in solution in water. The
recommendation of UNSCEAR (1988) therefore apptatse valid, and it is recommended
that the chemical toxicity of uranium be regardedte primary health risk due to the water
in the Wonderfonteinspruit.

9.2 Introduction

9.2.1 Owverview ( General problem at site)

Studies by the Department of Water Affairs and Boyehave indicated elevated levels of
radioactivity in rivers draining the gold-miningeas of the Witwatersrand. A detailed study
of the Mooi River system (including the Wonderfangpruit) showed radioactivity levels in
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this system to be elevated, although doses to ubécpfrom formal drinking water sources
were found to be within acceptable limits at matgtss

Following this study, Wade et al. (2002) showed tha river sediments act as a sink, holding
radionuclides, often at concentrations considerdfjner than those found in the sources
(gold/uranium ores and mine tailings). Wade hash&rr demonstrated that the uranium in
these sediments may be mobilised by changes inrvesemistry. Coetzee and Chevrel
(2000), using airborne gamma-ray spectrometry, slowhat the radioactivity in the

sediments has a similar Bi-214/TI-208 ratio to thime tailings within the catchment. This

technique does not, however, have the necessasitigign to relate individual polluted areas

to specific sources. Furthermore, the volume andrede of contamination, and the

composition of the contaminants in these sedimedids, are unknown.

Frank Winde collected continuous monitoring datering a number of physicochemical
parameters measured at 10-min. intervals over @dgeaf one and a half years in the
Koekemoerspruit near Klerksdorp and two years en\Wismut area (Germany). These data
show that significant variations in the chemicahditions of the river water can occur over
periods of hours or less, suggesting that exigfi@ig. on samples collected at a much lower
frequency, particularly those collected in a reguleeekly schedule, may not adequately
represent the short-term variations in chemistrgtaDfrom the Wismut sites in the former
East Germany show even more pronounced short-temations in chemistry than the
Koekemoerspruit (Winde, 2001; Winde and De Villie2901; Winde, 2003; and Winde et.
al., 2004a/b).

Eglington and coworkers have demonstrated thatctmributions of different sources to
polluted ground and river water can be quantifisthg isotopic analyses. This approach can
also be extended to include the material boundhi¢csediments, and can give an estimate of
the contributions of different mining areas andemdially different mines to the pollution
load within the river system. This information equired in order to establish priorities for
remediation and further study within the catchm&uflington et al., 2001).

The current project was motivated and conceivech abrect result of the Department of
Water Affairs and Forestry’s study of radioactivity the Mooi River Catchment (IWQS,
1999), and a follow-up study undertaken by Wadealet (2002). During this period,
considerable scientific debate occurred regardiig dubject and the correct approach to the
issues at hand. This study aimed at replying toraber of the questions that were raised in
that debate, as well as extending the understarafisgdiment-water interactions within the
catchment to include non-radioactive metals. Dutimg course of the study, an additional
more-focused study was undertaken of an individaah dam (Coetzee et al., 2003). The
results of the latter study have, in part, leddmewhat controversial legal proceedings being
launched by the Potchefstroom City Council agaomst of the mining companies perceived
as being a significant polluter, the DepartmenW\fter Affairs and Forestry, and the farmer
on whose farm the dam is situated.

Owing to the often emotionally charged nature oblypems regarding uranium and the
limitations in the budget of this project, whiclepluded regular sampling and analysis, those
portions of the risk assessment that look at thievgey due to ingestion of water use uranium
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concentration data collected for the DWAF study ratlioactivity in the Mooi River
catchment (IWQS, 1999). These data represent daregear-long sampling programme, with
analyses performed by an NNR recognised laboratory.

9.2.2  Site-specific objectives of the risk assessment

Because of the heated nature of the debates sdinguthe issues, a careful presentation of
the results in a neutral format is critical. Thenfiat agreed by the project team was that of a
risk assessment, as implemented by the US EPA.

The objective of a risk assessment of metals anthlibiels in the Wonderfonteinspruit
catchment is to provide critical information to thiakeholders in the catchment. The major
target group for this study is the authority respble for the maintenance of the water supply
in the area, i.e. DWAF, regional water supply autles, local authorities, particularly the
Potchefstroom Municipality. Furthermore, the majater users in the area, particularly the
mining and agricultural industries, could utilideetresults in their planning processes. A
baseline risk assessment should incorporate somléafrthe following:

. Description of the history of pollution in the sgst and the pollution sources.
. Description of the mechanisms and pathways of cointation.
. Presentation of measurements of the range of phgfséenical parameters currently

encountered in the river system which could infeeerthese pathways, as well as
estimates of the likely extrema.

. Presentation of estimates of the volumes of comtatin in the Wonderfonteinspruit
system, the degree and nature of immobilisationtrf contamination, and the
likelihood of remobilisation of the contaminants.

. Presentation of all results in terms of risk to toenmunities in the catchment, as well
as downstream, particularly in Potchefstroom.

9.2.3  Owerview of study design

Risk-assessment method applied

The USEPA Risk Assessment Guidance for Superfudds® Process (USEPA, 1997a) for
baseline risk assessments was used in this inaéstig The methodology used here is similar
to that published by Servant (2002) “Methodologyatssess the radiological impact of a
repository for uranium mill tailings after remedaat (short-term impact)”.

The stages of Servant's (2002) radiological- arehgbal-impact assessment of uranium are
as follows:

. Description of the local environment
0 Local meteorological conditions
0 Geology— hydrogeology
0 Hydrographical system
0 Agricultural environment
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o Water uses
o Description of the human environment

. Site description
o Description of the wastes
0 Repository structures
o Water management
o Workings

. Conceptual model

. Exposure pathways
o External exposure
o Internal exposure via inhalation
0 Internal exposure via ingestion

. Development of population groups and scenarios
0 Location of population groups
o Composition of population groups
0 Scenario definition

. Measurements in the environment
o Water
o Food chain

. Initial radiological level

. Site-impact calculation
o Dose coefficients
0 Sensitivity analysis- uncertainty
o Comparison with regulatory limits

Rationale for using the United States EnvironmerRabtection Agency (USEPA) Risk
Assessment Guidance for Superfund (RAGS) Process

Because of the sensitive nature of the informatmibe generated in this study, it was felt
necessary to use a tried-and-tested methodologh#sabeen “bomb-proofed” by application
in a variety of controversial environmental andiabenvironments. The USEPA Superfund
processes fit these requirements exactly (USEP®74P

The Risk Assessment Guidance for Superfund mamsald in this study was developed to be
used in the remedial investigation/feasibility stu(RI/FS) process at Superfund sites,

although the analytical framework and specific mdthdescribed in the manuals may also be
applicable to other assessments of hazardous wastidsazardous materials.

Although human health-risk assessment and envirotaheassessment are different
processes, they share certain common informatiguinements and generally can use some
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of the same chemical sampling and environmentéikgetlata for a site. Planning for both
assessments should begin during the scoping stae ®I/FS, and site sampling and other
data-collection activities to support the two aseents should be coordinated. Use of the
USEPA manuals facilitates this coordination.

Overview of the RAGS rocess Applicable to the Bas8lisk Assessment
The process investigated as applicable to a baselisk assessment in the
Wonderfonteinspruit catchment is graphically préseénn Figure 58.

The Planning Tools developed by the EPA RAGS Pakw@kgroup, and refined through
regional review, include a Technical Approach faskRAssessment or TARA, Planning
Tables, and Instructions for the Planning Tables.

The Technical Approach for Risk Assessment (TAR#)ai road map for incorporating
continuous involvement of the EPA risk assessavufiinout the CERCLA remedial process
for a particular site. Risk-related activities, egng with scoping and problem formulation,
extending through collection and analysis of riglated data, and supporting risk-
management decision making and remedial-designtfiainaction issues are addressed.
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Data collection and
evaluation

*Gather and analyse
relevant site information
|dentify potential
contaminants of concern

Exposure assessment
*Analyse contaminant
releases

|dentify exposed
populations

|[dentify potential
exposure pathways
*Estimate exposure
concentrations for
pathways

*Estimate contaminant
intakes for pathways

Toxicity assessment
*Collect qualitative and
quantitative toxicity
information

*Determine appropriate
toxicity values

Risk characterisation
«Characterise potential for
adverse effects to occur
*Estimate cancer risks

» sEstimate non-cancer «
hazard quotients
«Evaluate uncertainty
Summarise risk
information

Figure 58. Schematic overview of the RAGS Part Asdliae Risk Assessment (USEPA,

1989a)

The use of EPA planning tools

The guidance documents presented by the TARA infdne CERCLA remedial process
phases are: During scoping, During the remediastigation, During the feasibility study,
and After the feasibility study. It is recommendedt the elements identified in the TARA be
customised for each site-specific human health-Aslsessment, as appropriate. These
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elements should be included in project workplanketier define that risk assessment, and to
facilitate more standardised planning.

The Planning Tables have been developed to docummemé clearly and consistently
important parameters, data, calculations and cerais from all stages of human health-risk
assessment development.

For site-specific risk assessments, the Plannirfgesarelated Worksheets and Supporting
Information should first be prepared as Interimiizmhbles for review, and should later be
included in the Draft and Final Baseline Risk Assesnt Reports.

Use of the Planning Tables helps to standardise rdperting of human health- risk
assessments and to improve communication with Istédters.

Instructions for the Planning Tables have been arexp corresponding to each row and
column on each Planning Table. Definitions of efiefd are supplied in the Glossary and
example data or selections for individual datadBedre provided. The Instructions should be
used to complete and/or review Planning Tablesefach site-specific human health-risk
assessment, where appropriate.

Methodological considerations
This study has been undertaken as follows:

Phase Activities

Phase 1 — Recon- Semiquantitative scans were used to identify comared sites, as well as the

naissance contaminants of greatest concern. These data vee to focus a quantitative
risk assessment.

Phase 2 — Risk Quantitative analyses were carried out with the afmquantifying the risk to

assessment impacted populations and environments, and idangfihe uncertainties in

this risk assessment.
A formal risk-assessment methodology was appliedh®s catchment, using the results
obtained, and the potential risk was determined.

9.2.4 Site background

Background information regarding the site is cargdiin the preceding chapters.

9.2.5 Site identification
The site identification is presented in RAGS Tabl@able 10).
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Table 10: RAGS Table 0: Site Risk-Assessment Ifleation Information

TABLE O

SITE RISK-ASSESSMENT IDENTIFICATION INFORMATION

Wonderfonteinspruit catchment

Site Name/OU: Wonderfonteinspruit catchment

State: Gauteng and North West Provinces

Status:

National facility (Y/N):

Project Manager: Henk Coetzee

Risk Assessors: Peter Wade, Frank Winde

Prepared by

(organisation): Council for Geoscience

Prepared for

(organisation): Water Research Commission
A methodology for the assessment of current and future water-
pollution risk with application to the Mooirivierloop

Document title: (Wonderfonteinspruit)

Document date: 1 October 2003

Probabilistic risk

assessment (Y/N): N

9.2.6  Site description
The site has been described in Section 1.1 oféjpisrt.

Description of the local environment

Water management

Water-management aspects of the Wonderfonteindpawi been presented in Section 2.6 of
this report.

9.2.7 Map of site

Maps of the region of interest are presented asr€&ity and Figure 2.

9.2.8 General history

Ownership and operations
General history of the site is discussed in Secti@nl of this report.

Contamination
Contamination issues are described fully in Sec@ian this report.

9.2.9 Historical studies of the site

CGS radiometric studies

During 1991 the Council for Geoscience undertooghiriesolution airborne radiometric
surveys of large parts of the Witwatersrand. TihyhHiesolution data showed that not only did
mine-waste deposits emit significantly more gamnaliation than the surrounding
environment, but that the wetlands downstream efrtiining areas were also contaminated.
In addition to the radionuclides, other metallich@ominants have been located in the
radioactively anomalous areas (Coetzee and Szeded893).
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Study by DWAF

During 1997, an intensive sampling programme wadettaken in the Wonderfonteinspruit

catchment. It was found that mining activities hre tarea are a major contributor to the
radionuclide content of the water, specifically twitespect to uranium and uranium-series
nuclides, and that the activities of dissolved oadclides decreased downstream of mining
activities (IWQS, 1999).

Study by the CSIR

Following this finding, Wade et al. (2002) undeiftce study funded by the Water Research
Commission to investigate the fate and transportselected radionuclides within the

catchment. Radionuclides were found to be conctetiia the wetland sediments throughout
the catchment, and the processes concentratingudi@nuclides were found to be reversible,
potentially remobilising radionuclides, and leadittg contamination of downstream water
resources.

Studies by the CGS

This potential for downstream contamination wasidied as a specific concern for the
water supply of the City of Potchefstroom (Coeteeal., 2003). The Council for Geoscience
was commissioned to undertake a study, which hese titmajor conclusions:

1. The study confirmed the results for uranium of Waueal. (2002), with uranium
concentrations of several hundred mg/kg being foimthe sediment (the expected
natural background concentration for a dolomitiesasuch as this would be less than 1

mg/kg).

2. The study also identified a number of other heawtats of concern, and noted that
these appeared to follow the same behaviour asathienuclides described by Wade et
al. (2002).

3. Based on laboratory studies and chemical modellthg, metals (uranium-series
radionuclides are all metals, and behave chemiealysuch in the environment) are
adsorbed or chemisorbed to a number of sedimenseghaall of which can be
rereleased by plausible geochemical processes.

These two studies on sediment concluded that, vehiteent conditions are relatively stable,
albeit not totally effective at removing metalsfrahe water, the unpredictability of the
future requires management plans that will eithamtain conditions as they are ad infinitum,
or will have to contemplate rehabilitation of thentaminated areas within the environment.

Following the production of the second report odireents, the dam in question was drained,
exposing the sediments to an oxidising environmame, of the re-release scenarios described
in the report. At this point, the PotchefstroomyGiouncil took legal action against one of
the gold mines responsible for the contaminatidnis Tase was settled out of court, with the
mine agreeing to rebuild the dam wall and rehattéithe environment.

9.2.10 Significant site reference points

Significant site reference points are presentegkiction 4 of this document.
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Scope of the risk assessment

Knowledge of the scope of the assessment is drifldSEPA, 1992). Scope can be
understood as “comprehensiveness”, for example raviegposure to multiple chemicals,
perhaps considering only certain significant chetsicmay yield the same risk estimates as a
very detailed analysis.

Knowledge of the purpose of the risk assessmerallysuelps define the scope.

Risk assessments usually follow a tiered appro@ckyhich the scope of the assessment is
narrowed upon successive iterations. In the fiest df the risk assessments, measurements
are taken in the region of interest, and comparigd avstandard, e.g. IWQS study, and Wade
et al. (2002).

The current risk assessment should be viewed asrdl Fisk assessment, since it builds on
the information gathered in previous “Tier-1" riglssessments in the catchment, and adds
information about pathways of contaminant transfd8EPA, 1992).

The level of detail or depth of the assessmentdaasured by the amount and resolution of
data used, and the sophistication of the analysjg@/ed. Sometimes, as is the current case,
the primary limitation is availability of resources

The current assessment will therefore consist afichenarking measured contaminant
concentrations against regulatory limits.

9.2.11 Organisation of a risk assessment report

The report structure is as suggested in Exhibit &-1SEPA (1989a) “Risk Assessment
Guidance for Superfung Volume I: Human Health Evaluation Manual (Part A)”

9.3 Preliminary conceptual analysis

9.3.1 Process issues

While the US Environmental Protection Agency présehe Development of Conceptual
Model, the Identification of Chemicals of Potenti@oncern and the Identification of
Exposure Pathways phases as separate issuesctitgithere is much “jumping” between
the phases, as one successively refines one'shegest, based on information gathered in a
“tiered” fashion.

When the final report is compiled, it is usefulpi@sent the information in the above separate
headings. Some unavoidable confusion may resutt the fact that information gathered in a
single exercise must be presented in a linear oFderexample, information presented in the
above process diagram was derived in the same shoaming exercise that yielded the
identification of exposure pathways and determaratf chemicals of potential concern.

9.3.2  Conceptual model

A conceptual model of the site (in this case thenWésfonteinspruit catchment) was
developed for this study. This is a critical comgoinof the risk assessment, as it forces the
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Risk Assessors and the Interested and AffectedeBgitand APS) to agree at an early stage
in the investigation on the problem parameters.

Benefits of developing a conceptual site modeludelthe following (USEPA, 1998)
. The process of creating a conceptual model is eefahlearning tool.
. Conceptual models are easily modified as knowlédgeases.

. Conceptual models highlight what is known and nmwn, and can be used to plan
future work.

. Conceptual modelling can be a powerful communicatiool, providing an explicit
expression of the assumptions and understandiaggétem for others to evaluate.

. Conceptual models provide a framework for predictand are the template for
generating more risk hypotheses.

Development of the conceptual model is facilitabgdworking through a checklist on the
template in Figure 59. This checklist acts as akihg aid to developing a complete picture.
If the conceptual model is developed in a largégéng of project personnel and | and APSs,
facilitation of this development process using 8yt Thinking and Strategic Assumption
Surfacing Techniques is advised.

Conceptual models consist of two principal compesnédSEPA, 1998):

. A set of risk hypotheses that describe predicti&tiomships among stressor, exposure,
and assessment end-point response, along witlatioeale for their selection.

. A diagram that illustrates the relationships présegiin the risk hypotheses.

The optimal process of developing a conceptual indgugudes a list of variables and
hypotheses to be tested, organised into categairf®@surces, Pathways and Receptors (Figure
59, USEPA, 1989a).

The next step in organising thoughts for a usetuiceptual model is the development of a
diagram along the lines of Figure 60.

The following step involves formalising the sourcafected media, transport mechanisms,
exposure media, exposure route, and finally recepss in Figure 59.
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SOURCES

SAVMHLlvd

RECEPTORS

Variables

Hvpotheses to be tested

Contaminants
Concentrations
*Time
*Locations

*Media

*Rates of
migration
*Times

*Loss and gain
functions

*Types
«Sensitivities
*Time
Concentrations
*Numbers

*Source exists

*Source can be contaminated
*Source can be removed and
disposed of

*Source can be treated

*Pathway exists
*Pathway can be interrupted
*Pathway can be eliminated

*Receptor is not impacted by
migration

*Receptor can be relocated
s|nstitutional controls can be
applied

*Receptor can be protected

Figure 59: Aid to identifying components of the ceptual model (after USEPA, 1989a
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Chemical leaching

Source:
Tailings dam

o ‘ Benthic

inverebrates

‘ External exposure ‘ | Ingestion ‘

Dermal

‘ Humans ‘

Inhalation

Figure 60: Preliminary graphical conceptual site delo (after Servant, 2002) (some pathways
investigated in this report are not shown)

9.3.3 Process model

The components of an ecosystem can be dividedsenxeral major compartments (Figure
61). None of the environmental compartments eXdsteparate entities; they have functional
connections or interchanges between them. Figurel$éd shows the transport pathways
between the released uranium and the environmesdadpartments, as well as the
mechanisms that lead to intakes by the populatioitial uranium deposition in a
compartment, as well as exchanges between compagni@obility), is dependent upon
numerous factors such as chemical and physical @rthe uranium, environmental media,
organic material present, oxidation-reduction pt#nnature of sorbing materials, and size
and composition of sorbing particles.
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Atmospheric Surface water Groundwater
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individuals

¥

Uptake rates for
individuals

Dose rate factors

Health effects

Figure 61: Environmental pathways for potential Itie@ffects of uranium (after NCRP,
1984b).
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Natural processes of wind and water erosion, disisnl, precipitation, and volcanic action
acting on natural uranium in rock and soil, redistire far more uranium in the total
environment than the industries that release unartw the environment (ANZECC, 2000).
These industries may, however, release large digsntf uranium in specific locations,
mainly in the form of solids placed on tailingsgsi] followed by liquids released to tailings
ponds and then airborne releases, both directiy ftee facilities and by wind erosion of the
tailings piles. Although solid releases represhatlargest quantity of uranium redistribution,
they remain on the facility grounds and are norynailaccessible to the public. It is the
airborne (direct and wind erosion on tailings pilaead liquid releases (tailings pond run-off
and water erosion of tailings) which most likelypresent the important pathways for public
exposure (i.e. inhalation and ingestion) if pathsvegin be completed.

The Process Model (as in Figure 62) is a graphailesentation of the sources, pathways,
mechanisms and sinks in a risk assessment. Thesegation can be produced in parallel
with the steps in generating a conceptual moded. gurpose of this model is communication
with | and APs. For those project personnel whoehawre of a visual orientation, the

development of this model may assist in identifyraghways and receptors.

tailings and .
proc%sswater /// dimes dam
~a /
/// \\\
hreatic surface
b ]
umil—
/ v o FLOODPLAIN i’
T sai e SEEPAgE Y v XY S a—
wetlandsg/soil
aquifer
atoigrumaie L sseamater
Key: h . . :
y [flood plain sediments [porewate i sedment |

7

- bottom sediment

solid phase g
dissolved uranium flood plain | — [downstream transport|—| bottom sediment
«— direction of transport/ phase transitions
ver/ sea Winde 2002

Figure 62: Schematic conceptual site model (fromd#j 2002)

When the conceptual site model is complete, itdgsduto fill in RAGS Table 1, which,
although titled: “Selection of Exposure Pathwaystfee Wonderfonteinspruit Catchment” is
more anidentificationof exposure pathways (Table 12).
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9.4 Identification of chemicals of potential concern

9.4.1 Process issues

It is a very rare occurrence that a risk assessnennade without a hypothesis of

contamination. Often a risk assessment has be#igates] as a result of the activities of a
pressure group, and there can be a lot more heatlight in debates on the presence of
chemicals of potential concern (COPCs).

Critical to the successful identification (or vés#tion of the existence) of COPCs are
considerations of quality control, which are infeunby the decision on the scope of the risk
assessment taken in Section 1.6.

A useful template for guiding the processes foniifging the COPCs is presented in Figure
63.

Questions to ask in characterising the source (ingst from Barnthouse and Brown,
1994):

. What is the source? Is it anthropogenic, natu@htpsource, or diffuse non-point?
. What type of stressor is it: chemical, physicalbiaiogical?

. What is the intensity of the stressor (e.g. theedwmsconcentration of a chemical, the
magnitude or extent of physical disruption, the gitynor population size of a
biological stressor)?

. What is the mode of action? How does the stresgasrareceptors in the study area?

These questions assist in developing the RAGS TabBteccurrence, Distribution, and
Selection of Chemicals of Potential Concern (COPRCSs)

Each RAGS Table 2.n should represent a unigque cwtibn of Scenario Timeframe,
Medium and Exposure Medium.

The RAGS tables have been filled in for water inggs$rom the river (Table 11).
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Figure 63: Flowchart for the selection of contamisaof potential concern (COPCs) (after

USEPA, 1997b)
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9.4.2 Source characterisation

Overview of sources
During the preparation of the conceptual modehefdite of interest, sources are identified.

Sources of pollution are described in Section 3.

Data -ollection considerations
Types of data collected
Two sets of data were collected for this study:

. A reconnaissance sampling programme was undertakdnsamples analysed using
semiquantitative ICPMS scans. These results werd tesidentify contaminated sites,
as well as the contaminants of concern.

. A second set of samples were then collected anlgssathquantitatively using XRF, to
give accurate precise results.

A number of specialised datasets were collected:

. Sequential chemical extractions were performed enii@ of samples in an attempt to
identify the speciation of the contaminants of @nc

. Isotopic studies were undertaken in an attemphévacterise the pollution mechanisms
and, where possible, to identify individual poliste

. A continuous water-quality monitoring study was eridken in the
Wonderfonteinspruit to determine the variabilityggochemical conditions at a site in
the catchment. This also assisted with charactensaf the range of environmental
conditions which may exist within the catchment.

Reconnaissance sampliagfirst phase

A reconnaissance sampling exercise was undertake?001, with the aim of identifying
contaminated sites, as well as identifying thenisicontaminants in the catchment. Samples
were collected at sites throughout the catchmentyell as a background sediment sample
from Klerkskraal Dam. Klerkskraal Dam was seleasd background site as it is situated in
similar geology to the Wonderfonteinspruit, but has direct waterborne impacts from
gold/uranium mining. There is, however, a posgsipibf some windblown contamination
from slimes dams in the catchment.

Samples were collected at the sites listed in T2ble
The data are presented in Figure 6 to 11.

Data-evaluation considerations
Issues relating to background concentrations
Issues relating to background concentrations a®udsed in Section 4 of this report.
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Tier-1 risk assessment of sediments
A Tier-l risk assessment of sediments was perforragdh Section 4.1 of this report.

Concentrations and tier-1 risk quotients (depistéith shading) for selected metals from the
reconnaissance sampling programme are presenfebla 25.

These data are summarised in Figure 6.

BCR Protocol sequential extraction
Philosophy and method of sequential extractionsdaseribed in Section 7 and graphically
described in Figure 19.

9.4.3 Identification of contaminant of potential concern

Based on the Tier-1 risk assessment, Cr, Co, Nj, &) Cd and U were identified as
contaminants of potential concern, with U and Cdteptally having the highest
environmental impact.

Data compiled from the various studies (IWQS, 199fde et al.,, 2002; Coetzee et al.,
2002), combined with analytical data obtained ia Htoping phase of the current study,
resulted in uranium being selected as the contariofagreatest concern in terms of surface
and groundwater contamination in the Wonderfonaiunis catchment.

9.4.4  Summary of chemicals of potential concern

Rags Table— Occurrence, distribution, and selection of chergsicaf potential concern
(COPCs)

Table 11: RAGS Table 2.1: Occurrence, distribuonl selection of chemicals of potential
concern in the Wonderfonteinspruit catchment

Exposure point|CAS Chemi- [Minimum Maximum Units Screening  |COPC Flag (Y/N)
number |cal concentration |concentration ttoxicity value]
(N/C)
Drinking water[7440611 [Uranium|0,01 0,14* mg/l Y
(river)*
7440611 [Uranium pCi/l Y
238

* The maximum concentration of uranium in river wateed was found in a grab sample taken by Winde in
February 2000 during a rain-triggered flood eventhe upper Wonderfonteinspruit. It is, howeverikaty that
this value constitutes a genuine maximum owingdssfble dilution of contaminated stream water legglor un-
contaminated) rainwater. Carter (1997) reports gimmal U238 concentration of approximatély?s mg/Ifound in
weekly samples taken in the upper part of the straeDWAF station C2H152 from February to Augus®1%s
part of the afore-mentioned DWAF study into possiblanium contamination of the WonderfonteinspiditQs,
1999). For water discharged from mines into carhé finally reach the Wonderfonteinspruit a maximu
uranium concentration in the same study3ofng/l was found (Carter, 1997: C2H159, Doornfontein GM
metallurgical plant effluent). Having observed thatter from mine canals is used by local resideftisformal
settlements, such water also needs to be includedrisk assessment. Regarding the data obtainedgdiine
afore-mentioned study it needs to be stresseddthptweekly grab samples were taken which do et sccount
of pronounced temporal fluctuations of uranium @nrations in fluvial systems as described in Céra@
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(Temporal variation in hydrochemistry of stream evat results of a continuous monitoring study (F. Winde
Coetzee and G. Ntsume)), as well as Winde, 2083Minde et al., 2004a/b.

In addition, Coetzee et al., 2003 report a uranezoncentration in a surface-water body next to tbehern
watershed of the headwater region of the Wondesfospruit (Robinson Lake) of 16 mg/l after undergrd mine
water decanting into the Tweelopiesspruit was puhipt the lake. This extreme concentration isdveld to be
the result of remobilisation of uranium from a aminated sediment by acidic water.

9.5 Environmental chemistry of uranium

9.5.1 Atmospheric processes

Emissions of uranium

The presence of uranium and uranium compounds ia #tmosphere of the
Wonderfonteinspruit catchment results from actgtassociated with gold mining, probably
the bulk of the uranium source located in tailidgss.

Uranium transformation and transport

There is limited information available regarding #biotic transformation and degradation of
uranium and uranium compounds, except for uraniexatiuoride, presumably due to its
importance in the nuclear industry. Uranium hexaiflde immediately hydrolyses on contact
with moisture in the air to form uranyl fluoride @J,) and hydrofluoric acid (HF). It is
reasonably certain that this compound is not ethitiche Wonderfonteinspruit catchment.

While entrained in the air, particulate uraniumresgents an inhalation source for humans, the
extent of which is dependent upon concentrationparticle size. For particulate uranium to
be an inhalation hazard to humans, the particulatest be in the size range of 1-10 pm
(ICRP, 1979).

Deposition of uranium

Deposition of the atmospheric uranium can occudtyydeposition or wet deposition (Essien
et al., 1985). Dry deposition results from grawiaal settling, and thus rate of dry deposition
is dependent upon particle-size distribution, cloatnfiorm, particle density, and degree of air
turbulence (ATSDR, 1999).

Data on the particle size and residence time afiura and uranium compounds present in
ambient atmospheres are not available. Uraniunicpestare, however, expected to behave
like other particles for which data are availabidich show that smaller particles (<5 pm)
travel longer distances than larger particles beeanf their longer residence time in the
atmosphere due to their low settling velocity.

The chemical form of the uranium affects the atrhesig residence time. One uranium
compound for which there is data regarding residetime and particle size is uranium
hexafluoride, a soluble compound, which will hygs® in the atmosphere to particulate
UO,F2*nH,O and hydrogen-fluoride gas (Bostick et al., 19&b}he case of U@, although
the particles were small (<2,5 um), its atmospheggidence time was estimated to be only
35 minutes as a result of rapid hydration and agghation to larger particles that have faster
settling velocities (Bostick et al., 1985). Whileanium hexafluoride is unlikely to be a
constituent of the Wonderfonteinspruit catchmemése data do imply that if dust containing
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uranium is airborne, and is particularly hydroplwofas in e.g. a silica matrix), it is expected
to be transported far, owing to its long atmosphesidence time.

In wet deposition of airborne contaminants, theniwa is washed from the atmosphere by
rain, sleet, or other forms of moisture. The rdtevet deposition depends upon particle size
and solubility (chemical form). Uranium thus depegi(dry or wet) will usually reside on
land or be deposited on surface waters.

Re-emissions of uranium into the atmosphere

If land deposition occurs, the uranium can incoap®into the soil or adhere to plant surfaces,
be resuspended in the atmosphere as a result dfagtion, or be washed from the land into
surface water and groundwater. Resuspension faei@rstypically quite low (16 and
protective against significant exposures, but thigy not apply to windy and arid areas
(ATSDR, 1999). Resuspension into the air can balaaation source even after the plume or
source has disappeared.

9.5.2  Agquatic processes

Uranium occurs in natural waters in three oxidatistates, uranium(lV) (e.g. ‘0,
uranium(V) (e.g. U@) and uranium(VI1) (e.g. uranyl ion U&). In reducing surface waters,
uranium occurs as Wand UQ". Uranium(IV) has a strong tendency to precipit@e. as
uraninite, UQ) and to remain immobile, whereas YJforms soluble, but relatively
unstable, complexes (Langmuir, 1978). Uranium teéndsccur in oxidised surface waters as
UO,”* which forms stable, readily soluble, cationic,carié and/or neutral complexes which
are highly mobile (Langmuir, 1978; Osmond and Iwacle, 1992).

The speciation of uranium is relatively complexoixidised fresh surface waters (pH 5-9).
Since uranium is a highly charged cation, the realok complexation reactions of uranium in
surface waters are strongly influenced by hydrslykiydrolytic reactions limit the solubility
and influence sorption behaviour (Choppin and Stb@89).

Uranyl hydroxides

The free hydrated uranyl ion (t) is the predominant species at g5l but is insignificant
at pH>6 (U<10 pg/L— Grenthe et al 1992). Uranyl ions start to hydrolyse at about3H
The concentration of UH" is of secondary importance to WOat pH<5, but increases in
importance up to pH 6 (Grenthe et, d992). The formation of polymeric uranyl-hydroeid
complexes, including [(U,(OH)]*", [(UO,)s(OH)]™", [(UO,){(OH)]™* and [(UQ)s(OH) ],
also increases in importance at p5{ particularly at higher uranium concentrations. (>200
ng/L) (Grenthe et al 1992). At pH 5-6, (UQs(OH)" is predicted to be the dominant
polymeric uranyl-hydroxide species (Grenthe et, dl992), whereas from pH 6-8,
[(UO2)3(OH),]" is predicted to become the most important spe@@emer and Nguyen-
Trung, 1995).

Uranyl carbonates

Carbonate complexes of uranium dominate in oxidisedh surface waters (Clark et,al
1995). At pH 5-6, in moderate to hard waters, tbmidant uranium species is [UCO],
while at pH 6-8 [UQ(COs):]* is the dominant species (Langmuir 1978; Grentta. e1992).
The mixed uranyl-hydroxide-carbonate species, H{OH);CGO;], increases in importance
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with increasing dissolved uranium concentration pht>8. At pH>10, [UQ(OH)3] is
generally considered to be the dominant uranyliepdGrenthe et al1992).

Uranyl complexes with carbonate and phosphate datmiover complexation of uranyl by
chloride, sulphate, nitrate and silicate in fredtav systems (Gascoyne, 1992). Uranyl-
phosphate complexes are usually of minor importamoeost fresh surface waters, unless the
concentration of phosphate approaches 75 pg/L (bairg1978).

Bernhard et al. (1996) found evidence, through tspscopic investigation for the existence
in mine tailings seepage water, of a uranium-sotuipecies of both calcium and carbonate,
Ca[UO,(CO;)5)aq A significant aspect of their study was that tiieynd reason to exclude
calcium uranate (CaUg) from their chemical- modelling investigation. Tkgistence of
this species in environmental conditions was qaestl in Wade et al. (2002), and the
presence or absence of it had a significant efiadhe results of chemical modelling at high
pH.

Binding with organic matter

In addition to carbonate, natural organic mattevij@ a very effective complexing agent of
uranium in natural waters (Choppin and Stout, 19@6ulin et al, 1992). Organic matter
may be soluble (dissolved OM, or DOM) or insolufparticulate OM, or POM), depending
on its molecular weight, state of aggregation, degsf protonation,and the extent of metal
binding (the ionic strength of the water). Orgamiatter may act as a sink for uranium, if the
uranyl-OM complex is insoluble (as uranyl-POM), raay serve as a mobile phase, if the
uranyl-DOM complex is soluble (Livens et.,all996), or colloidal. In soft, low-alkaline,
organic-rich, fresh surface waters (pH 5-7), urdd@M complexes are the dominant species
of dissolved uranium. OM complexation increasesviiicreasing pH, owing to increasing
ionisation of the carboxylate functional groups OM (Choppin and Stout, 1989).
Conversely, uranyl-OM complexation decreases wiitrdasing uranium concentration (as
the surface sites on the OM are saturated).

As the hardness, alkalinity and pH of the waterease (usually pH >7-8), uranyl carbonate
and uranylhydroxide-carbonate species become nmopertant than uranyl-OM complexes
(Moulin et al, 1992).

Uranyl peroxospecies

In the photic zone, where an elevated concentraifomydrogen peroxide (#D,) is found,
uranium shows a strong binding affinity for the gpede ligand, forming minor proportions
(usually <15%) of [UQ(COs),(HO,)]* (Djogic and Branica, 1993). The photic zone i als
relatively rich in natural DOM, with uranyl-DOM cqgotexes forming a component strongly
dependent on the concentration of DOM (usually <2@% the dissolved uranium
concentration) (Mann and Wong, 1993).

Sorption of uranyl species

Sorption plays a dominant role in determining thte fof uranium in fresh-water systems.
Below pH 5, sorption is generally to clay minerésg. smectite, montmorillinite), and at
higher pH, to iron and aluminium (oxy)hydroxidesica and micro-organisms. This process
significantly reduces the mobility of uranium inioxvaters (Prikryl et al 1994; Waite et al
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1994; Kohler et aJ 1996; Turner et gl 1996). Sorption of uranium to insoluble organic
matter, or organic matter attached to particleg. (ydrous iron oxides), also reduces the
mobility of uranium (Pompe et .al1996). Sorption of uranium to particles increaggth
increasing pH until a threshold point is reachedll@¥ and Bond, 1995), which varies as a
function of the concentration of uranium, adsorbesmpeting ions (e.g. carbonate), other
chelating agents and ionic strength (Dzombak anceM&990).

Solubility, sorption and salinity

In fresh surface waters at pH 6-8, the solubilibesiranyl minerals are near their minimum

(Langmuir, 1978) and the sorption of uranyl by aiigamatter near its maximum (Choppin,

1992). Sorption of uranium to particles and organatter decreases with increasing salinity
(Van den Berg, 1993).

9.5.3 Terrestrial and aquatic fate of uranium

Uranium in the fresh-water ecosystem

The principal abiotic processes that transform iurann water are formation of complexes
and oxidation/reduction. In fresh water at pH 6I\)(exists entirely as hydroxocomplexes,
and UQ™ exists as hydrated complexes (12%), hydroxoconeslé8%), fluorocomplexes
(8%), and carbonatocomplexes (60%) (Boniforti, 98¥uthor's note — Boniforti’'s water
sample must have had an unusually high concentratidluoride). In fresh water at pH 9,
U(IV) exists entirely as hydroxocomplexes, but L£fO exists as 100 per cent
carbonatocomplexes (Boniforti, 1987).

Oxidation-reduction conditions are important in theologic transport and deposition of
uranium. Oxidised forms of uranium (U(VI)) are telaly soluble and can be leached from
the rocks to migrate in the environment. When gjroeducing conditions are encountered
(e.g. presence of carbonaceous materials ;&),Hprecipitation of the soluble uranium will
occur.

Uranium in sediment

In addition to the migration of dissolved or suspesh uranium due to the movement of water
in the environment, the transport and dispersioarahium in surface water and groundwater
are affected by adsorption and desorption of thaium on surface-water sediments.

Factors that control the mobility of uranium froradément to the water phase are the
oxidation-reduction potential, the pH, the charasties of complexing agents or ligands, and
the nature of sorbing materials in the water. laaig or organic ligands that can form soluble
complexes with uranium will result in mobilisatiaf the uranium in water. The stability of
such complexes is dependent on the pH. For exam@ajum is likely to be in solution as a
carbonate complex in oxygenated water with higlalaliky (Herczeg et al., 1988); however,
in acidic waters (pH <6 containing low concentragioof inorganic ions and high
concentrations of dissolved organic matter), treniwm is in solution as the soluble organic
complex (Brunskill and Wilkinson, 1987).

The oxidation-reduction potential of water is imiaaort in controlling the mobility of uranium;
in anoxic waters, where the aquatic environmengdsictive, U(VI) will be reduced to U(1V)
(e.g. changed from a soluble compound to an ins@loibe). The U(IV) will be deposited into
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the sediment because of the insolubility of theultegy U(IV) salts (Allard et al., 1979;
Herczeg et al., 1988). Mobilisation and depositidruranium as defined by the oxidation-
reduction potential of the water has been obsetwedeveral investigators (Barnes and
Cochran, 1993; Shaw et al., 1994).

Uranium in soll

Uranium can also be removed from solution by plalsidsorption processes, such as
adsorption onto oxides of iron or manganese thetiroas coatings on the particles of soil and
sediment (Ames et al., 1982).

Migration of uranium in soil and subsoil, and umdahk vegetation, are usually quite local,
involving distances from several centimetres tcesglvmetres. In most waters sediments act
as a sink for uranium, and the uranium concentatio sediments and suspended solids are
several orders of magnitude higher than in surrmgnaater (Brunskill and Wilkinson, 1987;
Swanson, 1985).

Significant reactions of uranium in soil are forinatof complexes with anions and ligands
(e.g. CQ? OH?Y or humic acid, and reduction of U(VI) to U(IV)aétors controlling the
mobility of uranium in soil and its vertical trarsp (leaching) to groundwater are the
oxidation-reduction potential, the pH, concentnatiof complexing anions, porosity of the
soil, soil-particle size, and the sorbing charasties of the soils (Allard et al., 1979, 1982;
Brunskill and Wilkinson, 1987; Herczeg et al., 1988emuzie et al., 1995), as well as the
amount of water available (Allard et al., 1982).

Retention of uranium by the soil may be due to gutgan, chemisorption, ion exchange, or a
combination of mechanisms (Allard et al., 1982)yAswil property that alters the sorption
mechanism will also alter the mobility of uraniumthe soil. The sorption of uranium in most
soils is such that it may not leach readily fronil sarface to groundwater, particularly in
soils containing clay and iron oxide (Sheppard let 2987), although other geological
materials such as silica, shale, and granite haae porption characteristics (Erdal et al.,
1979; Silva et al., 1979). Sorption in most sottaias a maximum when the neutral hydroxyl
complex of uranium is at a maximum.

At pH 6 and above, in the presence of high carloatydroxide concentrations, however,
uranium may form anionic complexes such as J{@®),] 2. The mobility of anionic uranium
complexes in soil is dependent upon the natureegbil. For example, a decrease in sorption
in soil with little anion-exchange capacity mayuksn increased mobility, and increased
sorption in soil with high anion exchange may resuldecreased mobility (Allard et al.,
1982; Ames et al., 1982; Brookins et al., 1993; &hal Doern, 1985; Hsi and Langmuir,
1985).

Other factors also affect the mobility of uraniumsoil. A field study done near an active

carbonate-leach uranium mill showed that uraniumarnalkali matrix can migrate to the

groundwater (Dreesen et al., 1982), presumably ahaaged, soluble carbonate species
(Author’s note).
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Plant and animal uptake of uranium

Uranium mobility may also be increased owing to fitlsenation of soluble complexes with
chelating agents produced by micro-organisms instiie (Premuzie et al., 1995). Uranium
may be transported to vegetation by air or by walteican be deposited on the plants
themselves by direct deposition or resuspensioit,can adhere to the outer membrane of the
plant's root system, with potential limited absampt Similarly, uranium deposited on aquatic
plants or water may be adsorbed or taken up fremviter.

The plants, aquatic or terrestrial, may be eateectly by humans, or consumed by land or
aquatic animals which provide food for humans. Tptake or bioconcentration of uranium
by plants or animals is the mechanism by which iurarin soil, air, and water enters into the
food chain of humans.

The primary abiotic and biological processes tihahgform uranium in soil are oxidation-
reduction reactions that convert U(VI) (soluble)¢V) (insoluble). Reduction of U(VI) to
U(IV) can occur as a result of microbial action endnaerobic soil or sediment conditions,
thereby reducing the mobility of uranium in its msa{Barnes and Cochran, 1993; Francis et
al., 1989). Further abiotic and biological processkat can transform uranium in the
environment are the reactions that form complexéh wworganic and organic ligands.
Certain micro-organisms (e.Fhiobacillus ferrooxidansfacilitate the oxidation of Fé to
Fe™. The Fé&®ion, in turn, can convert insoluble uranium diaxid soluble U@ ions by the
following reaction: 2F€ + UO, — UQ,"™ + 2Fé% This reaction enhances the mobility of
uranium in soil from mining and milling wastes (Bas and Cochran, 1993; De Siloniz et al.,
1991; Scharer and Ibbotson, 1982).

Uranium may be removed from the pore water of sedis under sulphate-reduction
conditions; microbes may control this process ittly (Barnes and Cochran, 1993).

Numerous factors influence the bioaccumulation ocdnium, such as the chemical and
physical form of the uranium; the season of therymad other climatic factors such as
temperature, age of the organism, specific tissueorgans involved; and the specific

characteristics of the local ecosystem, such aal tetispended and dissolved solids.
Bioconcentration factors for uranium have been megsby several investigators in various
aquatic organisms. Mahon (1982) measured biocoratent factors of 1 576 and 459 in

algae and plankton, respectively. Bioconcentrafectors have been measured in several
species of bacteria that ranged from 2 794 to 33@. Bioconcentration by the bacteria

represented adsorption onto the cell surfaceseobétteria rather than true biological uptake
(Horikoshi et al., 1981).

Low bioconcentration factors for uranium have beagbserved in fish. The highest
bioconcentration factors observed in fillet of t@mw trout (Salmo gairdneri) white and
finescale suckerg¢Castastomus catactomusnd lake whitefish(C. clupeaformis)did not
exceed a value of 38 (Mahon, 1982; Poston, 1982nSen, 1983; 1985). The primary source
of uranium for cralfPachygrapsus laevimanuahd zebra winkléAustrocochlea constricta)
was from the water column, since both fed and sthanimals took up uranium at the same
rate (Ahsanullah and Williams, 1989).
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Uranium uptake from soils to plants is poor (Dreeseal., 1982; Moffett and Tellier, 1977).
As with aquatic organisms, the uptake of uraniunplants is dependent on the nature of the
soils (soil texture and organic content), the pitj the concentration of uranium in the soail.
Greater plant uptake is expected to occur in dbidd contain higher levels of available
uranium (i.e. less sorption of uranium to soil e, or preferential formation of soluble
uranium complexes). Swiss chard grown in sandyssaintained 80 times the levels of
uranium found in Swiss chard grown in peat soilgf@¥ard et al., 1983). The uptake of
uranium by native plants, expressed as plant:smicentration ratio (CR), grown near a
mining and milling complex was 0,8 compared witicR of 0,09 for plants grown in soil
with background levels of uranium (Ibrahim and Wick1988). Reported CR values for
plant/soil interaction vary widely (range, 0,002389) (Ibrahim and Wicker, 1988; Mortvedt,
1994). It is of note, however, that Schoonbee .f18195) report up to 100 mg/kg of uranium
in reeds of th€artensisgenus in the East Rand Goldfields.

Although some studies indicate that CR values iantsl do not vary linearly with the
concentration of uranium in the soil (Mortvedt, 299other reported studies show a linear
relationship between plant content and soil conthtranium (NCRP, 1984). Uranium
uptake by plants may be limited to the outer membiaf the root system and may not occur
on the interior of the root at all (Van Netten aklbrley, 1983; Sheppard et al., 1983).
However, other investigators have reported thestestrof uranium from soil to the stems and
leaves of plants in which the CR decreased in tieviing order: fruit < leaf < root
(Morishima et al., 1977). Because of the highert marption of uranium, consumption of
radishes and other root vegetables grown in uramomntaining soils may be a source of
human exposure (Van Netten and Morley, 1983).

Biotic fate of uranium
Bioavailable species of uranium

It is generally considered that YOis the form of uranium(V1) primarily responsiblerf
eliciting a toxic response in aquatic organismshds been suggested that the hydrolysed
complex UQOH" also elicits a toxic response (Markich et al., @99This may be due to
conversion of UGOH" to UQ,*" at the biological uptake site (Author's note). Tally,
inorganic and organic complexes of uranium(VI) dorate the uptake and toxicity of
uranium(V1) by reducing the concentration of 130 Several studies have established that
uranium toxicity is inversely related to water haeds (Parkhurst et al., 1984; Poston, 1982).
These studies confounded the effects of true wladedness (calcium and/or magnesium
concentration) with alkalinity and pH, since an rgese in calcium and/or magnesium
concentration is frequently associated with an ease in alkalinity (as calcium and/or
magnesium carbonate), and hence, pH, and are thukefinitive.

Markich et al. (1996) showed that the toxicity oédmium to a fresh-water bivalv®&'€élesunio
angas) was inversely proportional to alkalinity, wheretl pH and water hardness were held
constant. Geochemical speciation modelling of theew chemistry showed that uranium
toxicity was inversely proportional to the percgygaf UQCO; present; hence, UGO; was
not considered toxic (see Poston, 1982). Complexaif uranium by carbonate reduces the
concentration of the free hydrated uranyl ion (D
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Effects of pH on uranium toxicity

The uptake and toxicity of uranium is inverselyatet to pH, over the range 2—7, at constant
water hardness and alkalinity (Markich et al., )99%e sublethal toxicity of uranium .
angasiin a synthetic water is about five times greatgutats (48 h EG, = 117 pg/L) than at
pH 6 (48 h EG = 634 pg/L). The change in pH {Hover this range also results in a large
change in the speciation of uranium, as predicieddonchemical speciation modelling. The
influence of pHper seon organism response between pH 5 and 6 is miniamal, thus
changes in uranium speciation were responsible tiier observed toxicity of uranium
(Markich et al., 1996).

Chemical speciation modelling predicts that, as fiheincreases from 5 to 6, the relative
proportions of U@" and UQOH' decline, while the proportions of several uranyl-
hydroxides ([(UQ)s(OH)s]" and [(UQ)s(OH),], and a mixed uranyl-hydroxide carbonate
[(UOy)(OH)CO;]) increase. In contrast, over a wider pH range X2#7e binding of
uranium toChlorella sp. seems to be inhibited at low pH by protonatbrweakly basic
binding sites on the algal surface. The reductiouptake and toxicity of uranium to (semi-)
aguatic organisms by water-soluble organic ligamals been demonstrated by Markich et al.
(1996).

Effects of organic ligands

Organic ligands, including citrate, aspartate, mate, salicylate and tricarballyate
(collectively used as a model fulvic acid), amedieruranium toxicity by complexingationic
uranyl species (e.g. U and UQOH") (Markich et al., 1996). In contrast, the complém

of uranyl with oxalate to form complexes of [WX;]> enhanceshe toxicity of uranium
(Boileau et al., 1985). This may be due to the fmion of complexes, the shape of which are
similar to that of an environmental micronutriethtiis enhancing uptake of uranium, and is
unlikely to be a general phenomenon in the bioabdity of uranium with small organic
ligands (Author’s note).

Using a linear regression technique that plottedpitedicted uranium speciation as a function
of biological response to uranium over a rangetd{H-6) and organic acid (simulated fulvic
acid) concentrations (3,2—-7,5 mg/L), Markich et(2B96) concluded that ~96 per cent of the
biological response could be explained by the peage sum of 2 x US" + UO,OH'. No
studies have reported the bioavailability of uramigorbed to colloidal and/or particulate
matter.

Effects of water hardness

Although evidence exists to indicate that the uptand toxicity of aluminium,
chromium(VI), uranium and vanadium in fresh-wategamisms is reduced with increasing
water hardness, insufficient data are currentlyilabke to develop hardness-dependent
algorithms.
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The reported decreases in the uptake and toxitityamyl could be attributed to:

. a reduction in the concentration of the free hyattatiranyl ion (UF"), resulting
primarily from an increase in the formation of whiearbonate complexes (Poston,
1982); and/or

. an increase in Gaand/or Mg" that may compete with UEJ for binding and transport
sites at the cell surface of organisms, withoutedly changing the speciation of
uranium in the water (Markich and Jeffree, 1994).

9.6 Exposure assessment

9.6.1 Characterisation of exposure setting

Physical setting
The physical setting of the study site is descrilbe8ection 2.

Potentially exposed populations

Relative locations of populations with respectite s

The Wonderfonteinspruit valley is densely populabtedng to its agricultural value and the
presence of gold mines.

Potchefstroom is located downstream of the Wondégfospruit, from which approximately
400 000 people derive their drinking water via Buskop and Potchefstroom Dams.

Subpopulations of potential concern

The majority of the inhabitants live in informaltsements, using contaminated ground- and
stream water for personal hygiene and drinking. hWabove-average infection rates of
HIV/AIDS, and chronic and acute malnutrition, tisisbpopulation is particularly vulnerable

to additional stress of the immune system by coimtants such as uranium.

9.6.2 Identification of exposure pathways

Sources and receiving media
A mind-map of the sources, transport pathways andiving media is prepared to assist with
identifying important contaminant routes.

Overview of sources
Sources of uranium are discussed in Section 3.2.

Pathways and mechanisms of uranium migration framing sources into the environment
Pathways and mechanisms of migration of uraniunds@issed in Section 2.
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9.6.3 Fate and transport in release media

An extensive analysis of the fate and transpotirahium in the release media is presented in
Sections 3.3, 3.4 and 3.5.

Radiological uranium exposure
In some cases, the solid tailings have been remiveedthe site for use as fill or construction
material, which can lead to external radiation expes primarily from the uranium progeny.

Summary of exposure pathways to be quantifiedsresessment

The integration of sources, releases, fate andsgih mechanisms, exposure points and
exposure routes into complete exposure pathwayspedgermed, and presented as Rags
Table— “Selection of Exposure Pathways (Table 12). Iis study, only the water pathway
has been studied.
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Table 12: RAGS Table 1: Selection of exposure pagtswor the Wonderfonteinspruit catchment

Scenario Exposure Receptor Receptor Exposure Type of
timeframe Medium medium Exposure point population age route analysis Rationale for selection or exclusion of exposure pathway
Present Atmosphere | Air Air Resident Child/Adult | Inhalation Quant Onsite residents may breathe in suspended dust particles
Surface Drinking water Resident Child/Adult | Ingestion Quant Onsite residents may rely on water from the rivers
water
Surface Swimming water Resident Child/Adult | Dermal Quant Onsite residents may swim in the rivers/dams
water
Fish tissue Edible fish — | Resident Child/Adult | Ingestion Quant Onsite residents may ingest local food products
contaminant uptake
from surface water
Surface Air Water vapours from | Resident Child/Adult | Inhalation Quant Onsite residents may rely on water from the rivers
water shower head
Surface Drinking water Resident Child/Adult | Ingestion Quant Onsite residents may rely on water from the rivers
water
Surface Swimming water Resident Child/Adult | Dermal Quant Onsite residents may swim in the rivers/dams
water
Fish tissue Edible fish — | Resident Child/Adult | Ingestion Quant Onsite residents may ingest local food products
contaminant uptake
from surface water
Groundwater | Air Water vapours from | Resident Child/Adult | Inhalation Quant Onsite residents may rely on domestic wells drawing from Aquifer
shower head
Groundwater | Aquifer — Tap water | Resident Child/Adult | Ingestion Quant Onsite residents may rely on domestic wells drawing from Aquifer
Groundwater | Aquifer — Tap water | Resident Child/Adult | Dermal Quant Onsite residents may bath
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Scenario
timeframe

Exposure Receptor Receptor Exposure Type of
Medium medium Exposure point population age route analysis Rationale for selection or exclusion of exposure pathway
Soll Soil in  Wonder- | Resident Child/Adult | Dermal Quant Onsite residents may come into contact with soil.
fonteinspruit
Soil Soil in  Wonder- | Resident Child/Adult | Ingestion Quant Onsite residents may ingest soil.
fonteinspruit
Soil Soil in  Wonder- | Resident Child/Adult | External Quant Onsite residents may come into contact with radiation emitted by
fonteinspruit (radiation) soil.
Soll Soll Soil in  Wonder- | Resident Child/Adult | Dermal Quant Onsite residents may come into contact with soil.
fonteinspruit
Soil in  Wonder- | Resident Child/Adult | Ingestion Quant Onsite residents may ingest soil.
fonteinspruit
Soil in  Wonder- | Resident Child/Adult | External Quant Onsite residents may come into contact with radiation emitted by
fonteinspruit (radiation) soil.
Sediment Sediment River Resident Child/Adult | External Quant Onsite residents may come into contact with radiation emitted by
(radiation) exposed sediment.
Dam Resident Child/Adult | External Quant Onsite residents may come into contact with radiation emitted by
(radiation) exposed sediment.
Fish Tissue Edible fish — | Resident Child/Adult | Ingestion Quant Onsite residents may ingest local food products
contaminant uptake
from sediment
Livestock Edible Foods Resident Child/Adult | Ingestion Quant Onsite residents may ingest local food products
portion
Crops Edible Foods Resident Child/Adult | Ingestion Quant Onsite residents may ingest local food products
portion
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9.6.4 Quantification of exposure

Exposure concentrations
Exposure concentrations are presented in Sectiansl 8.4.

Estimation of chemical intakes for individual patiys

Estimation of chemical intakes are particularly peonatic. In the current assessment, it is
assumed that people are primarily at risk becatigggestion of uranium by drinking water.
Risks associated with the ingestion of riverbankemal by young children and pregnant
mothers (the practice of geophagyalso known as ‘pica— is widespread in rural African
communities) are not quantified. It is worth natgithat uraniferous salt crusts, preferably
forming on low-lying floodplain sediments and rivesnks, were found to contain extremely
high concentrations of uranium (up to 1 100 mgXkinde, 2001).

9.6.5 Identification of uncertainties

Environmental sampling and analysis

Because of the great temporal variability, grab glasm do not reflect the full range of
possible uranium concentrations in water over Iterg: periods, very likely missing uranium
maxima, e.g. at night time and during events

9.6.6  Summary of exposure assessment

Rags Table - Exposure point concentration (Epc)reary

Table 13: Table 3.1.RME: Exposure point concerdraummary

Exposure
Chemical of Maximum point
Exposure point potential concern Units concentration* concentration
Value Units
Drinking water (River) Uranium g/l | 140 140 ug/L
Uranium 238 pCi/L pCi/L

* see remarks on actual maxima found in the Womaeinspruit catchment area and adjacent areas in
Section 9.4.4 Summary of chemicals of potentialceon.
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9.7 Toxicity assessment

9.7.1 Health effects of uranium and uranium compounds

The principal radiation given off by uranium is ladpradiation. Since alpha radiation travels
the shortest distance of all known forms of radiatiit is only effective as a toxin if it comes
into direct contact with living tissue. Thus, tlautes of exposure of concern may be limited
to inhalation, ingestion and dermal contact. Raxkicity is expressed as cancer.

It should be stressed, though, that uranium derdgsproducts that emit beta- and gamma
radiation, that are a lot more radiotoxic thangheent uranium.

The principal adverse chemical health effect asdrito uranium to date has been damage to
the kidneys.

Acute and intermediate health effects due to uraredposure cannot easily be distinguished
by mechanism of action (chemical- or radiotoxicidaf). Therefore, The United Nations
Scientific Committee on the Effects of Atomic Rata (UNSCEAR, 1988) has
recommended that hazard determinations be basechemicaltoxicity, which has been
observed in humans and animals, as opposeddiotoxicity, the effects of which are not
unambiguous.

The most soluble compounds of uranium have beendf@éa be most toxic. These include
uranyl nitrate hexahydrate, uranyl fluoride, uramnitetrachloride, and uranium pentachloride.
Uranium in this form is a bone-seeking agent, dredttone is the final repository of most of
the soluble uranium. Generally, hexavalent uraniwhich forms soluble compounds, is
more likely to be a systemic toxicant than the-ldsible tetravalent uranium.

The slightly soluble compounds, such as uraniuaxitte, sodium diuranate, and ammonium
diuranate, are less toxic. These “less-soluble’mmumds (designated solubility type M by the
ICRP (1995)), tend to remain in the lungs and aasea lymph glands for weeks.

The insoluble compounds, such as uranium tetraflapruranium dioxide, uranium
tetrachloride, and triuranium octaoxide have narbi®und to be chemically toxic.

9.7.2  Minimal risk levels (MRLs) of uranium

“MRLs are not meant to support regulatory actioat to acquaint health professionals with
exposure levels at which adverse health effectsateexpected to occur in humans. They
should help physicians and public health officdétermine the safety of a community living
near a chemical emission, given the concentratfoa contaminant in air or the estimated
daily dose in water. MRLs are based largely ondmxigical studies in animals and on reports
of human occupational exposure.” (ATSDR, 1999).

9.7.3  Health effects by route of exposure

Inhalation exposure
The health effects of uranium particles inhaledhs¢ée depend on two factors the size of
the particles, and the water-solubility of the et (Tannenbaum et al., 1951).
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Small particles£ 2 pm diameter) are carried by the inhaled airastrall the way into the
alveoli (the “deep respiratory tract”). Here thetjgbes can remain for periods from weeks up
to years (ICRP, 1994; NCRP, 1997), depending om swtubility. Highly insoluble uranium
compounds may remain in the alveoli, whereas selutdnium compounds may dissolve and
pass across the alveolar membranes into the bleadst where they may exert systemic
toxic effects. In some cases, insoluble partictesadsorbed into the body from the alveoli by
phagocytosis into the associated lymph nodes.

Larger particles, being more susceptible to gréemal forces, tend to deposit higher in the
respiratory tract. They are cleared from the respiy tract by the formation of mucous,

which is swept up into the mouth, and expurgatedswallowed into the gastrointestinal

system. The latter fate of the particles is coraderfrom the pulmonary system to the
gastrointestinal system. The gastrointestinal syste more chemically aggressive than the
pulmonary system, and uranium compounds that wdullissolve in the lungs may become

systemically available due to chemical dissolutiothe gut.

Acute pulmonary effects have, however, been astribechemical toxicity as opposed to
radiotoxicity of uranium in observations of expeeimts with rabbits (Morris et al., 1989).
However “insoluble” particles (ICRP type S) may reside hetlungs for years, causing
chronic radiotoxicity to be expressed in the alizeol

The Minimal Risk Level for uranium by inhalationshiaeen derived by the Agency for Toxic
Substances and Disease Registry (ATSDR, 1999) wWlISE (2003). The values have been
summarised in Table 14.

Table 14: Tolerable air concentration (chemicaldity for uranium by inhalation.

Duration® MRL Dose end | Effects on animal
pg/m® | point

Uranium Intermediate | 0,4 LOAEL 0,15 mg/m3; minimal microscopic lesions in | Rothstein

(soluble the renal tubules in half the dogs examined. | (1949);

forms) Proteinuria observed at 2,2 mg/m°, severe | ATSDR

renal damage at 9,2 mg/m®. (1999)

Uranium Intermediate | 8 NOAEL 1,1 mg/m®; (LOAEL for minimal microscopic | Rothstein

(insoluble lesions in the renal tubules observed at 8,2 | (1949),

forms) mg/m? in two of six dogs examined). ATSDR
(1999)

Uranium Chronic 0,3 NOAEL 0,05 mg/m’; (minimal microscopic lesions in | Stokinger,

(soluble the renal tubules in dogs of both sexes at a | (1953b);

forms) LOAEL of 0,20 mg U/m°). ATSDR
(1999)

Uranium Chronic 0,07 NOAEL 40 pg/m°lday; (slight renal effects in rats at a | Stokinger,

(soluble LOAEL of 0,07 pug U/m®). (1953a);

forms) WISE
(2003)

a) Intermediate: 6 hours/day, 6 days/week — (0B368-days (ATSDR, 1999)); Chronic: 365 days or more

(ATSDR, 1999).
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Table 15: Radiological toxicity for uranium to thablic by inhalation(WISE, 2003).

insoluble soluble
Dose AlLla | DACb Dose AlLla | DACb
factor [mg] | [ug/m3] | factor [mg] | [ng/m3]
[mSv/mg] [MmSv/mg]
natural uranium with progeny 0,70 1,42 |0,18 1,6 0,63 | 0,08
pure natural uranium 0,22 4,5 0,58 0,013 745 19,4
enriched natural uranium 0,75 1,34 | 0,17 0,045 22,3128
(3,5%)
depleted natural uranium 0,12 8,3 1,05 0,0075 134 | 17
(0,2%)
recycled uranium 0,71 1,41 0,18 0,081 12,3 | 1,6
enriched recycled uranium 3,1 0,324 | 0,041 0,4 2,49 | 0,32
(3,5% equiv.)
depleted recycled uranium 0,19 5,27 0,67 0,012 851 | 11
(0,2%)

a) ALI = Annual Limit on Intake based on 1 mSv/a.

b) DAC = Derived Air Concentration based on 1 mShteathing rate of 0,9 ¥, continuous exposure
Short-lived decay products included

Based on ICRP72 dose factors for adults, initigicament to 3,5%, burnup of 39 GWd/tHM, storagestiof five
years after unload

Oral exposure

On average, uranium seems to exert more of a &fféct per unit dose when administered
orally as opposed to by inhalation (ATSDR, 1999)isTis ascribed to the comparatively low
gastrointestinal uptake of uranium compounds. Winamium is ingested in food or liquids,
the bulk of the uranium leaves the body within & f@ays in the faeces (Author’'s note
perhaps uranium is reduced to U(IV) in the stomaohwhich form it binds extremely
strongly to the phenolic compounds that are redrgcto the body’'s uptake chemistry). A
small fraction (0,1-6%) is taken up into the snialestine, where it partitions among the
bones, kidneys and other tissues bearing high mialeweight proteins.

The Committee on the Biological Effects of loniziRgdiation (BEIR IV) has reported the
development of bone sarcomas in 1-2 out of a milieople exposed to oral intake of 1 pCi
of uranium every day of their lives for 70 years.

Zamora (1998) studied the effects of chronic irnigasbf uranium with drinking water on
humans. Kidney function is affected by uranium kpteonsidered safe in publications based
on animal studies (WISE, 2003) "A study was conducted of the chemical effectstiom
human kidney induced by the chronic ingestion afnium in drinking water. Subjects were
divided into two groups: The low-exposure grouppsd drinking water was obtained from a
municipal water system and contained < 1 pg urafiipand the high-exposure group, whose
drinking water was obtained from private drilledllweand contained uranium levels that
varied from 2 to 781 pg/L." These levels causediiura intakes in the range of 0,004 to 9 pg
per kg body weight and day.

From the study's conclusions: “The present invatibg suggests that long-term ingestion of
uranium by humans may produce interference witinéydfunction at the elevated levels of
uranium found in some groundwater supplies. Thdsgerved effects may represent a
manifestation of subclinical toxicity which will hmecessarily lead to kidney failure or overt
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illness. It may, however, be the first step in @acgtpum which, with the chronic intake of
elevated levels of uranium, may lead to progressivarreversible renal injury.” (WISE,
2003).

“In a more recent larger study on humans [Kurtttoak, 2002], nephrotoxic effects of
uranium in drinking water were found even for lowncentrations— without a clear
threshold. The authors conclude that ‘... our tessliggest that the safe concentration of
uranium in drinking water may be within the randgepooposed guideline values of 2-30
pg/L™ (WISE, 2003).

Table 16: Hazard (chemical toxicity) uranium byestion (WISE, 2003)

TDI ALl | DDWC | Ref
[ug/(kg-d)] | [mg] | [no/l]

2 51,2 | 102 ATSDR (1999)
0,7 17,9 | 36 Jacob (1997)
0,6 15,3 | 31 WHO (1998)

TDI = Tolerable Daily Intake
ALl = Annual Limit on Intake based on 70 kg bodyigre
DDWC = Derived Drinking Water Concentration baseds@0 I/a

Table 17: Hazard (radiological toxicity) to the fialfor uranium by ingestion (WISE, 2003)

Dose factorf ALI | DDWC

[mSvig] | [mg] | [no/l]
natural uranium with progeny 31,7 31,6 63
pure natural uranium 1,23 813 1630
enriched natural uranium (3,5%) 3,98 251 500
depleted natural uranium (0,2%) 0,71 1 470820
recycled uranium 3,89 257| 515
enriched recycled uranium (3,5% equiv)6,7 60 120
depleted recycled uranium (0,2%) 1,08 923 1850

ALl = Annual Limit on Intake based on 1 mSv/a

DDWC = Derived Drinking Water Concentration basedlomSv/a, 500 l/a

Short-lived decay products included

Based on ICRP72 dose factors for adults (these dwke a distinction for solubility), initial
enrichment to 3,5%, burnup of 39 GWd/tHM, storageetof five years after unload

Dermal exposure

Uranium seems to behave identically in the tramsddy absorbed route to uranium
compounds absorbed through the lungs and the gasstinal tract (ATSDR, 1999). The
more water soluble the compounds were, the moie.tDeath is due to renal failure.

9.7.4 Discussion of health effects by observed symptoms

Death

Owing to the multiplicity of confounding factorsydluding the mechanical effect of other
dust that has been inhaled, fatal toxic effectsrahium-bearing dust inhalation have not been
expressed unambiguously in uranium miners (Dockegl., 1993).
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Animals exposed to uranium compounds by the inivedabute have died, the cause of death
being traced to damage to the renal system.

Uranium compounds seem to have a low order of mdimmuoxicity by the inhalation, oral
and dermal routes. No deaths have been unambiguoastally associated with prolonged
occupational exposure to inhaled uranium compoA@SDR, 1999).

Systemic effects (ATSDR, 1999)
. Respiratory effects: prolonged exposure to higlelewf insoluble uranium dust may
damage the lungs by chemical action.

. Cardiovascular effects: No unambiguous cardiovascdamage has been associated
with uranium exposure.

. Gastrointestinal effects: No gastrointestinal effd@ave been observed.

. Haematological effects: No haematological distudesnhave been associated with
uranium exposure.

. Musculoskeletal effects: No musculoskeletal effbetge been observed.

. Hepatic effects: Liver dysfunction has only beesaed in the case of a person who
drank 15 g of the extremely soluble uranyl acetdranium has been found to disrupt
general hepatocellular function and cellular pefilgg in animal studies, but the
toxic response of the liver is an order of magreti@ver than that of the kidney.

. Renal effects: Uranium is nephrotoxic, exerting tidgic effect by chemical action
mostly in the proximal renal tubules in humans ammals. Discontinuation of
exposure to uranium prior to irreversible damadewa the kidney to be cleared of
uranium, with concomitant healing of affected sites

. Endocrine effects: None known.

. Dermal effects: While dermal effects have not bedserved in humans, animal
experiments involving inoculation with high dose§ wranium compounds have
produced skin irritation, severe dermal ulcers,saperficial coagulation necrosis,
swollen, vacuolated epidermal cells and damagaitofdilicles and sebaceous glands.

Immunological and lymphoreticular effects

No adverse immunological or lymphoreticular effestere reported in human studies
following exposure to uranium through the inhalatioral, or dermal route for any duration
(ATSDR, 1999). No significant uranium-induced imrological or lymphoreticular changes
were observed in animals exposed to uranium fareaautermediate, or chronic durations.

Neurological effects
Recent studies with rats and military veterans Wwhwee uranium embedded in their bodies
indicated a high correlation with impaired perforroa efficiency and uranium loading.
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Central-nervous-system toxicity of other heavy seawell documented, but the subject has
not been thoroughly explored with respect to uranfATSDR, 1999).

Reproductive effects

“In view of the lack of findings of reproductive fe€ts in uranium miners, millers, and
processors in numerous human studies, and the aaglivindings in high-dose animal
studies, it is doubtful that human exposure to iwrancompounds at or near hazardous waste
sites could result in interference with normal cefuction.” (ATSDR, 1999).

Developmental effects

Uranium is a DNA-adducting chemical, and is thupested to act on cells with a high
mitotic index, such as those found in the embrgeids and neonate, with teratogenic effects.
These effects are observed, but “at relatively higises far above any plausible human
exposure” (ATSDR, 1999).

Genotoxic effects

Animal studies with high doses of uranium have éathd a correlation between
chromosomal breaks and uranium concentration. Raggoare dose and time dependent, and
strongly correlated with uranium concentration ine. ATSDR (1999) notes that these
effects appear in cases of higlfiecteddoses of uranium, and suggests that it is unlikedy
humans may experience such high doses via thesrafitanhalation, ingestion and dermal
exposure.

Cancer

Because of the multiplicity of carcinogenic agantelved in human epidemiological studies,
there is no unequivocal evidence that inhalatiorgral or dermal exposure induces cancers
in humans. ATSDR (1999) does state that “indicatioh the cancer- inducing potential of
uranium in ... [miners, millers, processors] were fulsén making a determination that
uranium exposure by normal routes of exposure ligely to be carcinogenic. ... Available
long-term animal studies characterise uranium'serapotential as low.”

However, laboratory experiments have revealed Wiagre there are very high concentrations
of uranium in tissues (including bone), prolongedica of the uranium on cells exerts a
definite carcinogenic effect (Hueper et al., 1952).

9.7.5 Regulatory limits

There is much controversy on the subject of reguydimits. WISE (2003) notes that there is
no information for long-term effects of uranium @sgion on humans, all information
currently available being from intermediate-terndses on animals.

Standards for radiation doses and chemical toxargynot comparabte for radiation and for
cancer-inducing effects of chemical toxics, a Imdase-effect relationship is assumed at low
doses and low dose rates; therefore any standardntg limit the effects to a selected level,
while for non-cancer-inducing effects of chemicakits, the existence of a no-observed
adverse-effect level (NOAEL) is assumed. In othewrds, there is no safe limit for
carcinogens.
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The residual risk from chemical toxicity regardesl acceptable is usually many orders of
magnitude lower than from radiatien the lifetime cancer risk from continuous radiation
exposure at ICRP's dose-rate standard for theguobli mSv/a during a 70-year lifetime is
1:286, and the lifetime cancer risk for workers @sgd at ICRP's current dose-rate standard
for workers of 20 mSv/a during a 40-year work life1:31. These low numbers are not
comparable to the acceptable lifetime risk fromidsoften selected in the 1:10 000 to 1:1
000 000 range (WISE, 2003).

Inhalation: Current standards (WISE, 2003)
U.S. NRC Occupational Annual Limits on Intake (ALIs) for Inhalation

Unawrar(SOluble): 1 uCi (= 37 000 Bq, equiv. to 1,5 g)
Unawral(insoluble): 0.05 pCi (= 1 850 Bq, equiv. to 74)mg

(10 CFER 20, App. B+, 1991)

These values are based on a committed effective efpsivalent of 5 rems (50 mSv).
U.S. NRC Occupational Derived Air Concentrations ([ACs)
Unawral(SOluble): 5.0E-10 uCi per ml of air (= 18,5 B4/raquiv. t00,74 mg/n)

To address the chemical toxicity, the followinghtigr criterion is defined, in addition
to the radiological one:

« 0,2 mg uranium/n? of air (for soluble uranium)

« 0,045 mg natural uranium/n? of air, if its decay products are present in
equilibrium, as in ore dust prior to chemical sepian of the uranium from the
ore

Unawra (insoluble): 2.0E-11 pCi per ml (= 0.74 Bdjrequiv. t629,5 pg/m)
(10 CFR 20, App. B», 1991)

U.S. Occupational Safety and Health AdministratioOSHA) regulations
Permissible exposure limi Time-weighted average:
soluble uranium®,05 mg/ni
insoluble uranium0,25 mg/m”

(29 CFR 1910 Subpart Z Table Z=] 1997)

Ingestion: Current standards (WISE, 2003)
WHO provisional guideline for drinking-water qualit y:

9 ug of uranium per litre
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This value is considered to be protective for submdl renal effects reported in
epidemiological studies. It is based on the assiompuif a 60-kg adult consuming two litres
of drinking water per day and a 50 per cent allocabf the TDI to drinking water. (WHO,

2003)

This value supersedes the earlier 2 pg/l provisigaieline, which was based on only 10 per
cent allocation of the TDI to drinking water. (WH@998).

(see also Issups

Health Canada - Interim maximum acceptable concenttion (IMAC) for uranium in
drinking water :

20 pg per litre
(see also Issugs
U.S. EPA - Rule on radionuclides in drinking water
Maximum contaminant level for naturally occurringuoium:30 pg per litre

EPA determines a safe level of 20 pg/L, assumiag ah adult with a body mass of
70 kg drinks two litres of water per day and thaip@r cent of exposure to uranium is
from water. For cost considerations, however, EBtaldished a standard of 30 pgl/l
rather than 20 pg/l. (65 FR 76707, 7 Dec. 2000)

(see also Issugs

U.S. EPA - Preliminary remediation goal (PRG) for Siperfund:
2,22 ug per litrefor U-238 in tap water
(see also Issugs

U.S. EPA - Groundwater standards for remedial actias at liactive uranium processing
sites

Maximum concentration limit for combined uraniumd42&8nd uranium-23830 pCi/l
(1.11 Bg/l)

(Where secular equilibrium obtains, this criterigii be satisfied by a concentration
of 0,044 mg per litre (0,044 mg/l = 44 pg/l). For conditions of othermihsecular
equilibrium, a corresponding value may be derived applied, based on the
measured site-specific ratio of the two isotopesrahium.)

(40 CFR Part 19&(PDF-format); 60 FR 2854, 1995)
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U.S. NRC Occupational Annual Limits on Intake (ALIs) for oral ingestion:
Unaturai 10 pCi (= 14.,8 g)

(10 CFR 20, Appendix B:, 1991)

Australian Drinking-Water Guidelines:

The concentration of uranium in drinking water didonot exceed,02 mg/l (= 20
Ha/l)

(ADWG, 1996, updated September 2@&)1

Australian Agricultural Water Standards for uranium

The Australian Agricultural Irrigation Water Stamda for uranium Desirable contamination
concentration (DCC) of uranium in irrigation waiei0,01 mg/l, the Acceptable Contaminant
Concentration (ACC) is 0,1 mg/l, and the soil Cuaivk Contaminant Loading limit (CCL)
has not yet been determined (ANZECC, 2000).

The Australian recommended water-quality guidelirsues (low risk) for uranium in
livestock drinking water is 0,2 mg/L (ANZECC, 2000)

The Australian guideline concentrations for the emplimit of radiological contaminants in
agricultural waters for irrigation and livestockirking-water uses for uranium 238 is 0,2
Ba/L.

Trigger levels for uranium in fresh water were stited at 3,5 ug/L (ANZECC, 2000).
South African Water-Quality Guidelines

The maximal uranium concentration advised by theAPMVAh water used for irrigation is 0,01
mg/l (DWAF, 2001:Water-quality guidelines. Irrigati. Tentative guideline for uranium.
CD).

9.7.6  Summary of toxicity information

Susceptible populations
The susceptible population considered in this beefmple of a risk assessment is the
informal communities living next to the river.
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Rags Table- Values used for daily intake calculation

Table 18: Table 4.1.RME - Values used for dailylke calculations- Reasonable maximum

exposure
Expo- Receptor | Receptor | Expo- Parame- Parameter Value Units Rationale/ Intake
sure popula- age sure ter code definition reference equation/
route tion point model
name
Water Resident Adult/ Drink- CW Chemical See Table | mg/| See  Table | Chronic
ing concentration in | 3.1 3.1 daily intake
child water water (CDI)
(mag/kg/day)
IR-W Ingestion rate of | 2 I/day EPA, 1991 CW x IR-W
water X EF X ED x
1/BW X
AT
EF Exposure 350 daysly | EPA, 1991 = CW x
frequency ear 2,74E-2
ED Exposure 24 years EPA, 1991
duration
BW Body weight 70 kg EPA, 1991
AT-C Averaging time | 25,550 days EPA, 1989a
— cancer
AT-N Averaging time | 8,760 days EPA, 198
— non-cancer
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Rags Tables- Non-cancer toxicity data

Table 19: RAGS Table 54 Non-cancer toxicity data oral/dermal

Chemical of | Chronic/ Oral RfD Oral Absorbed RfD for dermal Primary target | Combined RfD: target organ(s)
potential subchronic absorption organ(s) uncertainty/modifying
concern Value | Units efficiency  for [ value Units factors Source(s) Date(s)
dermal
Uranium Chronic 0.6 ug/kg body | 1 11 na/kg body | Kidney 1000 Wise 2003
weight/day weight/day
Table 20: RAGS Table 5.1 - Non-cancer toxicity datahalation
Chemical of | Chronic/ Inhala-tion RfC Extrapolated RfD Primary target | Combined RfC : target organ(s)
potential sub-chronic organ(s) uncertainty/modifying
concern Value Units factors Source(s) Date(s)
Uranium Chronic & | 0.07 ug/m® 4,55E-3 ug/kg/day Lung 571 Wise Jul 2003
subchronic
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Rags Table - Cancer toxicity data
Table 21: RAGS Table 6-& -Cancer toxicity data

Oral cancer slope factor Oral
(DDWC = Derived drinking absorption | Absorbed cancer slope
water concentration) efficiency | factor for dermal
Chemical of for dermal
potential
concern Value Units Value Units
Uranium-238 63 pag/L 1 63 ug/L

9.8 Risk characterisation — Summary, discussion and tabulation of the risk
characterisation

Key site-related contaminants and key exposurewsth identified

The key contaminant identified in the Wonderfonseiuit catchment was uranium and, for
the purposes of this example, the key exposurenagtifrom stream water to human through

the mode of drinking contaminated water was chosen.
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Table 22 Rags Tabte Risk summary

Chemical
Medium Expo_sure Equsure Exposure of potential EPC Cancer risk calculations Non-cancer hazard calculations
medium point route
concern
Intake/E; Intake/E H d
Value Units ntake xpo§ure CSF/Unit risk Cancer risk| ntaxe xpo_sure RfD/RfC az_ar
concentration concentration quotient
Value Units Value Units Value Units Value Units
Surface | Surface | Drinking . . " x x
water water water Ingestion | Uranium 70 pag/L 140 uag/L 63 pg/L 2,22 4 pg/kg/day 0.6 pg/kg/day 6,67
Exp route total 2,22 6,67
Exposure point total 2,22 6,67
Exposure medium total 2,22 6,67
Surface 2,22 6,67
water total

*see remarks on usage of this value in Table 13

w 140 _ 222

63

*** Based on a 70 kg individual, drinking 2 litre$ water per day: Total intake =28@, Exposure = 4 ug/kglqi =667
6
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Types of health risk of concern
Both radiological cancer risk and chemical non-ear@azards were investigated.

Magnitude of the carcinogenic and non-carcinogeisk estimates
The carcinogenic risk-quotient estimate for thefame water is 2,22, and the chemical-risk
estimate for this water is 6,67.

Both risk quotients might be up to two orders ofgmigude higher if maxima of uranium
concentrations found in previous studies are cemstl This ranges from a factor to be
applied to the calculated risk quotient of 2,8 feater from the stream (based on 0,4 mg
U238/l found in the upper Wonderfonteinspruit atH182) and a factor of >20 for drinking
water from a mine canal (based on 3 mg U238/l faaindoornfontein process-water canal at
C2H159) (both Carter, 1997) to a factor of 114 éarthe calculated risk quotient) if the
uranium concentration in Robinson Lake is considi€d& mg/l, Coetzee et al., 2003 ). The
latter would be justifiable since the lake receivashtaminated groundwater originating
largely in underground mine workings of the Wondatéinspruit catchment.

Major factors driving risk
Major factors driving risk are:

- contaminants mobilised from tailings dams, by nhetgical processes and
underground mining activities entering the fluvggistems via base flow, run-off and
point discharge of mining effluents; and

- the practice of drinking from the contaminated &tne and mine-water canals in the
catchment.

Major factors contributing to uncertainty

Amongst other factors, uncertainty results fromltk of understanding temporal dynamics
of uranium concentrations in ground- and surfaceewaystems of the catchment, and in
general which cause pronounced variations of tigeedeof water contamination according to
flow rate, meteorological conditions, season, purgpates and a number of natural processes
such as photosynthesis that result in diurnal latbn of uranium concentrations. In
addition, accumulative errors pertaining to anabjtprocedures and the suboptimal selection
of best-suited sampling sites and methodology edstdribute to uncertainty of the data used
in this study.

Another group of factors contributing to uncertgipertains to the area of probabilistic risk
estimation based on epidemiological data. With mdata for humans derived from short-
term and high-dose exposure (e.g. from workforcawalear-power plants, etc.) and from
animal experiments (especially regarding genetglications), there is a general lack of data
of impacts pertaining to low-dose and long-termasxpe of humans to uranium and other
contaminants. Furthermore, currently used factersquantify health risk arising from
radiation are largely based on generalised assanmgptnd do not reflect differences in the
susceptibility of members in receiving populaticarsd the organs affected, or synergetic
effects resulting from combined exposure to chehand radiological stress.
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The risk model employed for the radiological riskotjient is based on assumptions regarding
the total dose likely to be associated with watéhwa uranium concentration of 63 pg/l. As
such, this is not a full radiological risk assesstneshich would require nuclide specific data.
The higher risk quotient calculated for chemicakicity is independent of the uranium
progeny, and therefore can be applied with cestaint

Exposed population characteristics

Exposed populations are expected to consist lagfetgsidents in informal settlements with
an impeded ability to cope with additional healgkrdue to malnutrition and high rates of
HIV/AIDS and the adverse effects on the immuneesystNo access or suboptimal access to
health-care facilities, and other environmentatdex contributing to health stress such as air

pollution (including in-house heating and veld $ireas well as drug abuse, exacerbate the
situation.
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10 Conclusion and recommendations (H. Coetzee)

10.1 The impacts of mining as seen in analytical data
Compared with the global mean concentration of uranin fresh water (discharge-

unweighted) of 0,0004 mg/l (IWQS, 1999) the maximoamcentration reported in stream
water of the Wonderfonteinspruit is up to 1 000esmabove natural background levels.
Uranium maxima encountered in mine process wated, & lake affected by decanting
groundwater from abandoned underground mine woskiage even higher, exceeding natural
levels by four orders of magnitude. (factors 10 @Ad 40 000 respectively).

A significant volume of analytical data on sedinsefitom the Wonderfonteinspruit catchment
has been collected during the course of this stlitlgse data indicate concerning levels of
contamination by a number of metals, with uraniund a&admium posing the greatest
environmental hazard.

Sequential extractions performed on a set of sanplesing an accepted standard
experimental method,, confirm the results previpuglported by Wade et .a{2002) and
Coetzee et al(2002) insofar as the contaminant metals are bdaral number of different
phases within the sediment. It has been demondtthat the processes binding the metals to
the sediment are reversible and plausible chamg#seilocal environment could remobilise a
significant portion of these contaminants.

The largest fraction of contaminant metals is foimdhe reduced phase of the sediments,
comprising organic material and sulphides. Thisepoa particular challenge, as allowing
these sediments to become oxidised could relezse tmetals. It is therefore important to
ensure that the sediments are not allowed to dry ou

With specific regard to uranium, the uranium cori@ion at many of the sites sampled
significantly exceeds the legislated exclusion fiffor regulatory control. The National
Nuclear Regulator must therefore be informed of findings of this project and should
investigate appropriate action.

10.2 Isotopic data
Two isotopic studies were undertaken as part of ghiidy. Stable sulphur and strontium

isotopes suggest a two-component mixing relatignétd@tween mine water and dolomitic

groundwater. These two isotopic systems, along satme of the water chemistry, may be
used to determine the relationship between thesestwrces in any water sample taken from
the catchment.

Lead isotopes are particularly useful in trackirglygion from uranium-mining activities.
Two lead isotopes— “°Pb and?’Pb — are derived from the decay of uranium. The
combination of uranium concentration at the timeocé formation and the age of the ore
deposit can produce widely varying lead-isotopienpositions which may be used to
fingerprint the source of a contaminant stream.

The results recorded in this study show that leadopes are extremely useful on a local
scale. The method demonstrated here does not aebessive the resolution for unravelling
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complex regional-scale mixtures, except in areasre/lindividual ore bodies have uranium
concentrations significantly higher than othershimta goldfield. For example, the lead-
isotope study presented in this report was ablelearly fingerprint a highly radiogenic

contribution to the lead contamination of sedimeifitss lead will undoubtedly come from a
gold mine with a high uranium content in the orewbuld, however, be necessary to
undertake a large-scale sampling and isotopic-argajyrogramme to be able to fingerprint
individual mines’ contribution to the contaminatream in the Wonderfonteinspruit.

10.3 Temporal variations as determined using real-time continuous monitoring
The use of continuous real-time monitoring holdgngicant advantages for this type of

pollution study. The range of values recorded caruged to constrain speciation and other
geochemical models of the water in the system,emmbnitoring of individual natural and
anthropogenic events allows the identification afsgible mechanisms for the episodic
transport of pollution.

Conventional sampling programmes, such as thatrtaigas by the Department of Water
Affairs and Forestry for radionuclides (IWQS, 1996just take the diurnal, as well as the
seasonal, variations into account. For exampléhendiurnal variations we see an increase in
temperature and Eh, and a decrease in pH occuatimight, when most fissure water is
discharged. These factors will combine to incrahsesolubility of uranium. All samples for
the DWAF study were, however, collected during dag-time hours, some at approximately
the same time of day on the same day of the weelkedoh sampling point. It is therefore
recommended that similar studies be implementeshyncatchment-wide study of pollution.

An overview on the most important conclusions db thart of the study is presented in
Section 8.6.

10.4 Risk assessment
A Tier-ll risk assessment was performed, using fatep from the USEPA Risk Assessment

Guidance for Superfund (RAGS) as a guide for comscy and completeness.

In the exposure-assessment component of the sgssiment, sources, pathways to man, and
mechanisms of transport and immobilisation werentified. In order to validate these
mechanisms, a modeling strategy was considerqatelparation for the study an inventory of
applicable modeling programmes was compiled, aedrdative attributes of the packages
compared. This included the application of chemfat# and transport modeling of uranium
in the geosphere. In conclusion, the latest verssonPHREEQC (Version 2.4.2) was
identified as best-suited model to predict poss#igleciation of uranium in different aquatic
environments and was therefore used in this stodythfe assessment of its environmental
transport.

In the toxicity-assessment component of the riskesement, published studies on toxic
effects of uranium to man and other animals wetelist. The two exposure routes of
uranium (not concerning daughter products) of nimgiortance to man are ingestion and
particle inhalation.
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Data for environmental processes were availablg pettaining to the ingestion pathway,
and thus a risk characterisation was performederstenario of humans drinking river water
with the maximum measured concentrations of uranium

The results of the risk characterisation are abwa: Chronic radiological (cancer) risk

quotient = 2,22; Chronic chemical (nephrotoxicitigk quotient = 6,67. An acceptable risk
quotient is below 1,00. It should be borne in mihdt the radiological risk quotient is

calculated simply on the basis of the uranium cotreéion, determined by chemical analysis,
and that radionuclide-specific analysis would pdevia more precise result. Based on
information determined during previous studies led Wonderfonteinspruit, this approach
should be regarded as highly conservative for stamation of the radiological risk. The

chemical toxicity quotient is, however, not depertden the isotopic composition of the

uranium in the water or on other radionuclides.

Thus, it was determined that the river water in soparts of the Wonderfonteinspruit
catchment represents a hazard to residents whorngest the water. It is, however, important
to note that these areas have been identifiedratdvarning signs have been put in place by
local government. Furthermore, this hazard woully translate into a risk if people were to
drink this water.

Since some of the sources of pollution are nottdudirect discharge, but rather to run-off
from contaminated sites and groundwater rechargeam be expected that the hazard
identified here will remain after the closure of@s$. This implies a long-term responsibility
to ensure that the hazard does not translate ingkalt is also important to remember that
some of the sites where these hazards exist areioéf property.

Monitoring of uranium concentrations at the intetie Potchefstroom waterworks has shown
that this water does not currently represent a-teng risk due to radiation (IWQS, 1999).
Grab sample results have at times however excebdddvels identified in this study for the
chemical toxicity of uranium (pers. comm. B Nel).

10.5 Medium- to long-term predictions
The current flow of the Wonderfonteinspruit is daated by anthropogenic discharges, with

mine fissure water playing a major role, particiylan the Lower Wonderfonteinspruit
catchment. These inputs result in a relativelydgogrennial flow. The other major perennial
input is the discharge of sewage-treatment workaglithe catchment. This input will not
continue indefinitely. All mines have a finite lifand on closure the pumping of fissure water
will cease. This has already happened in the upfmrderfonteinspruit catchment.

Mine closure is expected to have the following efffe

1. Following mine closure the fissure-water input withmediately cease, considerably
decreasing flow in the river. Input from sewagetneent works will continue, although
the population may be reduced as the local minagetl economy slows down. It is
likely that portions of the river not fed by doldrisprings will be returned to their
premining non-perennial status. The lower portibthe river, which was historically fed
by dolomitic springs, will probably undergo a dgripd while the aquifer which has been
dewatered recovers.
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This low-flow regime will continue for a period eéveral years, possibly decades, during
which time the reducing conditions currently fouack likely to be compromised. If
sediments are allowed to dry out, they could becarsignificant source of acid drainage
by virtue of their sulphide content. The combinata oxidising and acidic conditions is
ideal for the release of metals trapped in thenseqi.

2. This phase will be followed by the groundwater-natd phase, during which water levels
will rise in the underground workings. This haseably happened in the Krugersdorp—
Randfontein area (Coetzee et 28D03), where water has started to

a. Decant from a number of shafts into the Tweelopirss catchment immediately to
the north of the Wonderfonteinspruit.

b. Flow into the local dolomitic aquifer.

This water has a low pH and a high acidity, owinghe elevated ferrous iron content in
the decanting water. The water level is still sin this area and may decant into the
Wonderfonteinspruit. This inflow would have a sesampact on any contaminated sites
downstream, as was seen in the initial decant, evaeid mine water was discharged into
Robinson Lake. The combination of pH- and redoxhi reactions resulted in a

measured uranium concentration of 16 mg/l, andtezbsin the NNR declaring the lake a

radiation area.

In the lower Wonderfonteinspruit catchment, threedels exist as to the likelihood of
such a decant occurring. Since the dolomitic eyesbalow the levels of the shafts in
each compartment, decant will happen at the eyeshMas been speculated relying on
the buffer capacity of dolomite; however, acid miveter can armour the dolomite with a
ferric hydroxide gel if oxygen is present. This wiblimit the potential of the dolomite to
neutralise the low pH in the long term.

Whether this decant occurs only at Turffontein Byeat all the eyes in the dewatered
area, its impact is likely to be significant. Exipece has, however, shown (pers.
commun. P Younger) that the water quality in théseants of contaminated water tends
to improve with time, although premining qualitee® unlikely to be achieved.

3. Following the rebound and acid decant phasestratiihg rainfall will determine the flow
out of the dolomite, with the possibility of drynmeds during winter and drought periods
having been proposed in some models. During thegeds wetland sediments may well
be exposed to air, leading to acid production &ed¢lease of metals.

The current situation is therefore not sustainablehe longer term. Water and sediment

analyses indicate that the heavy-metal contamisiaeam does migrate downstream, and the
likely impacts of the rewatering scenarios sketchete imply that sediments may become

potential sources of contamination.
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10.6 Methodological considerations
This study has been undertaken to answer the foipguestions:

1.

5.

What are the contaminants, where are they and hoehns there?

Using a combination of pre-existing data, semiqaite analyses and quantitative
analyses for confirmation, uranium and cadmium hbeen identified as major
contaminants and a number of contaminated sitesifiel.

What processes cause the movement of contamineots mining areas and their
concentration in fluvial sediments? Can the contamis be remobilised?

Three major approaches have been used to answgerdhestions:

= A conceptual model for uranium transport, groundednvironmental data, has
been proposed.

» |sotopic studies allow the characterisation of waer in the catchment, as well as
the identification of pollution sources.

» Speciation studies allow the identification of theocesses binding pollution to
sediments, as well as identifying possible remsaiilon processes.

What are the temporal variations in river chemistigt have a bearing on the fate and
transport of pollution?

Frequent real-time monitoring of macrochemical pseters allows the identification
of temporal variations within the catchment on aetg of scales. This information
can be used to identify transport processes, a$ aglconstraining chemical
modeling.

The monitoring data collected identified a numbepaints in the diurnal cycle that

are not adequately sampled by a conventional sampld analysis programme. To
adequately capture these cycles, it is recommetitidthe temporal variability of

water-quality parameters be understood before damgaupon expensive sampling
programmes.

What about the end users? Direct analyses andt@ngintegration methods indicate
possible pollution of downstream water resourcé® dssessment of risk identified the
chemical toxicity of uranium as the primary risktiar and therefore did not follow the

form of a radiological risk assessment.

Synthesis in the form of a risk assessment.

This methodology has been successfully applied tanium contamination in the
Wonderfonteinspruit catchment. It is, however, genenough to be easily adapted to other
contaminant or geographical settings.
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10.7 Recommendations
1. The results of this study indicate that uraniumesoa hazard to water users in the

catchment because of its chemical toxicity. A fatfliological risk assessment, looking at
both dissolved radionuclides in water and radiodeasl bound to sediment, is required to
determine current and future risks due to radiv#gti

2. Much of the metal contamination is currently bododhe sediment in the river system.
This binding is maintained by the generally redgcoonditions within the sediment
bodies. Future protection of the environment isethglent on these reducing conditions,
which requires that the flow in the system and watdumes in the dams and swampy
areas be maintained at current levels. While trertdbrm prognosis for the reducing
wetlands may be good (as long as fissure water ischarged into the
Wonderfonteinspruit), the inevitable closure of esnand cessation of pumping could
result in a general drying out of the sedimentstr& Wonderfonteinspruit. Ongoing
monitoring of the situation is therefore required.

3. Continuous monitoring data indicate rhythmic didveriations in water chemistry in the
river, owing to natural processes (largely drivgnpghotosynthesis) and discharges of
fissure water into the system. Future sampling raognes, both here and in similar
environments, should take these factors into ad¢coand sampling should aim at
resolving diurnal and other short-term variatiomsvater quality. Given the risk quotients
determined, further monitoring is indicated, paréely during any rehabilitation
exercises.

4. The potential of isotopic fingerprinting has beeenwnstrated in this study. A full
isotopic study of the waters and sediments of ttééchment would allow the
quantification of the contributions of different tsaand contamination sources.

5. The measured uranium content of many of the fluveddiments in the
Wonderfonteinspruit, including those off mine prdgs and therefore outside the
boundaries of licensed sites, exceeds the exclusionhfor regulation by the National
Nuclear Regulator. A decision is therefore necegsbgrthe NNR regarding a regulatory
response to this problem.
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Appendix - Analytical data

Table 23. Semiquantitative ICP-MS scans for sedirmamples collected on 23 May 2001 in the recosaaise sampling programme (all values

in ng/kg)

Sample| W1 W2 W3a W3crust-p W3crustb  W3crust-c W4 4 W W6 w7 w8 W8crust

Li 5277 9298 6954 8421 5056 3286 6581 12290 7438 0086 2503 2774

Be 967 1250 901 1278 723 1272 487 1957 429 818 251 993

B 0 0 0 0 0 0 0 0 q g D
Na 5859 128048 193338 662163 875244 484099 0 1670 58%pH 158258 83738 2665345
Mg 5697810 4237464 2768000 7300045 53254197 9381178901112 5175034 2140411 1791081 786571 4390390
Al 5083522 7696398  375732p 7043209 3990333 3748873044578 | 9840743 4331698  66685p6 1980552 11432660
Si 2483 0 0 0 0 qa q ( D D D 0

P 131976 243498 154043 114003 887195 51480 63444 55331 45975 69468 7802 41336

K 248213 647262 233749 1144712 525363 510832 219894461567 35359( 329186 186743 421980
Ca 2760666 5407599 25270%8 7148995 4328687 540336658786 941178 1743660 1785427 1007622 2308430
Sc 5776 11171 456% 55009 4214 2809 3111 11p15 1364 662 B 2263 14007

Ti 230777 423478 155275 209826 164081 104417 112363386477 119225 271199 49060 422349
\% 75502 131688 5478 63555 70128 58202 48904 83845 65764 124124 3834 207500
Cr 265547 226434 11581 132680 93970 245112 81972 17701 73756 351571 43160 777288
Mn 4487831 26747711 408397 2131682 11894873 3410172203815 534989 468178 3318369 3010178 1320210
Fe 39584490 144647239 2388516 46911112 98658247265883 | 11739672 43217096 122710R6 55761896 2482788®188420

Co 698576 490519 288812 19499p7 3590299 4713786 62457 371015 104793 17501 75204 26591
Ni 1221280 613373 518771 3882546 7063514 8644963 391RI| 1043335 192251 17609 64554 40422
Cu 85206 112195 134200 144360 62663 157817 48511 52320 38821 24941 31326 55221
Zn 1694416 131244( 3326680 31922171 27529842 828784 1737106| 4785174 711898 49211 257029 214163
Ga 4598 7986 3102 6041 2715 39B8 2034 7854 3058 2 648 1557 8974

Ge 144 194 12Q 31% 231 514 87 217 90 76 57 97
As 40220 97814 45684 35705 55626 51748 39p41 62184 36317 39261 64404 43658
Se 1038 2538 3161 5688 2598 92pP6 1192 4p98 737 962 1242 809

Br 0 0 0 0 0 0 0 0 q q D
Rb 4679 9140 5561 1386p 3693 61p2 5756 13p86 10508 11165 1671 8509
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Sample| W1 W2 W3a W3crust-p~ W3crustb ~ W3crust-c W4 4 W W6 w7 w8 W8crust

Sr 22416 110916 20288 59166 285p7 65888 8670 2112910993 12313 4514 15831

Y 19035 25113 25003 193020 14892 161913 9387 60579 8880 7841 6222 7861

zr 2041 2391 1737 2489 3279 2780 1730 2069 1676 9 286 824 3944

Nb 431 843 298 430 357 289 199 682 213 525 183 733
Mo 1654 6573 2404 1828 1783 5487 1401 2408 833 1756 935 2988

Ru 22 19 12 49 74 97 1p 21 9 9 6
Rh 9 10 11 30 2Q 44 ) 19 “ 4 5 4
Pd 155 118 217 89 28B 1517 18 250 0 102 48 119
Ag 1902 729 1448 1589 211 1248 1211 3117 1824 1199 253 118

Cd 1322 794 4470 16668 4013 9416 1187 2542 869 0 2 |60 458

Sn 5136 1379 974 1296 283 438 534 2574 595 1337 630 1395

Sh 1609 2453 901 598 621 824 411 1273 424 567 488 32 |7
Te 73 84 24 21 a 44 | 44 0 34 42 ]

| 3526 3463 776 856 306 210 188 19p2 369 1552 5682 1179

Cs 1102 2345 1744 1391 459 516 1238 2794 1327 1105 380 722

Ba 370802 1840994 56270 113707 55924 66666 24197 03185 61455 231043 35591 258207
La 51280 56697 44637 220333 14389 308513 14305 S5B086 14257 12740 558 12629
Ce 160027 181616 122673 512505 40153 761451 44193 14138 48881 52064 19007 90306
Pr 19450 21784 17337 70385 5315 108402 6802 47030 1436 4971 2441 422

Nd 60995 68179 5476% 192982 17572 361408 20762 9B363 19406 16020 8103 12946
Sm 8650 11224 9391 28570 2984 48170 3503 20805 B337 2768 1655 2197

Eu 2511 3052 2656 8711 820 13868 924 5650 B57 678 65 |3 549

Gd 8551 10670 9744 41722 3659 57419 3603 21539 343 2745 1851 2252

Tb 988 1299 1277 5152 476 6406 467 2544 436 363 253 302

Dy 4470 6367 6610 2728D 26Q7 30192 2359 13p32 2338 1888 1476 1690

Ho 641 933 958 4264 42p 4199 346 1830 354 P97 223 61 |2
Er 1589 2482 2487 1013B 1176 9345 894 4642 B85 809 616 691
™™ 204 329 311 1104 146 997 118 503 117 110 87 100
Yb 1332 2149 1925 5880 988 5746 741 3770 96 771 7 |56 710

Lu 160 284 226 716 120 66b g9 4385 D3 1101 71 90
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Sample| W1 W2 W3a W3crust-p~ W3crustb ~ W3crust-c W4 4 W W6 w7 w8 W8crust

Hf 72 89 121 189 82 192 7L 128 50 1p2 33 64
Ta 7 11 8 27 3 31 3 1y P B 3 3
W 1929 1049 645 509 459 281 243 989 209 235 110 227
Re 1 4 6 9 9 6 2 3 1 D 0] s
Os 12 2 1 2 0 ] D D D 0

Ir 18 1 2 1 0 2 1 1 q 1 |

Pt 0 2 0 0 11 3 ( D D 0
Au 6433 3561 32084 1530 508 336 15p9 5916 D75 51 569 59

Hg 477 413 244 16§ 265 m 236 608 172 91 P13 60
Tl 283 808 161 340 132 26y 96 296 1p0 226 72 P01
Pb 96222 38016 29480 17848 10983 11168 13027 5347514243 30397 209841 43247

Bi 502 624 506 490 597 405 410 926 485 518 1481 427
Th 381 473 496 348 155 143 305 846 440 361 B57 473
U 215305 334249 644784 348715 185154 181276 21826925168 109715 12366 57020 32562
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Table 24. Semiquantitative ICP-MS scans of sedinsamples collected on 15 August 2001 in the reaesaace sampling programme (all
values inug/kg)

Sample w101 w101 w102 w102 w102 W103 W103 W105 W106 w107 w107 W108 W109

Li 25931 11952 11905 9487 11191 23224 9346 6758 9793 22495 4665 3013 3168
Be 1768 1290 759 669 1076 843 308 460 671 1795 423 250 472
B 0 1193 3160 2121 2402 2501 1466 2378 2441 2052 704 355 265
Na 174322 185565 604322 177246 | 25264981 1242303| 99284619 153708 239951 274084 191330 276259 145162
Mg 571584 666196 1002303 519424 9243996 2355949| 52088770 880464 631844 4379514 641904 249992 721729
Al 7054633 5185819 6727417 4455040| 15210780 5180336 5488718 4859277 | 12338670| 15348604 3206279 4055443 4997585
Si 539243 547308 466724 439336 1090387 297857 569511 270377 353183 433807 256975 228550 256785
P 115923 163732 185793 194779 215496 141787 87099 93032 402837 367402 66999 575910 70283
K 1075383 511427 1340433 525540 2549897 797555 1812433 1788437 988791 1504533 449810 445342 377541
Ca 2600647 8610321 4619759 3456166| 13386941 9672804 7383602 5352808 2904106 3477614 6615131 1055773 828981
Sc 6214 5045 3651 2800 6209 3175 1633 2082 8264 6329 2113 1864 3569
Ti 324665 281744 270135 193091 880788 192762 185978 163982 446955 245634 129175 79275 172815
\Y 177685 157566 115551 104448 214625 113155 130734 79524 134690 109293 70985 65789 87574
Cr 484028 410339 326301 297280 348835 255856 146643 267205 216152 272179 239447 189497 323186
Mn 24953366| 16267498| 12770805 26141512| 16129376 4483375 5377510 2048360 5739261 2943945 369999 2343346
Fe 87028177| 84016097| 49093925| 49720651| 70804831| 32867733| 14231516| 20335627| 54076976 43332834| 13115782| 17810234 38628838
Co 74058 56456 35692 34836 54039 39476 12806 15314 27459 506151 13617 12027 36465
Ni 226095 154448 110230 151642 145339 162732 85391 158232 114979 1852372 48850 69146 160781
Cu 75667 57671 35202 38827 42811 47872 24951 23575 33338 152199 16840 24967 67978
Zn 33244 24545 47451 49156 51438 28480 31691 34065 70686 993513 13646 47422 112948
Ga 9286 6353 5475 4209 8817 4387 2405 2918 7771 7720 2368 2452 3884
Ge 340 294 193 187 318 230 253 160 215 379 106 132 181
As 45640 45226 34242 36661 68215 34392 59413 27855 32241 88495 26290 30302 40838
Se 755 888 636 934 1360 545 992 425 997 2316 664 522 925
Br 0 7964 24421 15370 20450 20146 15260 5144 32489 14006 17887 17309 0
Rb 5058 3331 8256 4332 12137 6127 5761 12175 15523 11675 5908 3601 2580
Sr 46390 30460 32718 27883 115139 18778 15903 7176 14624 18559 7140 4659 6791
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Sample wio1 w101 w102 W102 w102 W103 W103 W105 W106 W107 w107 w108 W109

Y 12970 10684 6562 5598 7549 5221 2078 3640 10032 31354 3178 4268 9652
Zr 8333 4734 3206 2707 7962 3006 4652 2460 3654 2835 2329 1544 3547
Nb 742 700 568 446 801 422 265 324 982 619 281 196 286
Mo 6527 3825 4626 3522 6978 4091 3330 1695 2628 3327 1439 1717 2221
Ru 18 19 11 10 11 10 5 8 9 25 4 6 11
Rh 19 10 9 8 15 9 4 5 7 14 4 4 6
Pd 560 378 144 142 322 134 243 134 172 409 125 119 137
Ag 224 193 84 84 285 128 50 52 97 377 63 174 69
Cd 0 91 0 0 163 107 188 0 9 2008 0 0 242
Sn 404 251 763 969 1252 381 642 463 1271 6149 412 506 392
Sb 962 806 581 727 788 532 272 253 811 1439 219 171 517
Te 54 45 38 24 31 10 0 10 61 65 0 249 42
| 946 470 651 260 1152 476 424 358 566 1725 597 369 348
Cs 594 449 747 710 800 435 284 1167 1874 3626 542 569 524
Ba 4147894 2533252 1728593 1492568 2814549 1592917 466648 186749 190909 155620 265603 59139 140951
La 40172 26355 13266 11582 16059 14330 4535 9591 15078 67163 6892 6433 10140
Ce 155176 105296 50527 43092 64574 71040 17880 27204 41086 145497 24197 14583 39000
Pr 9107 6519 3438 2852 3908 3427 1164 2437 4282 16729 1731 1931 4197
Nd 25091 18769 9655 8219 11399 9588 3402 7035 13176 50932 5011 5990 13426
Sm 3814 2833 1468 1256 1680 1456 601 1048 2123 7554 779 930 2130
Eu 1169 810 466 389 653 457 158 223 468 1950 190 212 506
Gd 2900 2173 1180 1055 1392 1124 453 822 1789 6641 645 806 1966
Tb 355 275 144 125 168 149 51 99 208 759 77 99 217
Dy 2032 1513 853 709 959 811 298 518 1260 4160 447 549 1221
Ho 333 246 145 122 158 134 48 85 213 657 73 93 200
Er 960 713 410 356 464 371 127 243 623 1718 224 257 543
Tm 148 113 62 53 71 58 20 39 91 226 34 37 78
Yb 1135 863 469 413 571 436 163 262 696 1648 254 265 546
Lu 166 124 70 59 86 71 23 36 88 187 34 34 70
Hf 109 62 64 46 113 63 84 44 69 82 54 32 57
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Sample wio1 w101 w102 W102 w102 W103 W103 W105 W106 W107 w107 w108 W109

Ta 8 8 4 3 6 3 1 2 4 9 1 1 3
w 2176 1447 2947 1510 230 2579 82 1985 769 3078 2135 3520 2730
Re 2 2 1 1 4 2 13 0 0 1 1 0 0
Os 1 1 1 0 1 1 0 0 0 1 0 0 0
Ir 12 14 10 20 24 11 22 11 10 9 13 11 11
Pt 50 53 50 96 103 51 88 43 47 50 51 50 47
Au 37 147 159 360 34 36 12 1 299 1545 57 58 46
Hg 32 9 59 4 68 77 128 54 398 261 86 88 72
Tl 1394 859 485 399 722 672 183 186 211 148 207 50 77
Pb 43436 28269 21993 19423 30606 32564 12012 16327 19288 112304 11567 9276 14781
Bi 95 72 82 53 85 82 29 54 202 659 57 126 204
Th 25511 17873 12919 12428 23883 11952 6991 15473 34629 52919 11263 12748 14956
U 49547 66375 107690 248125 178947 0 0 0 542149 578213 0 32541 245143
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Table 25. Concentrations and tier-1 risk quotidaispicted with shading) for selected metals
from the reconnaissance sampling programme (attexmations in mg/kg)

Cr Co Ni Cu Zn As Cd Pb Th U

Reference

value 65 20 35 36 4500 19 | 0.001 85

Source | EU EU EU EU EU EU EU EU

w1 26555 698.58 1221.28 85.21 [JJUEEE] 40.22 1.32 ELEY

W2 226.43 49052 61337 112.20 |JFEEERE] o781 o0.79 R

W3a 288.81‘ 518.77 134.20\ 45.68\ YWYl 29.48

NEEOEE 132.68 1949.91 388255 17.86

W3crust 93.97 3590.30\ 7063.51 A 27529.84\ 55.63\ YRyl 10.98
W3crust 245.11\ 4713.79\ 8644.96 157.32\ 83878.42\ 51.75\ CWLY 11.17

w4 Il 15762 313.91 [JEEEREER 3024 119 EKE
w4 117.70 371.02\ 1043.34 305.23\ 62.18\ p XY 53.48
W6 R 10479 192.25 711.90 Yl 14.24
W7 351.58\ 24.94 49.21 39.26\m 30.40
w8 75.20 31.33 257.03 EZEIIIE  20.99
w8 777.29\ 214.16 43.66\ WY 43.25
w101 48403 7406 226.10 75.67 | EEEEY 4564 EEIEEL
w101 41034  56.46  154.45 ETGT ] 4523 0.09 Y

W102 326.30‘ 35.69 EENIwXy  35.20 4745 34.24| 0.00| 21.99
w102 297.28‘ 34.84 YWY 38.83 49.16| 36.66| 0.00| 19.42

w102 348.84\ 54.04\ LY 42381 51.44 68.22\ BT 30.61
W103 255.86\ ilorle] 47.87 28.48| 34.39 KN 32.56
w103 ’146.64’\’ 85.39 LKL iG] 5941  0.19 [
W105 267.21\ k] 23.58 34.07 27.86 16.33
W106 ZAGRE]  27.46 QEERERCE] 3334 70.69| 32.24 XN 19.29

w107 272.18\ 506.15\ 1852.37 152.20\ 993.51 88.50\ Yol 112.30
W107 239.45\ 13.62 48.85| 16.84 13.65| 26.29| 0.00| 11.57

W108 189.50\ 12.03 69.15| 24.97 47.421 30.30| 0.00 9.28
W109 323.19\ 36.47 IR NL] 67.98 112.95 40.84\ WXl 14.78

< Y Limit
15 Limit — 2* Limit
> 2% Limit
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Table 26. XRF results for a set of thirteen sedinsamples collected in August 2003

Sample ‘ GNO029 | GNO030 ‘ GNO031 | GNO032 ‘ GNO033 ‘ GNO038 | GNO039 ‘ GN041 | GNO042 ‘ GNO043 | GNO044 ‘ GNO045
Major Elements (%)
Sio, 52.01 81.71 64.68 59.88 54.81 53.79 55.50 51.34 81.39 83.43 8351 54.80
TiO, 0.41 0.34 0.38 0.25 0.45 0.30 0.67 0.51 0.56 0.39 0.41 0.30
Al,05 9.59 3.84 7.02 4.82 12.76 17.43 11.25 9.60 8.64 5.89 7.21 7.32
Fe,04(t) 8.12 2.86 12.92 15.71 8.46 10.60 2.83 5.82 2.06 2.80 2.12 13.94
MnO 1.11 0.33 0.31 1.98 0.12 0.14 0.04 0.22 0.02 0.11 0.04 2.29
MgO 2.56 0.21 0.22 0.24 0.44 4.73 1.27 2.29 0.29 0.27 0.26 0.34
CcaO 3.78 1.53 0.83 1.18 0.62 0.53 8.72 2.44 0.33 0.36 0.38 2.43
Na,0O 1.03 0.31 0.16 0.18 0.33 0.23 0.32 0.64 0.20 0.28 0.15 0.13
K,O 0.52 0.28 0.32 0.25 0.62 2.26 0.63 0.84 0.55 0.45 0.46 0.48
P,Os 0.10 0.37 0.35 0.22 1.90 0.09 0.31 0.18 0.11 0.22 0.12 0.17
Cr 05 0.17 0.03 0.08 0.07 0.10 0.15 0.15 0.04 0.03 0.02 0.03 0.04
L.O.I. 20.44 8.29 13.07 14.98 19.56 8.88 18.07 26.08 6.37 5.61 6.05 17.44
TOTAL 99.84| 100.10| 100.33 99.76 100.18 99.14 99.77 99.98| 100.54 99.84| 100.72| 99.67
H,O- 1.64 0.41 0.30 0.70 0.61 0.42 1.19 0.75 0.37 0.40 0.47 0.76
Trace Elements (mg/kg)
As <10 <10 <10 <10 209 136 <10 <10 <10 <10 <10 <10
Ba 177 103 382 365 477 286 159 221 113 130 114 1681
Ce 187 71 65 90 321 116 50 28 44 90 22 127
Co 1126 149 47 176 188 349 37 24 30 239 26 109
Cr 909 147 555 480 617 934 916 216 166 118 145 315
Cu 303 18 53 55 466 292 52 42 37 68 20 54
Ga 9 <5 9 7 11 17 15 13 11 7 10 11
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Sample GNO29| GNO30| GNO031| GN032 GNO33| GNO038| GNO039| GNO41| GNO0O42| GNO043| GNO044| GNO045
Hf <5 11 6 <5 <5 <5 11 8 9 <5 8 6
Mo 4 <2 <2 3 5 3 <2 <2 <2 <2 <2 3
Nb 5 6 6 5 8 5 11 7 10 7 8 5
Ni 611 261 88 154 689 1138 72 72 138 698 78 172
Pb 28 8 18 29 327 436 11 <5 14 21 14 21
Rb 24 16 22 12 31 43 44 47 54 34 42 27
Sc 12 6 11 7 16 16 18 17 13 8 9 14
Sr 125 23 19 28 66 31 47 35 19 20 14 66
Ta <5 <5 <5 <5 <5 8 <5 <5 <5 <5 <5 <5
Th <5 <5 <5 <5 56 27 6 <5 8 6 5 <5
U 163 7 <3 21 439 264 40 <3 70 77 14 23
\% 83 35 149 115 79 90 211 101 69 51 50 145
W 101 90 108 405 117 60 111 36 18 38 55 70
Y 40 24 13 12 99 46 53 15 18 23 13 17
Zn 499 211 125 159 957 646 33 62 105 1144 36 120
Zr 154 280 154 117 181 186 204 164 208 184 175 100
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Table 27 Results of isotope analyses on water ssmpl

Sample Description 5*'S%0 CDT 8'Sr/%°sr 5%'Sr%. NBS987
SO2- Water
HGO1 Andries Coetzee's 3,4 0,73106 29,3
Dam
HGO02 Wonderfonteinspruit 51 0,72951 27,1
at Welverdiend
HGO03 Khutsong Bridge 4,6 0,73072 28,8
HGO04 Donaldson Dam 13,6 0,72297 17,9
HGO05 River at Donaldsor 11,2 0,72293 17,8
Dam
HGO06 Weir (C2H069) 3,6 0,73314 32,2
HGO7 Canal from 3,2 0,73543 35,5
Doornfontein
(C2H060)
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Table 28. Results of S-isotope aliquot determimegtioon water samples from the
Wonderfonteinspruit

Sample Description Mineral | Analysis | Sample weight| V,0s weight Total 5%%S%o
[ma] [ma] beam CDT
HGO1 Andries  Coetzee's BaSQ D4 0,36 0,57 | 1,62E-07 3,422
Dam
D5 0,40 0,70 | 1,95E-07 3,434
avg.: 3,428
diff. 0,013
HGO02 Wonderfonteinspruit| BaSQ D6 0,38 0,65 | 2,68E-07 4,687
at Welverdiend
D7 0,37 0,70 | 3,55E-07 5,498
avg.: 5,093
diff.: 0,811
HGO03 Khutsong Bridge BaSQ D8 0,36 0,81 | 2,24E-07 4,387
D9 0,37 0,73 | 2,79e-07 4,870
avg.: 4,629
diff. 0,483
HG04 Donaldson Dam BaSQ D12 0,36 0,86 | 1,79e-07 13,527
El 0,36 0,62 | 2,13E-07 13,719
avg.: 13,623
diff. 0,192
HGO05 River at Donaldsornl BaSQ E2 0,37 0,72 | 1,76E-07 11,276
Dam
E3 0,38 1,11 | 1,73E-07 11,054
avg.: 11,165
diff. 0,222
HG06 Weir (C2H069) BaSQ E4 0,45 0,75 | 2,57E-07 4,066
E5 0,39 0,68 | 1,71E-07 3,214
avg.: 3,640
diff. 0,851
HGO7 Canal from| BasSQ E9 0,41 1,19 1,92E-07 3,444
Doornfontein
(C2H060)
E10 0,37 0,78 | 1,67E-07 3,041
avg.: 3,243
diff.: 0,403

Table 29. Anion concentrations in water in mg/I

Sample F Cl NO; Br NO3 PO, SO,
Andries 0 102 0 0 2 1 197
Coetzee’s Dam
Wonderfontein- 0 100 0 0 2 2 187
spruit at
Welverdiend
Khutsong Bridge 0 100 0 0 1 0 192
Donaldson Dam 0 58 0 0 0 0 233
River at 0 65 0 0 1 0 290
Donaldson Dam
Weir (C2H069) 0 99 0 0 4 1 329
Canal from 0 114 1 0 11 1 720
Doornfontein
(C2H060)
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Table 30. Elemental concentrations in water samplag/I

Sample Li [Be|B |C Na Mg |Al [Si [P |K Ca SqTi|V|Cr |Mn|Fe [Co
Andries Coetzee’s Dam 13 91{6821370473 |3743(066 (1185264]7083 |59795 (1 8|18 |6 (92 |10
Wonderfonteinspruit at Welverdiend (13 817623465568 (3621152 |1468509/7041 59809 |1 |4 |6]19 (49 (56 |8
gzggs:”g 18 |0 |67]7387368320 |3889957 |1551147/6091 |64373 |1 |3 [6]89 [9 |297]20
Donaldson Dam 12 |0 |43[7332664458 |23714118/474 |16 |1220482097 [0 |3 [3(133/191/634|6
River at Donaldson Dam 9 |0 |48|81247167696 (2697156 |159873 (10677496370 |1 |1 (1|27 (31615810
Weir (C2H069) 19 |0 |70]6639474928 (4469460 [153(0242/7066 (75073 |1 |3 |7 |62 |67 |23123
Canal from Doornfontein (C2H060) (33 (0 (91{1408110890978693126(22271516378 |1289742 |2 |2 |43 (135181104
Sample Ni  |Cu |Zn |Ga Ge As Se |(Br Rb |Sr Y Zr |Nb |Mo |Ru ([Rh |Pd Ag
gg‘r’;'es Coetzee's |25 |4 |32 |o 0 8 4 633 |10 |206 |0 2 o |4 o o o 0
Wonderfonteinspruit |36 1, 145 |o 0 9 3 |eo2 |10 |205 o 2 o |3 o [0 o 0
at Welverdiend
Khutsong Bridge 88 |6 [57 |0 0 10 4 646 (9 211 0 2 0o (4 |0 0 0 0
Donaldson Dam 104 (6 38 |0 0 3 4 470 |17 |168 0 1 0 2 0 0 0 0
Sgﬁr atDonaldson 13, |5 g9 |o 0 3 3 |468 |17 |187 |o 2 lo [r o |o |o 0
Weir (C2H069) 225 |4 49 |0 0 7 5 588 |10 |288 0 1 0 4 0 0 0 0
Canal from
Doornfontein 611 |6 50 (0 0 4 5 649 |11 |619 0 2 0 4 0 0 0 0
(C2H060)
Sample Cd ([Sn [Sb [Te I Cs Ba |La Ce |[Pr Nd Sm |Eu |Gd |Tb |[Dy |Ho Er
Andries Coetzee’s Dam (0 4 1 0 0 0 18 |0 0 0 0 0 0 0 0 0 0 0
Wonderfonteinspruitat |5 1, | |o 0 0 % [0 o |o 0 o lo o o o |o 0
Welverdiend
Khutsong Bridge 0 4 (1 |0 0 1 30 |0 0 0 0 0 0o (0 |o 0 0 0
Donaldson Dam 0 6 |0 |O 2 0 54 |0 1 0 0 0 0 |0 0 0 0 0
River at Donaldson Dam (0 5 |0 |O 1 1 11 |0 0 0 0 0 0 |0 0 0 0 0
Weir (C2H069) 0 4 (1 |0 0 1 25 |0 0 0 0 0 0o (0 |o 0 0 0
Canal from Doornfontein
(C2H060) 0 5 [1 |0 1 2 33 |1 3 0 1 0 0o (0 |o 0 0 0
Sample T™Tm |Yb |Lu |Hf Ta W Re |Os Ir Pt Au Hg |TI |Pb |Bi |Th |U
Andries Coetzee's Dam 0 2 258219
Wonderfonteinspruit at Welverdiend (O 2 172997
Khutsong Bridge 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 242731
Donaldson Dam 0 0o (0 |o 0 0 0 0 0 0 0 0 0o (4 |o 0 110886
River at Donaldson Dam 0 0 |0 |0 0 0 0 0 0 0 0 0 0 |3 0 0 252125
Weir (C2H069) 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 198729
Canal from Doornfontein (C2H060) |0 0 |0 |0 0 0 0 0 0 0 0 0 0o |3 |o 0 218678
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Table 31 Quantitative ICP-MS analyses for sequketiiaction study (all results ing/l)

Extraction Samples Ni (60) Cu (63) Zn (68) As (75) Cd (111) Hg (202) Pb (208) U (238)
029 A 1013 393 2913 8 3 <1 65 243
030 A 770 39 1353 12 3 <1 48 4
031 A 77 209 683 10 1 <1 56 0
032 A 485 26 1817 10 2 <1 135 14
o 033 A 1311 243 3940 142 4 <1 106 150
2 038 A 2450 910 2708 17 9 <1 291 608
N 039 A 105 62 695 6 1 <1 80 158
3 041 A 38 21 753 5 1 <1 71 0
= 042 A 653 61 893 10 1 <1 47 71
< 043 A 3082 29 4025 26 2 <1 50 28
044 A 293 34 671 18 4 <1 113 8
045 A 193 27 829 3 4 <1 35 11
046 A 10382 480 6675 25 12 <1 83 606
Blank A 6 28 614 13 1 <1 74 0
0298 2735 475 2726 22 2 <1 90 233
030B 1241 27 2010 31 2 <1 112 3
031B 114 39 985 23 4 <1 125 1
0328 238 23 735 37 3 <1 94 11
2 033B 917 286 1970 249 4 <1 211 242
E 038 B 908 821 1026 40 3 <1 353 284
2 039B 77 8 359 18 1 <1 39 7
< 041B 51 253 673 16 1 <1 76 0
g 042 B 607 87 1233 35 3 <1 125 129
i 043B 1859 56 4942 35 4 <1 65 43
044 B 187 10 501 25 2 <1 71 14
045 B 209 26 2068 25 8 <1 139 8
046 B 1378 323 1309 47 3 <1 125 205
Blank 15 9 358 16 1 <1 83 0
029C 1373 1439 1839 42 3 <1 106 537
030C 1921 142 2252 118 6 <1 102 40
031C 215 233 904 26 3 <1 97 12
032¢C 125 101 618 56 2 <1 164 47
2 033C 1939 1539 1667 747 6 <1 234 901
3 038 C 3035 2822 2214 129 5 <1 89 958
5 039 C 233 232 842 30 1 <1 70 175
=3 041 C 123 179 555 35 1 <1 98 9
g 042 C 512 234 793 85 1 <1 46 413
O 043 C 1710 415 3858 105 4 <1 84 196
044 C 420 115 483 57 1 <1 90 91
045 C 556 202 1530 46 3 <1 92 55
046 C 783 297 2075 344 5 <1 186 86
Blank C 32 18 590 13 1 <1 35 0
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Table 32 Semiquantitative ICP-MS analyses for setigleextraction study (all results jrg/l)

Sample Li Be B Na Mg Al Si P K Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn
029 A 22 6 218 90814 211790 11940 5391 0 13997 | 277789 6 25 3 191 13645 1087 982 868 338 2586
030 A 10 2 86 8227 7297 1770 2300 246 3265 229265 1 23 1 25 12441 371 333 744 36 1224
031 A 3 0 0 4419 4189 1679 999 271 3070 46199 0 8 19 37 11438 16782 74 79 178 606
032 A 0 46 5715 3172 1871 978 216 1869 32758 0 33 0 555 59306 1325 214 479 26 1666
033 A 21 5 1 6542 1806 10492 656 297 1930 21589 0 29 9 119 3786 7130 352 1165 | 227 | 3675
038 A 38 6 259 3520 8276 9180 2747 74 6538 299875 0 26 0 353 3694 4951 924 | 2309 | 870 2526
039 A 17 1 19 7637 26720 10516 5361 30 791 733380 | 10 41 73 1031 1943 3789 16 70 62 633
041 A 2 0 66 31571 93286 1547 3527 38 8654 107211 2 39 2 39 7508 785 26 31 22 679
042 A 18 2 4 4053 8164 1341 1177 48 2011 28783 0 14 34 34 800 2028 89 631 60 804
043 A 12 2 120 3797 5460 2350 1494 604 1467 18356 0 18 30 52 6777 25342 | 728 | 2805 28 3833
044 A 13 4 55 5425 6388 1712 1025 590 2787 29066 0 35 38 31 2487 20324 28 262 33 603
045 A 8 0 0 4959 5839 1385 821 27 2448 202246 0 45 0 0 18308 641 74 169 26 768
046 A 65 6 237 | 289061 | 1792805 11382 2405 0 26908 | 153861 0 28 0 138 22887 3226 | 1123 | 9516 | 442 6244

Blank A 2 0 476 2803 110 1146 127 0 372 243 0 6 0 55 14 304 0 2 29 545
029 B 47 5 156 7701 20416 21509 3782 0 2123 263949 0 20 56 99 74288 45168 | 4506 | 2571 | 452 2549
030B 8 4 24 3163 2225 6942 2279 711 1447 85314 0 683 47 54 24519 21212 | 937 1202 26 1864
031B 0 47 3500 1284 9160 925 308 1850 16849 0 25 75 26 13093 27462 | 114 106 38 804
032B 6 0 4 2429 581 2634 514 364 804 4370 0 27 55 14 29907 28043 | 232 199 22 616
033B 16 10 | 196 2398 507 33102 959 4691 642 4429 0 72 78 141 918 30326 | 166 907 274 | 1922
038B 27 5 98 1592 4639 12125 3004 0 2376 133154 0 19 42 237 2222 24350 | 593 829 723 939
039 B 13 4 142 2660 11884 27941 6922 54 621 137641 0 24 741 508 528 12855 10 65 9 341
041 B 2 0 192 5734 36291 3230 3644 19 2170 64669 0 19 90 29 7166 27362 53 45 236 577
042 B 15 3 57 2727 1962 6444 997 247 1312 9865 0 47 243 61 351 25999 77 572 82 1128
043 B 8 3 475 3847 1340 6296 830 446 744 4353 0 21 84 40 2146 14864 | 384 1798 55 4571
044 B 9 3 15 2536 2024 3795 1044 142 1094 9574 0 49 95 31 892 14530 19 184 12 448
045B 15 0 17 6387 1855 4064 826 172 2139 47249 0 34 73 374 55461 16008 | 232 196 26 1722
046 B 52 4 445 12175 72719 12940 1387 0 1765 236376 0 26 39 184 20642 17683 | 823 1262 | 292 1227
Blank 3 1 143 2098 227 712 0 0 398 306 0 11 35 59 19 319 0 11 10 323
029 C 49 3 246 13612 8625 29698 29592 | 3053 96 97594 | 199 | 300 84 3100 5419 28980 | 664 1242 | 1340 | 1775
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Sample Li Be B Na Mg Al Si P K Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn
030 C 36 8 100 12563 1542 22576 28700 6792 408 57952 | 204 | 210 39 2764 4416 17670 | 567 1727 | 128 2076
031C 42 2 112 18572 1034 28699 26994 6460 704 39747 | 175 234 208 3225 4067 8518 73 187 215 758
032C 13 0 76 21899 672 5448 20933 | 10972 0 44339 | 188 275 39 2741 1921 2894 54 106 96 557
033 C 34 13 | 498 13718 848 40364 24769 | 11005 0 38603 | 168 214 73 3136 359 11437 | 303 1787 | 1377 | 1499
038 C 52 11 | 142 18044 5924 33406 28189 2371 796 84624 | 150 109 29 3578 1277 21579 | 592 2617 | 2514 | 1987
039 C 39 12 | 124 14288 15436 105672 | 35016 4518 808 111057 | 269 599 1014 | 6766 494 14227 23 197 210 696
041 C 19 1 629 15651 16663 26466 33900 7859 859 38120 | 197 | 1003 | 275 3275 1902 39448 52 90 170 463
042 C 105 2 480 13346 831 20993 29039 7964 478 43286 | 186 364 233 3414 96 9331 86 456 217 704
043 C 62 2 114 14817 1316 14602 25666 | 11046 328 33055 | 160 380 68 2972 427 4676 760 1605 | 399 3735
044 C 104 2 106 16523 799 20154 32449 | 10706 303 37166 | 207 342 117 3311 170 4941 97 379 114 417
045 C 39 6 134 13793 1386 15320 26908 6279 3004 48641 | 189 656 200 2966 | 143226 8544 375 494 184 1288
046 C 8 1 96 12466 5429 8035 25730 6593 0 99410 | 182 190 4 3824 580 3884 51 716 281 1940

Blank C 1 0 530 13500 278 1198 20091 | 13552 0 24910 | 182 175 0 2026 19 151 1 19 17 499
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Cs

Te

Sh

Sn

Cd

11

Ag

24

Pd

Rh

Ru

Mo

Nb

Zr

13

11

13

14

18
14

73

11

59

97

107

12

130

105
a7

159
59

82

51

40

14
10
59

91

Sr

1282
310
132
156
105

73
354
199
178
123
133
207
862

22

1131
162

90

37

74
40

96

102
95

40

50

278
656
15
370

Rb

22

13

30

22

10

38

15

20

27
21
14
19

10

15

Br

308

33

448

158
187
190
152
225
155
221
280
246
234
177
89

225
20
534

Se

12

11
19

24

11

17

As

10
11

12
136
15

11

24
19

23
13
17
24
17
33

238
33

14
10
29
30
19
20
41

11

43

Ge

Ga

3
1

3
2
4
1
0
0
1
0
1
4
0
8

2
5
3
1
1
2
2
1
2
5
0
12

Sample
029 A
030 A
031 A
032 A
033 A
038 A
039 A
041 A
042 A
043 A
044 A
045 A
046 A

Blank A

029 B
030B
031 B
032B
033B
038 B
039 B
041B

042 B
043 B
044 B
045 B
046 B
Blank B

029 C
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Cs

23

15

16

13

Te

Sh

Sn

Cd

Ag

Pd

Rh

Ru

Mo

18
13

10

Nb

Zr

13
12

69

22

22

19
13
10

16
12
10

114
33

170
85

177
36

78
45

46

43

16

Sr

58
36

18
49

41

82
40

28
30

10
530
209

17

Rb

18

26
37

22
20
12
16
11

Br

424
370
349
147
127
130
894
183
184
229
168
139
309

Se

15
13

44
52

186
15
30

20
19

10

As

116
26
57

724
125
29
31

80
100
57

44
352
12

Ge

Ga

10

11

22

9
9
7
7

18
4
1

Sample

030C
031 cC
032C
033C
038 C
039C
041 C
042 C
043 C
044 C
045 C
046 C
Blank C
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2042

1234
10980
2961

12

8348

3952

2857

5289

980

3840

8381

Th

1

2
5
2

9

1

7
1

5

4

Bi

Pb

89

62

138
380
96

121

120

275
444

167

139

Hg

10

Au

Pt

Ir

Os

Re

w

Ta

Hf

Lu

Yb

Tm

Er

10

Ho

Dy

12

14

14

20

13

Tb

Gd

14

26

17

21

26
15

12

22

Eu

Sm

14

28

14

20

22
16

13

24

Nd

89

16

51
153

38

17

82

138

44

137

90
19

41

51

12
13
78

124

Pr

27

15

11

25

14

40

24

13
16

22

Ce
177

33

13
114

263 | 44

61

14
39

12
187

118

36

33
302
127

39

101
129

37

57
159

220 | 34

La

97

16

5
a7

108
46

20

3

111

123 | 370 | 42

57

14
12
127
49

33

59

64
18
26

60

62

Ba

243
701
862
1367

678
301
831
901
455
434
1055

517
711
476
341
998
2400
1348

924
144
270
531
719
492
568
5539

264
213
228

Sample

029 A
030 A
031 A

032 A
033 A

038 A
039 A
041 A
042 A
043 A
044 A
045 A

046 A
Blank A

029 B
030 B
031 B

032B
033 B
038 B
039 B
041 B

042 B

043 B
044 B
045B
046 B

Blank B

029 C

201



14140
15875
3124

5124
3548
431

Th

13
17
16

7
2

Bi

Pb

298
112
94

60
109

Hg

Au

Pt

Ir

Os

Re

w

Ta

Hf

Lu

Yb

11

Tm

Er

11

Ho

Dy

12

24

11
10

10

Tb

Gd

19

31

18
11

15
10

10

Eu

Sm

19

30
20

11

17
11

12

Nd
117

41

15
153

93

61

30
97

65
49

80
19

Pr

12

18

15

Ce
243 | 34

174

57
280 | 43

123 | 24

94

69
198 | 29

139 | 20
117

245 | 26

37

La

96

44
22

97

44
62

32

89

56

47

94

15

Ba

800
984
301
432
474
691
578
282
646
124
1190

291
330

Sample

030C
031C
032C
033C
038 C
039 C
041 C
042 C
043 C
044 C
045 C
046 C
Blank C

202



