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BACKGROUND AND MOTIVATION

The oxdation of sulphide minerals In gold Fine Residue Deposits (FRDs) of the Witwatersrand
and its potential effect on water resources s arguably one of the major regional strategic
environmental issues for the goid mining industry and the South African govermnment.

Seepage from these FRDs tends to be alkaline to neutral during the operational phase, but can

become acidic in the post operational phase as Acid Mine Drainoge (AMD) processes

Intemational research and fleld cbsaervations have shown that an oxddised outer cap forms on
FRDs. below which imited oxidation takes pioce. Enough acidity may be produced in this outer
cap 1o consume ol ovallable neutralisation potential within an FRD body. however, as
oxidation slows, the risk associated with AMD decreases.

The key question is thus how the oxidised zone will develop over time and how much acidity
wil be generated relative 1o avallable neutralisation potential in the operational phase of an
FRD. This will determine the likelihood that a particular FRD will start generating acidic seepoage.
OBJECTIVES

A top down approach was used fo evaluate practical methods for evaluating the
acidification risk associated with Witwatersrand FRD's. The study was guided by ftvee study
objectives. iIncluding:

1. To understand the reiationship between the depth and rate of weatherng and the
potential mass of acidity at gold FRDs through empirical analysis.

2. Develop procedures to conduct rapid occurate AMD risk assessments of gold FRDs.

3. Evaluate mitigation or risk reduction measures by making use of the AMD risk assessment
procedure and provide Industry guidelines.




SUMMARY OF FINDINGS

Characteristics of FRD's

Acid Mine Drainoge (AMD) originates due 1o the combined effects of flow or transport
proceassas, and geochemical processes. Transport processes include fransport of kiquids and
gases through the mineral matrx of a tallings deposit and geochemical processes include all
mineral reactions and interactions between gases. kquids and solids within o deposit.

The parameters relating to each of these processes are determined by the physico-chemical
nature of the talings matenal In question. it was the purpose of this study 10 dscuss the
fransport and geochemical processes as they pertain specifically to gold FRDs of the
Witwatersrand, as these deposits are reiatively wel constrained in charocter and compaosifion

The nature of FRD vanes throughout its ifecycle and depends amongst other foctors on the
method by which it was constructed, its mineralogy. cimate. particle size distrioutions local
topogrophy and geology. oge. dimensions and geochemical charocter. Avallable data
indicate that the tallings materals of the Witwatersrand do not vary greatly in terms of their
physico-chemical characteristics. Only two depostitional methods were recorded In the
Herature, | @. poddock systems and cycloned talings deposits

Witwatersrand FRDs are typically very large deposits. They are typically greater than Tkm in
length and breadth and up to 0m high. Mineralogy Is dominated by quartz (70% and 90%).
phylosilicates (mainly sericite) (10% to 30%) and minor amounts of primary minerals (1% to 2%).
inciuding pyrite and calcite, which are key minerals in controling AMD.

Some particle size fractionation may occur by hydraulc separation, thus resulting in dfferential
pemeablities within these deposits. This effect & enhanced in cycloned depaosits, where the
wall sections are constructed with thickener undediow. The effect s expected 10 be relatively
imited in Witwatersraond talings, as the particle sze dstribution tends 10 fall within o relatively
narow range. when compared to talings from some other mineral deposits.

The moisture content within an FRD or between different FRDs may be highly variable. Foctors
determining moisture content include cimatic conditions and physical properties of the FRD on
a macro and micro scale. Fine-grained layers, which may form capillary breaks oré importont
In FRDs, as they couse local variation in moisture contents and can significantly affect the flow
of gases. Existing measurements on the study site indicated that mosture tends to vary
between 20 ond 40% by volume in the matenal. Along with porosity, the moisture content plays
a major role in determining the diffusion coefficient within a waste body, as it has been
determined that the diffusion coefficient through waste is proportional fo the air filled porosity.
This is largely a result of the fact that the diffusion coefficient of oxygen in water s four orders of
maognitude siower than the diffusion coefficient of oxygen through ar.




Water and gas transport are the main processes affecting AMD and pollution mobiisation at
gold FRDs. These processes are expected 10 be rate imiting In that flow processes determine
the rate at which contaminants are moblised from the taiings material into the receiving
environment, whereas gas fransport processes imit the rate at which AMD processes toke
place within the talings deposit.

The flow of water determines how much of the contaminant lood i mobilised ond also
determines how fast and in which direction it will move. Additionally, it also determines the
mosture contfent within the taiings body ot any one position in time and spoce and thus
Influences the oxidation rate by determining the fraction of alr-filled pore space avallable for
air to move through.

In fine 1ailings material. where oxygen diffusion i the major gas tfransport mechanism related 1o
pyrite oxidation, gas transport rates are essential in determining the rate at which sulphides can
be oxidised. This amounts to a drect measurement of the rate at which contaminants (acidity
and foxic elements) are generated.

The rate of contominant generation. along with the rate of contaminant fransport will
determine the concentration and volume of seepoage from the FRD's and thus the
emvironmental impact.

Water flow processes

The hydraulic conductivity in Witwatersrand gokd FRDs has been found 10 be highly anisotropic
(the ratio of horizontal permeablity vs. vertical permeability is significantly different), kargely
due to compaction of the sediment column in a watersaturated emvironment. Hydraulic
conductivity in the horzontal plane s considerably higher than In the vertical piane. The
anisofropy & caused mostly by the strafffication within the sediment and shrinkoge cracks.
Anisotropy coefficients of between 5 and 10 are corsidered normal, but values up 1o 200 have
been reported (Rdsner et al. (2001).

Duing the operational phase, seepoage from an FRD in the vertical direction is largely
dependant on the permeability of the material at the base of the FRD and the presence of
subsurfoce drains. Where the base material s less permeable in the verfical direction than the
talings material, seepage will move horizontally towards the walls of the FRD. The results of this
movement are observed In toe seepage. When talings material ks less permeable thon the
underlying material, seepage wil tend to move downward, through the foundation info the
local groundwater system,

Both scturated and unsaturated flow processes occur within an FRD, especially during the
operational phase. In the post closwe phase, unsaturated flow processes become
progressively more dominant as the piezometric surfoce subsides. Future recharge then occurs




under unsaturated conditions. Previous modeling studies found that recharge would occur at
a rate of between 1 and &% of MAP gfter decommissioning.

Fow under saturated conditions can be represanted by a smple form of Darcy’s equation and
is applicable below the plezometnc surface within an FRD. This zone extends from the edges of
the pool along the hydraulic grodient towards the edges of the FRD. If the piezometric surface
intersects the wall of the FRD. foe seepage occurs. Morin and Hutt (1997) indicated that flow in
the walls of an FRD & likely 1o be more rapid than nedr the pool. This i becouse of the coarser
grain sizes and the shorter flow path length. Anlsofropy can also be expected to play a part. In
the post closure phase. it has been shown that the pezometric surfoce subsices ot
approximately 0.5m per year, which is an indication of the scturgted hyadraulic conductivity
The saturated hydraulic conductivities of Witwatersrand tailings have been determined to be
between 10¢ and 10* ms’

Unsaturated flow also obeys Darcy's law, however, It 8 more complex to calculate, because It
s dependent on the degree of mosture saturation which typicolly vores over time. This s
because large pores dran more quickly than small pores and water filled pores conduct water
maore easily than air filled pores. Empirically. unsaturated hydraulc conductivity is a non-linear
function of volumetric water content and i also dependent on hydraulic heoad. it Is commonly
expressed as a function of soll suction (K(8), pore water pressure (K(u.) and/or effective pore
rodius (K(R). The effect of hystersis has resulted In the preferential use of the moisture retention
(soil suction) curve, as the differences between wetting and drying curves oare less than for
pore water pressure. A large number of empincal models have been developed o make wse
of these parameters.

Gas ransport processes

Gas frarnsport s generally described as occurring either by advective or diffusive flow. In tailings
materials it has been shown that advective flow, Including barometric pumping (movemeant of
ar due fo changes in atmaospherc pressure), does not contribute significantly to oxygen
transport, due 10 the fine-grained ana hence relatively impemeable nature of tailings materiol,
Where preferential pathways exist in the nedr suface enviionment, a limted amount of
advective flow may occur. however, this is not expected to significantly affect the overall
oxygen fransport rate within an FRD. Throughout the Kerature surveyed. diffusion was
recognised as the maojor mechanism for oxygen fransport through an FRD, and also serves as
e basis upon which oxidation models for fine tailings are based,

Diffusion in tallings is arven by the concentration gradient between the tallings surffoce and the
matrix, coused by weathering reoctions that consume oxygen, €.g. the oxidation of pyrite.
Onidation is wsually confined 10 C few metres below the surface as © result of oxygen transport
imitations due to diffusion, with cxygen concentrations becoming progressively lower with
depth.




Oxygen Is the most significant gas in determining reactions in tailings material. The abllity to
determine the oxygen diffusion rate through an FRD over time will thus enable long-term
prediction of AMD potential. Along with knowledge of water flow. calculation and/or
modeliing of pyrite oxidation rates provides the tools for determining pollutant concentrations
within and around a tallings deposit over time.

Gaos diffusion 8 mathematically described by Fick's law. Previous studies have showed that the
limiting parameters controlling pyrite oxidation through diffusion are the diffusion coefficient
and the kinetic rate constant. As the diffusion depth increases. oxygen diffusion becomes o
more dominant parameter than the inherent pyrite reaction rate in determining oxygen fiux.

Investigations info diffusion controlled pyrite oxidation in FRDs intemationally hos led 1o the
conciusion that determinations that are made on buk tailings tend 1o overestimate reaction
rafes. This is caused by local variation in moisture saturation levels within the tailings profie, due
fo the presence of more saturated fine-grained layers and less saturated coamser grained
layers.

Geochemical processes
Mineral reactions

Witwatersrand gold tailings are constrained within a relatively namow compositional range.
Minerals that contribute to the Acid Potential (AP) are present in relatively low concentrations,
however. AP is generally higher than the Neutralisation Potential (NP).

Acid Potential s predominantly ascribed to pyrite, as it Is the most dominant sulphide mineral,
with other sulphides occumming less frequently. Pyrite may react along different evolutionary
paths, depending on the pH and redox conditions in which the reaction takes place.

Neutralisation Potential s ascribed primarily to caonates of Ca and Mg. Silicates may akso
contribute significantly to the NP in a talings deposit, depending on their inherent neutralisation
potential and reactivity. Some sliicate minerals are capable of neutralising ocidity, especially
where reaction rates are slow.

The formation of secondary minerals was also shown fo be of major importance as the reaction
stoichiometries of neutralsation reactions are crificaly dependent on mineral reactions that
occur. Formation of ferihydrite aofter pyrite oxidation, for example, results in double the
requirement in neutraisation potential 1o prevent the reaction solution from acidifying.

Mineral reaction kinetics
Mineral reaction kinefics focus mostly on the oxidation of pyrite. The shrinking core model has

commonly been used 1o calculate oxidation rates of pyrite grains over time. An oxidised layer,
which forms through reaction of pyrite has been measured in the laboratory and callbrated



vi

empirically 1o have a secondary diffusion coefficient in the region of approdmately 7.8x10 12
mis!

Bacteria such as Thiobociius ferrooxidans piay an important part In determining oxiaation rates
of pyrite. however. in g diffusion controlled environment this has a more limited effect. It has
been determined that under conditions of lass than approximately 8% oxygen these boctena
do not confribute significantly to pyrite oxidation reactions

Felawork for this research concentrated on supplementing field data that were collected for
Anglogold Umited by Pulles. Howard and de Lange in 2002. The approach that was followed,
was fo generate additional data and to discover relevant field related vanables that would be -
of inferest iIn constructing an oxygen diffuson based model for assessng ociafication nsk.
Parameters that were determined in the field and laboratory Included sample descriphons,
particke sizes. X-Ray diffroction mineralogical analyses (XRD) and shake flask fests. Additional
parameters, such as ABA analyses, moisture contents, parficle size distridutions, porosities and
sulphur concentrations were obtained from the literature.

Observations and data.

Surface features were found 10 be abundant. Shallow mud cracks, the growth of plants and
changes in particle size distributions were observed across the surfoce of the depasit. The
presence of mud cracks and plants s expected to result in some variaton in pemeabiity
ocross the surfoce of the FRD through mocropore spaces. In the case of particle size
distributions. voriation ks expected between conductivities in the wall and beoch sections of

the ceposit

Subsurface features Includaed the presence of g leached zone directly below the surface, a
hardpan horzon below this and an oxidation front, where iron stained sediments contacted
grey. apparently unoxidsed tailings.

The leached horizon & expected 1o be the result of rainfall leaching of oxidised products. The
hardpan horizon is a result of mobilised iron from pyrite oxidaton forming seconaary minerals.
Evidence of variable oxygen concentrations ond preferentiol flow paths was noted by the
presence of motting and accentuated staning respectively

The phenomenon of the oxidation front was researched and It was found that this fransition s
related to the presence of oxidised Fe and that it does not necessarily define the point of zero
oxygen concentration. Redox conditions were found to be a function of the Fe’:/Fe*
concentration. The rapid fransition. colowr transition that is normally observed, along with
occasional evidence of pyrite formation in cracks below the transifion zone., indicates that the
colour fransition s likely to represent the position of the transition from oxic to anoxic conditions.
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The presence of moist, fine-grained layers was observed. These layers are known fo retard
oxygen diffusion and were found 10 occur af different levels within an oxidation profile. Few
moist layers were found In the fop two meters of the tallings profiles investigated, probably as a
result of desiccation during the long preceding dry season.

A number of yellow stained strata were observed in talings auger cuttings that were collected,
These were ascribed fo syn-depcsitional oxdation. Due fo rapid oxidation of near surface
pyrite grains, such layers form rapidly during any drying cycle expernenced across an FRD.

A significant finding that was observed from hydrometer particle skze distributions, was that o
significant proportion of analyses indicated that vertical variabiity in particle szes is of least as
significant as horizontal variablity. This Is important with respect fo hydraulic conductivity and
moisture retention, two key parameters in modealling iImpacts from tallings dams.

A conceptual model was developed fo represent the generation of acidity from pyrite
oxidisation within a typical Witwatersrand FRD. According to the model. wal sections of o
fallings dom will uncergo ropid ocidification, as o resutt of horzontol influx of oxygen ocross the
profie. The bulk of an FRD will, however, undergo oxdation through vertical ingress of oxygen
by diffusion through the failings profile. A lkarge store of urveacted material, with associated NP
occurs below the oxidation zone and potentially provides a meaans 1o delay the onset of ocidic
seepoge from the base of the FRD for an extended period.

Use was made of the dual diffusion PYROX model to develop envelopes for oxiaation rates of
typical Witwatersrand FRD's. Making wse of the PYROX modeling results, a spreacdsheet
engineerng type model was developed 1o model the likelihood of acidification from an FRD
due 1o AMD process. The purpose of the probabiistic spreadsheet model (Taillings Acidification
Prediction or TAP model) that was corstructed as part of this project. s o make use of this
concept to predict the likely rate of acidification of seepoage at the base of an FRD. The model
consists of two components, |.e. an oxygen diffusion component to predict frends in pyrite
oxddation rates and a neutralsation component 10 predict the rate of consumption of NP in the
FRD.

Acidification of seepage s considered to be a major impact, relative to neutral drainage. as a
result primarily of the potential for metal leaching 1o the receiving environment, but also s a
result of acidity being hamiful in itself,

Actual impacts will be a function of flow processes, coupled with the rate of contaminant

generation within an FRD and the sensitivity of the receiving environment. Receptor impacts,
however. will have 10 be evaluated on a case-by-case basis.
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PYROX modeliing

The PYROX model developed at the University of Wateroo is based on a double diffusion
model geveloped by Dovis and Ritchy (1986) ond has been used extensively In intemational
tailings investigations. The model was wsed 1o perform sensitivity analyses on relevant vanables
on the confrol of pyrite oxidotion rates. Parameters were tfested within the known
compositional range of Witwatersrand tallings, in order fo assist in developing a simpified
empincal model, which could be wsed for assessing the likely time span for generation of acidic
seepoge from the base of a Witwatersrand goid FRD

Typical to corservative values of sulphur content, particle size. moisture content, porosity.,
temperature, secondary aiffusion coefficient and the thickness of the tailings profile were used
s @ baseline for cetermining sensithvities of other parameters

it was found that within the ranges of these parametars within a Witwatersrand FRD, the
absolute values of pyrite oxiaation rates vary as expacied. ! was abo, however, found that the
rate of change of the oxidotion rate over time fell within a relatively narrow range of fitted
functions, especially when viewed over the long term. These findings were used to construct
the TAP model as a function of static diffusion rates ot initial compositions,

The TAP model was constructed from the point of view that the impact due ocidification of
seepage from the base of an FRD Is dependent on the time span over which it 5 expected 1o
occuwr. Consideration of the likely Wespan of suggested mitigation measures 5 a major
consideration in ths respect, as wel as the lkelihood of major impacts occuring after an
aextended period of weatharing. when contaomnant generation rates are likely 1o be much
ower.

The model makes use of humidity cell secondary oxidation rates, porosity, the degree of
moisture saturation, pyrite concentrations, the depth of @ tailings profile and the NP:AP rato of
the tailings 1o predict a time to acidification of seepoage

Sensitivity analyses that were run for the model, indicated that most FRDs are fikely fo fake
more than 1000 years before acidic seepage will be generated from their bases. Exceptions
were found 1o occur for FRDs with low sulphide concentragtions and for faclifies of low height
These findings are oscribed 10 the deeper penetration of oxygen in @ low sulphide scenario,
where oxygen consumption occurs more siowly and the relatively large proportion of oxidised
talings reiative 1o unoxidised taiings in a shallow profile

DISCUSSION OF RESULTS AND IMPUICATIONS FOR THE MINING INDUSTRY

Modelling and field observations indicate that weathering in the top of the talings profie in a
typical Witwotersrand FRD is rapid for approximately 10 yeors ofter decommissioning and that
an oxidised horizon of up to 5m deep wil form during this fime. As discussed above. varigtions
in physico-chemical parameters can modify these figures to form shallower or deeper profiles.




Modelling results show that pyrite oxidation & only likely fo consume available NP after
approximately 1000 years in talings of typical composition.

Considering the particle size distributions of tallings. it s ikely that engineered surface covers will
not signficantly reduce oxidation rates on an FRD, except in the short period after
decommissioning. The value of o cover may be realised in maintaining higher moisture levels
and in reducing recharge through an FRD. however.

PROPOSED ASSESSMENT AND DESIGN CRITERIA FOR MITIGATION OF ACIDIFICATION IN
WITWATERSRAND FINE RESIDUE DEPOSITS.

Field measurements

Fleld measurements need to concentrate on providing caltration data for the TAP model.
Relevant measurements, which will assist in this regard incluce:

. Directly determined oxygen flux measwrements, which can be checked against
modelled values. These measurements should be made regularly to determine temporal
variations.

. Moisture contents, which are important for determining diffusion coefficients and can be

determined with geophysical methodologies. Measurements shoukd be ongoing 1o
determine temporal variations.

. Porosity.
. Pyrite concentrations In representative samples below the oxidised zone.

. NP measurements from samples above the piezometric suface, but below the zone
where acid reactions have akeady occured.

Sampiing should be conducted such that oxdation reactions are prevented, through exclusion
of air and If possible the Inciusion of inert gases in samples.,

Potential mitigation oplions

A number of potentialy promising mitigation options were identified on the basis of the
conceptual model. The various options neéed o be subjected to technical and financial
fecsibility assessments before they can be considered as guideines, however. A Iist of identified
measures s included below:

. Alkaline addition - Addition of limestone. especially in the wall section, will decrecse the
AP:NP ratio and will reduce the likelihood of acidification of seepage due to the acid-
base balance.




. Depyritsation -~ This technique has been documented in the erature. especially with
regard to cycioned tailings. Pyrite can be separated and included in a lower risk
environment alsewhare or can be reproceassad for a value adoed product

. Engineered covers - These are commaonly used in the inadustry and are designed 1o
recuce oxygen ingress through maintaining high moisture levels and 1o reduce recharge
ond consequent seepage through the store and release principle.

. Ay ash - Ay ash k& alkaline and fine grained. as well as having pozolanic properties In
many cases Mitigation with this material may therefore be possibie. however, coution
needs 10 be exercised due 10 the commonly high leachable metal concentrations in fiy
ashes

. Bottom liner - Where seepage Is generated, a bottom liner can be wed to colect
affected seepoge for treatment. This will be especialy of relevance where ociic
seepage wil be generated at on early stage in the wall section of an FRD.

The suggested measures need 1o be considered in the context of avallable opportunities
throughout the lifecycle of an FRD, for instance, a iner must be Installed prior to construction
for maximum efficiency, whereas a cover can be constructed only after decommissioning of
the fociity.

CONCLUSIONS AND RECOMMENDATIONS

The research has shown that the gepth and rate of weathering In Witwatersrana FRDs is highly
dependent on physico-chemical properties, however, it was shown that facilities of typical
compasition and morphology should take more than 1000 years, before acidic seepoage s
released 10 the receiving environment below the base of the facility.

The objectives for the study were parfially achieved. in so far as It was found that accurate
mogdelling of oxidation rates Is relatively complex and aata intensive. Providing o general
model is herefore difficult due 1o the various site-specific vanations in parameters affecting AP
and NP reclization on an FRD. The recommended mitigation measures need 10 be subjected to
tachnical and financial feasibilty assessments before they con be accepted as best practice
measureas.

1t is thus recommended that further work should be conducted in evaluating these mitigation
measures. Other recommendations include:

. Verification of findings by cpplication of other models.

. Collection of fieid data to cevelop a catabase ogainst which calibration can fake place
and which can serve as a record. Parameters 10 be determined Include:
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Pyrite concenfrations

Infrinsic pyrite oxidation rates (humidity cells)

Empirical determination of diffusion coefficients

Moisture profile determinations

Depth dependent oxygen concentration profie determinations for time ine calibration

Oxygen flux determinations for oxidation rate verification.
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Glossary and abbreviations

Acidification Acidification in the context of this study is considerad o
be the point at which ocidic seepage s generated at any
particuiar point in a tailings profile ofter consumption of NP
ofr on a kxger scole, the point gt which Qcidic seepoge
flows from the base of the dump info the subsurfoce

geology.
.—ABA— - o K Acid-Base Occomﬂng
AMD - Acid Mine Drainoge | Acidic drainage from broken rock reiated fo mining. due

| fo the oxidation of suphide minerals and subsequent
release of suiphuric acid. |

AP | Acid potential. This s the pofential for the formation of
| H:504, as calculated from sulphide species in g sample
I

ARD - Acid Rock Drainoge | ARD is synonymous with AMD in the mining milieu, bufs‘

1com»deted'obeomoregenecdtetm
|

FRD - Fine mine residue ceposit | A deposit of fine residues from mineral processing. This is |
;synonvmcus with a “ftallings dom®, “taiings deposit® or |
;'slmesdom‘.bmtsmepfefenedmodemmogewhere‘
'ﬁnogtanodmmenosmemmmdyom\edepost l
|

—— +— — - —1
MAP | Mean Annua Precnoncmon 7
NP - Neutralsing Potential. This is the capacity fo:;'J sample o

| neutrolise ocidity through buffering reactions and &
f expressed in CoCOs equivalents, commonly as kg/t.

| o |

XRD 7 | X-ray diffraction spectrometry.




1 INTRODUCTION AND SCOPE OF INVESTIGATION

11 Background fo project

The oxddation of suiphide minerals, commonly associated with gold mine tailings in South
Africa and the consequent release of acidic drainage. s arguably one of the main strategic
environmental issues focing the gold mining iIndustry and the South African govemment.

During the operational phase of fine mine residue deposits (FRDs). seepage is typically saline
and neutral (even alkaline). During the decommissioning and closure phases of the FRDs,
Acid Mine Drainoge (AMD) processes foke ploce. Once starfed, AMD processes are
persistent and worsen the saiinity impacts associated with the operational phase, since metal
mobiisation continues for long periods affer decommissioning.

Intemational research shows that oxygen ingress into FRDs as a result of consumption by
pyrite oxidation, decreases with depth in an FRD resutting In an oxidised outer cap (Mayer et
al. (2000). Enough ocidity could be produced In this oxdised cap to consume o
Neutralisation Potential in the rest of the FRD. resulting in Acid Mine Drainage (AMD) from the
waste foclity. However, Mayer et ol. (2000) also found that this oxidation riofe decreases over
firne 10 significantly lower in-situ rates.

The Inherent store of neutralsation capaocity of an FRD should be seen as a non-fenewable
resource and is the most significant and important defence barier to long-term generation
of AMD. Because pyrite oxidation is kinefically driven. the longer It has to oxidise the more
acidity it will produce.

it therefore seems that the key question that needs to be answered In assessing the AMD
potential of an FRD & how deep the oxidised zone will develop over fime and hence how
much acidity will be generated in this zone compared 1o the total neutralisation potential of
the FRD. Understanding the depth and rate of weatherng. and the mass of ocidity
generated, will thus provide first order input data for an AMD risk assessment for an FRD. By
comparing the total mass of acidity that will likely be generated in the oxidised outer surfoce
of the FRD (developed through this research) 1o the fotal Neutralisation Potential of the rest
of the FRD will provide an estimate of the potential for long term AMD.

This report documents the works that have been camed out by Golder Associates Africa
under confract with the Water Research Commission into the depth and rate of weathering
on goid FRD surfaces as key Information for long-term Ackd Mine Drainage (AMD) risk
assessment,

12 Project objectives and deliverables

There are basically two approaches that con be used 10 assess the potential for complete
consumption of Neutralisation Polential in gold FRDs, including © fop down or boftom up
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approach. Bottom up approaches will typically include complex geochemical and mass-
flow transfer modelling requinng krge data inputs. This type of approach s typically
expensive, complex and dificult o calbrate. This proposal follows a top down approoch by
making use of probabilistic analysis and rsk methodology o assess the potental for AMD
from goid FRDs.

The objectives of the research documented in this report were:

1. To understand the relationship between the depth and rate of weathering and the
potential mass of acidity at golkd FRDs through empirical analysis

2. Develop procedures to conduct rapid occurate AMD risk assessments of goid FRDs

3. Evaluate mitigation or rsk reduction measures by making use of the AMD risk
assessment procedure and provide industry guidelines

The objectives in this research were aimed at providing an ossessmen! methodology or
gudeline and risk assessment ool o evaluate the long-term AMD potential of typical
Witwatersrand sulphidic gold FRDs. The approoach included both empincal and analytical
works and made use of relevant and curent intermational research on this fopic.

The deliverabie of this research can be summarised as follows:
1. A technical research report consisting of the following components
e Documenting the latast knowledge regarding AMD processes on sulphidic gold

FRDs.

e Analytical and numerical modeliing and sensitivity analyses of key processes
driving and effecting AMD processes on sulphide goid FRDs.

e Procedures and guidelines for rapid occurate assessment of the AMD potenticl of
gola FRDs

2 A technical paper documenting the findings and @ presentation 1o outhorties and
incustry representatives

3 Capacity building through the University of Western Cape resulting in the completion
of a project as part of an honours degree.

13 Research methodology

The resecrch methodology followed In this investigation con be summarised by the folowing
four steps. which form the basic structure of the report,

1. Parameters and processas, which give rise to Acid Mine Dranage at gold FRDs




2. Fleld observations and analyses to confim phenomena discussed in the Herature.
3. Sensitivity analysis of relevant parameters in taiings oxidation,
4. Model construction and risk assessment for acidification of Witwatersrand golkd FRDs.

Conceptual modeling and Iiterature surveys were used to develop an understanding of
process and parameters that drive and effect AMD processes on gold FRDs. The Rerature
study included a survey of intfemational research and s documented in Section 2 of this
report. The aim was to understand and document the latest knowledge regarding processes
ond parameters effecting AMD on gold FRDs.

14 Field work and investigation

Based on the findings of the conceptual modeling and iterature survey. fleld investigations
were conducted to evaluate the procticalties of measwing the various processes and
parameters affecting AMD in goid FRDs, Various FRDs were visited 1o evaluate the potential
for screening type measurements.

AngloGold commissioned Pulles, Howard and de Lange during 2002 to sample gold tailings
for geochemical parameters. The data generated Included results for static geochemical
tests, mineralogy and physical properties. One of these FRDs was re-sampled by the authors
to gather additional iInformation.

15 Analyfical, numerical modeliing and sensitivity analyses

In order fo evaluate the Inter-relationships of the key processes that determine the AMD
potential of FRDs, various analytical and numercal models were constructed to simulate the
various AMD processes. Use was primarily made of Oxdiff, a steady state oxygen diffusion
model developed by Golder Associates Africa, and PYROX, o dual ciffusion finite difference
pyrite oxdation model developed by the University of Waterdoo. These models were used fo
conduct sensitivity analyses on parameters affecting AMD processes and to develop an
Excel based spreadsheet model that can be used for screening analyses. The spreadsheet
model 8 iIntended 10 be a tool 1o determine the fimespan involved In the cornsumption of
Neutralisation Potentfial (NP) within a failings profile, due 10 ocid generated from pyrite
oxidation. As it has been shown that Acid Potential (AP) & generally higher than NP in
samples of Witwatersrand talings. it is always theoretically likely that ocidification wil occur ot
some point in time. It is, however, the objective of this model 1o determine what this time
frame & with o view 1o improving the understanding of associated risk, 10 ossist with decision

it must be remembered that this research i aimed only at evaluating whether an FRD wil
tumn acidic or not within the foreseecbile future. A timeframe is defined within approdmately



one orgder of magnitude. This means that in the inferim neutral saline drainoge can still take
ploce from an FRD, which has been classified as having a low potential for AMD

16 Recommendations and procedures

This component of the resaarch focused on documenting the crifical parametars that need
fo be measured in order to conduct simpistic AMD risk assassments using the accompanying
spreacishest model as g screening tool. This component also provides guidelines on how to
take thase measurements and how 10 conduct the screening analyses of AMD potential of
South African sulphidic FRDs. Guidelines are also provided 1o assist the reader In interpreting
the resutts from the screening model




2 UTERATURE REVIEW OF FACTORS THAT GIVE RISE TO ACID MINE DRAINAGE IN
SULPHIDIC GOLD FRDS IN SOUTH AFRICA

Acid Mine Drainage originates due 10 the combined effects of two processes. namely flow of
fransport process and geochemical processes. Tronsport processes include fransport of
Iiquids and gases through the mineral matrix of a tailings deposit and geochemical processes
include all mineral reactions and inferactions between gases, lquids and solds within o
deposit.

The parameters relating 1o each of these processes are determined by the physico-chemical
nature of the taillings material in question. It is the purpose of this section to discuss the
tfransport and geochemical processes as they pertain especially to gold FRDs of the
Witwaterssond, as these deposits are relatively wel constrained in character and have
compositions that fall within well defined boundaries, based on o detailed understanding of
the resource mineralogy of the source material,

The nature of an FRD varles throughout its ifecycle and depends amongst other foctors on
the method by which It was constructed, its mineralogy. climate, parficle size distributions
local topography and geology. as well as other factors. Available data, however, indicate
that the faillings materials of the Witwatersrand do not vary greatly in terms of their physico-
chemical characteristics. Only two depostitional methods were recorded in the iterature, Le.

paddock systems and cycloned tallings deposits (Angio American (1995).
21 Charactieristics of Witwatersrand gold FRDs

Witwatersrand FRDs are typicaly very karge deposits, due 1o the very karge volumes of
matedal that are mined and the high proportion of waste relative 1o recoverable products of
value. They are typically greater than 1km in length and breadth and up to approdmately
60m high.

The tailings are typically of a relatively uniform composition, commonly consisting of between
70% and 90% quartz, 10% to 30% phylosiicates (mainly sericite) and 1% to 2% primary minerals
such as uraninite, moncazite, chromite and rutiie (R&sner et al. (2001) after Wittman (1976 ). In
the study by Zhao (1998), other associated minerals were also shown 1o be common In the
mineraised zones of the Witwatersrand | e.9. fifonite (sphene). albite and caolkcite. These
wera, however, nof reported quantitatively. Various sulphices were also shown 10 be present
In previous stucies reviewed by Zhao (1998), e.g. pyrhotite, sphalerite, chalcopyrite and
galena, however, these are minor phases and ore less important with respect 1o ther ocid
generation potential. when compared to pyrite.

These FRDs have mostly been deposited by the open-ended poddock method, with some
cdeposits having been constructed from cycloned materals (Anglo American (1995). The
ceposits have a stratified morphology. caused by hydraulic sepoaration of coarser and finer
materials between depositional events, Some variation also occurs between the wal and



beach sections as a result of differential setting of particulates over the FRD profile. aithough
the significance of this effect is likely to be Imited in paddock deposits of the Witwatersrand
cue 1o the relatively uniform porticle size distribution of the Witwatersrand gold 1ailings in
general (Anglo American (1995) and Bezudenhout and Vermaak (2002 ).

211 Construction methods

FRDs are constructed. using various methods throughout the word. Al methods fal within
essentially three classification classes (MocG. Robertson (1987):

e No embankment faciihes, including submanne and locustrine deposition, commonly
oppled in ports of the wordd where condifions and regulations permit suboerial
depaosition.

e Cenfral discharge methods, which make use of tailings viscosity to shape the deposit
from a central point, also eiminating the need for an embankment system

e Embonkmen! relained deposts are constructed, using upstream, centreline and/or
dowrstream corsfruction methods. These methods are defined according to the
direction in which successive iffs in the wall are constructed relative to the point of

discharge.

Among these construction methods, the Witwatersrand FRDs classity within the embankment
retained deposits. Padaocked systems 1all mostly within the upstream construction methods
due fo successive liffs being constructed in an upstream drection to the previous ones.
Altemating upstream and downstream depasitional methods have also been used (Anglo
American (1995). Cycloning falls within the centreline construction method according to
MocG Robertson (1987) as the deposition point moves essentially vertically as the size of the
adeposit grows.

The paddock systemn makes use of pipes 1o fill constructed paddocks (doy poddocks) in o
rng ayke with slurry during the day. The coarser material is allowed to seftie until the late
aftemoon, whereafter the remaining fluid is allowed to drain through a breach 10 a larger
night paddock within the body of the FRD. Here materal that is stil suspended can sattie
over night. Finally. clarified water is allowed to decant through the penstock system back to
the plant for reprocessing (Angio American (1995) and Rdsner et al. (2001).

Distinctive loyers of between 5cm and 10cm thickness. visbie by varations in colour and
texture, are commonly observed. Sharp contacts between layers are visible (see Figure
2.1.1().

Cyclone depaosition occurs in @ minority of cases in the Witwatersrand. This method makes
use of thickenad taiings underflow from a cyclone system o construct a ring dyke, with the
cyclone overflow being drected into the impoundment. The method 5 dependent on




particle size distributions, as sufficient coarse materal s necessary to ochieve a good
separation by cycloning (MacG. Robertson (1987).

2.1.2 Particle size distributions

Particle size distributions within FRDs have been described in o number of studies. Yanful
(1991) describes the particle sze distributions as silty sands or sandy silts, with a proportion of
clay skzed material. The matenal is generally fine grained as i required to liberate oll mineral
grains for metalurgical processing. The grain sze distribution § described as >75% of the
material with particle sizes of <75um (Rbsner et ol, (2001) after SRK (1988)

The goid tailings of the Witwatersrand are described as being relatively uniformly graoded and
thus do not possess great variablity In thelr saturated conductivity values (Anglo American
(1995). In general, four types of tallings are recognised, i.e. FC/FF, CC/CF. FC/CF and CC/FF
(see Figure 2.1.1(b) after Anglo Amercon (1995). with C representing Coarse and F
reprasenting Fine. FC for example represents a fine coarse fraction and FF represents o fine
fraction. Gold talings are recognised as an FC/CF type of talings.

Figure 2.1.1(q): Stratification visible within a wall cross-section of an FRD.

The well-graded tailings in the FC/CF group tend 1o form a relatively fiat beach, of 0.5% and
result in a relatively uniform permeability as well. A typical curve for this type of distribution




has g D parficle sze of 0.03mm (Anglo Amencon (1995). This distribution falls within a set of
curves. describing 1alings of varnous types, with D, particle sizes ranging between 0.003mm
and 0.04mm, with FC/CF failings tending to fall between about 0.02mm and 0.1mm. An
envelope containing o tailings materials is defined with an upper Dy bound of 0.25mm,

Available particle sze distributions for this study were all obtaned from paddocked tailngs
and conformed with literature descriptions. No data was avallable for cycloned tailings. It s,
however, stated that cycloning is feasible in gold talings even with 90% of particles <75um.
Dewatering of underfliow talings to B%-10% water allows rapid consolidation and high rates
of rise on cycloned talings deposits (Angio American (1995).
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Figure 2.1.1(b): Particle size distributions associated with various types of tailings, after (Anglo American
(1995).

Particle size differences between the wall and beoch sections ore likely to be more
pronounced In cycloned talings. It can thus be expected that the differences in
permeabilities 1o both gases and quids between wall and beoch sections wil be more
pronounced in these deposits than woukd be the case for paddocked tallings.

Maorin and Hutt (1997) indicated that o degree of mineral separation. due 10 density
separgtion. can occur in certain FRDs where suitable conditions exis!. No data were
availkable to confim or negate ths effect in Witwatersranc gold FRDs. Stratification due to
density separation was alkko observed with rotational pumping of matenal between
podaocks, a common phenomenon In Witwatersrand gold tailngs (see Figure 2.1.1(0).

The presence of fine-grained strata within tailings deposits has also been noted These
features are of major significance, as they are capable of retarding the fliow of water gue o
the formation of capilary breaks in the talings matenal ond in cornseguence will aiso retard




gas flow due to the presence of these water saturated layers. Such layers were discussed by
Nicholson et al. (1995) and were also observed in the fleld during this study.

213  Moisture content in Witwatersrand failings

The moisture content of tallings materal is variable and is a function of climatic variation and
the iecycie of an FRD. Rosner et al. (2001) after Funke et al (1990) distinguish tallings material
cerved from goid processing plants and talings derived from gold and wanium processing
plants. The solids to water ratio of the wet slimes materal is approximately 1:1 for the wet gold
skmes material and 1:4.5 for the material derved from combined gold and uranium recovery.

The moisture concentration may be affected by a number of factors, including cimatic
Other factors affecting moisture content include physical foctors and mineralogical factors.
The moisture content in any specific portion of an FRD, especially below the zone where
evaporation takes ploce & largely govemed by the particie size distribution.

Moisture contents measured in the laboratory for the upper portion of closed FRDs by (Pulles,
Howard and Delange (2002) varked between 8.5 and 20.5% by weight.

As mentioned In Section 2.1.2, fine-grained layers exist within FRDs, which may lead to the
formation of watersaturated layers where copliary breoks form, Variations in moksture
content over small distances may therefore be significant and can consequently significantly
affect the flow of water and gases through the tailings profie.

214 Porosity

Porcsity has been shown to be an important factor in determining gas diffusion rates and s
fundamental input parameter in modeling the oxidation rate of pyrite in a fine grained
matrix. This & becouse the diffusion coefficient of oxygen through the materal ks defined
primarlly by the material porosty and the moisture content (David and Nicholon (1995),
Wunderly et al. (1995) and Nichoson et al. (1989). The diffusion coefficient for oxygen
through air s greater by four orders of magnitude than the diffusion coefficient for oxygen in
the effective diffusion coefficient through talings material.

Porosity in Witwatersrand FRDs is generally considered 1o vary between 31% and 34%. or
expressed as void ratios, between 0.46 and 0.51 (Wates (pers. comm.)).

215 Geochemisiry of Witwatersrand goid FRDs
The mineral compasition of Witwatersrand reefs are described as consisting of between 70%

and 90% quartz, 10% to 30% phylosiicates (mainly sericite) and 1% 1o 2% primary minerals
such as uraninite, monazite, chromite and rutile (Résner et al. (2001) after Forstner and
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wittmann (1976). More detaled analyses from Feather and Koen (1975) showed quartz
having abundances of 88% and 89%, muscovite of 4.4% and 3.0% and pyrite of 6.6% and
3.2% respectively for the Vaal Reef and the Ventersdorp Contact Reef. Minor proportions <1%
of other minerals were found to be present. Rosner ef ol (2001) found that besides Quanz.,
the minercls found in tailings Included muscovite. chiorie and pyrophyiite. The secondary
mineral. jarosite, which is formed after pyrite oxidation. was aiso detected in minor amounts
and where sufficient calcium was present gypsum was also found to occur

Pyrite may occur in both euhecral (less reactive) or framboidal (Mmore reactive) foms in the
Witwatersrand reefs. due o the presence of biogenc carbonaceous matena in the
Witwatersrand reefs, along with the prasence of hydrothemmally precipitated pyrite grains.

22  Transport processes

Water and gas tronsport aré the main processes affecting AMD and poliution mobilsation ot
gold FRDs These processes are expected 10 be rate Imiting In that flow processes determine
the rate ot which contaminants are mobilsed from the talings material into the receiving
environment, whereas gas transport processes limit the rate at which AMD processes take
ploce within the tailings deposit.

The flow of water determines how much of the contaminant lood s mobiised ond also
determines how fast and in which direction it will move. Aaditionally, it also determines the
moisture content within the tallings body at any one pasition in time and spoce and thus
influences the oxidation rate by determining the fraction of air-filed pore spoce available for
air 1o move through

In fine tallings material, where oxygen diffusion is the major gas transport mechanism related
to pyrite oxidation, gas transport rates are essential in determining the rate at which sulphices
can be oxidsed. This amounts to a drect measwrement of the rate at which contaminants
(ocidity and 1oxc elements) are Qenerated

The rate of contaminant generation. along with the rate of contaminant transport will
determine the concentration ond volume and thus the environmental impact of any
poiution that does occur.

2.21  Water flow within a Witwatersrand goid FRD.

Water flow 5 commonly described by two different models, |.e. soturated flow and
ursaturated flow. In saturated flow modess. a basic form of Darcy’s low is commonly uwsed 1o
describe the flow rate of water in a porous matenal. In ursaturated flow models. the situation
becomes far more complex, as hydraulic conductivity becomes a function of the moisture
content of the material. This s becouse water tends to flow in saturated pore spaces and
does not easily fiow through dry. gir-filled, pore spoces.




It s essential to be able to calculate or measwre the water balance associated with an FRD.
This impilies that fluld fluxes can be determined, as well as the moisture content of the tallings
determine the environmenial impact that will be associated with a particular taiings deposit,
To construct such & water balance, water inputs from rainfall and process water need to be
quantified on a temporal basis. Losses due 1o seepage and evaporation/evapotranspiration
also need 1o be quantified. The inherent moisture content of tallings will be a function of their
physico-chemical makeup. ideally a good understanding of such a water balonce enables
one to determine how much water fiows through an FRD to the groundwater fable or 1o the
foot of the FRD, as well as to determine what the moisture content of the 1alings depaosit is
over time.

The seepage volume from an FRD will also relate to contaminant concentrations in seepoge
water. as a dynamic balance will exist between seepoage rates and contaminant generation
by mineral weathering. Along with spatfial distribution of contaminants, these factors wil
determine the extent of environmental Impacts.

The hydraulic conductivity in Witwatersand gold FRDs has been found 1o be highly
ansofropic (the ratio of horizontal permeability vs. vertical permeability s significantly
different). largely due to compoaction of the sediment column in @ watersaturated
environment. Hydraulic conductivity in the horizontal plane Is considerably higher than in the
vertical plane. The anisofropy is coused mostly by the stratification within the sediment and
shvinkoge cracks. Ansotropy coefficients of between 5 and 10 are considered nomal, but
values up 1o 200 have been reported (Résner et al. (2001). Deeper cracking due fo foulting
or saismicity may also be significant (Zhao pers. com. (2004 ).

A st of characteristics of elevated FRDs s provided by de Vos et al. (1999). Water is
described as moving only vertically, with horzontal outflows of water not being observed.
lorgely due 1o the large horzontal extent of FRDs, relative 10 theilr height. The effects of
anisotropy are thus eliminated.

Duwing the operational phase, seepage from an FRD In the vertical direction i largely
dependent on the permeacbility of the material at the base of the FRD and the presence of
subsurfoce drains. Where the base material is less permeable in the vertical direction than
the tailings material, seepoge will move horizontally towards the walls of the FRD (see Figures
22.1(a) and 22.1(b). The results of this movement are observed In foe seepage. When
taiings materal ks less permeable than the underlying materal, seepage will tend to move
downward. through the foundation into the local groundwater system. Interception arains at
the base of an FRD will ako improve vertical movement of water. The onisofropy of the
system however favours movement of water in the horzontal direction, thus making it difficult
fo drain water from the system from below. For faster drainoge of the water from an FRD
(Résner @t al. (2001) suggested the use of vertical drains,
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A conceptual diogram of the post closure hydrology s presented in Figure 2.2.1(c). A
recedng plezomefric surfoce is indicated. The level of tis suface ond rate at which it
recedes may vary considerably, depending on local conditions. |.e. tailings permeabiity,
permmeabiity of the base and climate

Saturgted flow DIOCesses

Saturated flow processes are described by Darcy’s law. The flow rate s dependent on the
hydraulic conductivity of the porous material, the cross-sectional area of the “oquifer” or
water camying body and the head of water. The haad & defined as the hyadraulic grodent,
which i the aifference in height of the plezometrnic surface divided by the horzontal distonce
between two measuring points within the flow path

The equation for Darcian flow is expressed as @=KIA, where Q is the flow rate (ms'), K s the
hydraulic conductivity (ms '), | is the head (hydraulic gradient), which 8 aimensioniess and A
s the cross-sectional area (m?) of the aquifer.

Although there are deviations from Darcy’s law under field conditions due 10 non-linearity of
hydraulic conductivity, a single value of K describes saturgted flow processes accurately
enough for application to engineerng problems. Non-linearity s obsarved, where turbulent
flow may occur, or where significant electnc forces cause interoction between water and
solid matenals,

Permeability or hydraulic conductivity is a function of the conducting maternal’'s particle size
aistribution and porosity and physico-chemical properties of the fiuld invoived, such as
viscosity. density, dielectnc constant and temperature
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Figure 2.2.1(c): Hydrological model of an FRD pest closure.,
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Commonly D', other charocteristic particle sizes or combinations of characteristic porticle
sizes between Ds ond Do ore wed to calibrgte empirical models (van Schalkwyk and
Vermaoaak (2000). Where particle sze dstributions are used to calibrate an empirical model,
porosity can be considered o be a function of the particle sze distribution If it Is assumed
that a seaimentary body s maae up of sphercal particles, which are packed In g random
orgder. Typical values of hydraulic conductivity, determined for tailings materials from the
Witwatersrand vary between 10¢ and 10¢ ms ' (Anglo American (1995)

Water movement in the saturated zone & confrolled by three factors, |Le. affusion. advection
and dispersion:

« Diffusion is the movement of molecules within @ fluid, due to a concentration gradient. It
is an artifoct of elastic collisions between fluid molecules. Diffusion flux is described by
Fick's law, which states F=D4(dC/dx) F i the flux in mol m? s', Dg & the diffusion
coefficient (mis ') and dC/dx is the concentration gradiant (mol/m?)

- AMMBNMWYUSO‘W“OW'OWMMMDOOVWN
matrix and is related 1o Darcy's law.

e Dispersion is the result of mechanical and diffusive forces Mechanical dispersion occurs
due 10 the midng of a plume with the water through which it is moving ond diffusive
dispersion occurs due o the concentration grodient between the plume and
surrounding fluids. Dilution occurs in the direction of flow, as well as a spreading of the
plume in the direction normal to flow. The sum of mechanical and diffusive dispersion is

known as hydrodynamic dispersion.

FRDs asplay saturated flow charocterdistics duwing ther operational phase throughout o
volume defined by the zone below ther piezomenc surfoce This zone axtends below the
surface from the edges of the retumn water pond af the top of the FRD along the hydraulic
gradient fowards the base and toe of the dump (see Figures 2.2.1(a) and 2.2.1(b) above).
Chemical reactions due to acidification are imited in this 2one of the FRD and pore water
qualities are thus expected to approxdmate those of penstock retum water (Bezuidenhout
and Vermoaok (2002).

After taillings depasition ceases. occumulated water in the pond slowly seeps into the tailngs
body or evaporatas to the atmosphere. Once the surface dries, the saturated zone siowly
recedes below the surfoce at a rate of >0.3m/year (Stuparyk et ol (1995) or approxdmately
0.5m per year (Rosner @t al. 1997). Morin & Hutt (1967) indicated that the rate of water level
decrease & likely to be faster in the wal sections than in the beach sections of the FRD due to
the shorter flow path and larger grain sizes in this zone.

" 10% of the material analysed has a smaller particle size than the Dy, particle size
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Unsaturated flow processes

Unsaturated flow processes are critical in determining the poliution potential within an FRD,
as they are the main mechanism responsidle for the fransport of contaminants through the
system. Within the saturated zone, It i normal for porewater 1o contain excess ime from
metaliurgical processes, thus reducing or eliminating AMD impacts from Initial pore waters In
the soturated zone. It can thus be deduced that AMD impacts on groundwater beneath
FRDs are primarily due to recharge from rainwater over unsaturated talings material or from
process water moving through partially saturated zones in the beach and wall sections of the
FRD where pyrite oxidation can occur.

Partially saturated zones will begin to generate acidity as soon as ar comes info confact with
sulphide minerals In the material. Any further water that moves through pore spaces. which
contain pyrite weathering residues. wil oct as a reaction and frarnsport medium for these
residues.

Unsaturated flow s complex and s influenced by a number of factors in the field, eg.
mineralogy. parficle skze distribution. biological octivity and formation of preferential flow
paths. Two types of preferential fliow paths exist In soll materialk, which can also be
recognised in talings deposits.

The first type consists of “macropores”, e.g. animal burrows, root channels, cracks and fissures
cauwsed by sweling clays, partings on bedding planaes and featwes associated with soil
structre that couse short circulting of flow, as wel as dstubance through geological
activity,

The second type of preferential flow & through the soll matrix as a result of microscopic
varigtions in particle dstributions within the matrix that couse water to fliow preferentialy
between some grains and o avoid other flow paths (van Schakwyk & Vermaak (2000). Fleld
observations indicated that biclogical activity on FRDs & imited, although some vegetation
was nofed. This is ikely 10 be due 10 the low fertiity of quartzich tallings and the aggressive
chemistry of tailings material, which may contain cyanide residues and is also likely 1o be
acidic near the top of the profile. This is where oxidation of pyrite occurs soon ofter
deposition ond also occurs most rapidly due to the short diffusion distance 1o the oxidising
pyrite grains. An example of talings displaying preferential flow paths due to aggregation or
jointing & provided in Figure 2.2.1(d).




Figure 2.2.1(d): A surface oxidised zone and near-surface preferential pathways
visible through iron staining (Bezuidenhout and Vermaak (2002).

Ursaturated flow estimations do not consider preferential flow paths associated with
macropores, but can be calculkated Parameters required for such calculctions Include:;
porosity, the soil charocterstic curve (soil suchon as a function of water content), the
saturated hydraulic conductivity and the resicual water content (water rermaining after a soil
has been allowed to dran under gravity). Modeling unsaturated flow in general &
considered to be challenging. as a result of the presence of mocropores and layering (van
Schalkwyk & Vermaaok (2000).

Both these features are evident in FRDs 10 some extent. Vegetation and possbily burrowing
are likely 10 rasult in macropore formation in the naar surfoce environment. The presence of
thin, watersaturated layers was for instance noted in material colectad during the fieldwork
programme and has been refered to in other studies (Nicholson et al. (1995). Capilary
brecks may be formed where small particle size material 5 ploced over kuger particle size
material. ¢.g. sit sized materal over sand sized material. Water & then heaid within the matrix
of finer materal due to copllary forces and Is thus prevented from draining to the sub-
surface. This results in higher moisture contents In the finer material (Yantul and St. Amaud
(1991)
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Similarly to soturated flow processes. unsaturated flow processes follow basic Darcian
principles. This means that flow takes place In the direction of decreasing hydraulic potential,
the flow rate i proportional 1o the hyaroulic grodient and s aso affected by the geometric
properties of the pore channels. The reiationships are complicated by variable moisture
content, soll suction and hysteresis.

Varation in hydroulic conductivity 5 the main difference between saturated and
unsaturated flow. This occurs due to large pores draining faster than smaller pores. Alr
saturated pores conduct water poorly. Water is thus forced 10 flow through smaller pores and
bypasses the larger pores. causing an increased tortuosity in the flow path and consequently
a lower hydraulic conductivity. This factor has been shown 10 couse o decrease In hydraulic
conductivity in unsaturated sands, relative 1o saturated sands (van Schakwyk and Vermoak
(2000 ).

In the unsaturated zone the molsture saturation and local water flow path are confrolled by
a number of foctors. Grain size distribution. along with mineralogy will control the tendencies
with regard 1o copilary flow. The capiliory zone above the plezometric surface can be
subdivided into three zones. |.e. the capiliary fringe. the copllary zone and the discontinuous
zone (van Schalkwyk & Vermoaok (2000) and Rdsner ef al (1997) offer Marfin & Koemer
(19840). The caplliary fringe & o saturated zone above the plezometric surfoce, which exists
at negative pore pressure. The capliiary zone is a partially saturated zone, with smaller pores
filed with water and larger pores filled with alr. In the dscontinuous zone, water s adsorbed
onto the surfaces of hygroscopic minerals, especially clays. and requires external force to
remove it, e.g. evaporation. Depending on the particle skze distribution, o capillary head of
variable height will exist above the plezometric surface. Yanful (1991) after Lambe &
Whitman (1969) used an empirical relationship 1o determine the capliary head, |.e. he=001(-
21.9-85.1200g0w)). where he Is the capliiary head and Dy i the effective parficle sze defined
as the largest grain sze of the finest 10% of the material measwed.

Unsaturated hydraulic conductivity is a non-linear function of volumetric water content and is

abko dependent on the hydraulic head. It s commonly expressed as a function of soll suction
(K(9 ). pore-water pressure (K(uw ) and/or effective pore radius (K(R ).

A large number of empincal methods for determining unsaturated hydroulic conductivity
have been developed. The eguations derived from these studies commonly make use of
particle size distributions and characteristic curves (pore pressure and water refention curves)
of porous materials 10 determine thelr hydraulic conductivities.

Various authors, as described by Van Schalkwyk and Vermaak (2000) showed that hysteresis
(varigtion In characteristic curves between wetting and drying cycles) has varable
significance with respect to its effects in determinations of the hydroulic conductivity of
material. It was found that variation due 10 hysteresss is least for the moisture retention curve
(max 300%), compared 1o the pore pressure curve (max 20 000%). thus leading fo the




1%

conchusion that K is best-determined using moisture retention curves, i.e. K(8) is more reliable
than K(u.).

Van Genuchten and Wierenga (1977) used Tritlum to show that zones of immobile water exist
in an ursaturated soil profie. Immaobile water masses ronged between 6% and 45% of the
total water mass. This indirectly indicates t™hat water follows preferential fiow paths in such
systems. it was aso shown that diffusion occurs between the mobille and immobile water
masses and that the mobliity of water is inversely related to the flow velocity of water through
the pores. thus indicating that isolated pathways may still interact with the flux moving
through preferential pathways

Detalled dscussions of unsaturated fliow can be found in other Water Research Commission
reports and In ofher geotechnicol, gechydological ond flud dynamics iteratwre. Van
Schalkwyk and Vermaoaak (2000) provide a detalled discussion of saturared and unsaturated
flow.

Ufecycle effects on water flow

Both saturated and unsaturated flow processes occur within FRDs and are a function of the
lifecycle and morphology of the system, Le. the stoge of development and the spatial
position within the FRD. A conceptual time cependent graph. demonstrating the change in
seepage rates from an FRD from the operational phase 10 the closure phase i given in Figure
22.1(e).

Decommissioning
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v
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Figure 2.2.1(¢): A conceptual graph of secpage rates from an FRD pre- and post-deccommissioning.

This graph represents the water flux during the operational phase of an FRD and the
subsidence of the piezomertric surface after deposition of talings ceases. As the saturated
zone moves lower, the seepage rate decreases due 10 the decrease in heod. Processes such
as caplliary action and recharge become more important in the water balance auring this
time. The plezometric surfoce moves downward ot approxdmately 0.3m to 0.5m per year
shortty after closure and progressively siows as the water surface approaches the base of the
deposit under a lowear head. In the long term the piezometic surfoce wil vary around a
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aynamic equilibrium position within the deposit, the level of which will depend on recharge
from rainfal and changes in mineralogy and morphology. as well as the hydraulic
conductivity of the base materials. Post closure modeling by Bezudenhout and Vermaaok
(2002) found that seepoge would be generated at a rate of 1% to 6% of Mean Annual
Precipitation after the phveatic surface subsides.

In the post closure phase, the unsaturated zone expands into the zone below the pond as air
progressively fills some of the void space, previously occupled by process water. In the long
tarm, this 20ne extends through maost of the deposit up to the point where rainfall recharge is
able to maintain a dynamic equilibrium or the deposit Is completely unsaturated.

Variations In the flow regimes of FRDs constructed by different methods may be expected.
The small differences between parficle sizes of falings materals of the beoch and wall
sections on Witwatersraond poaddock deposits indicate that variations should not be very
large.

Where cycloning achieves preferential separation of coarser grained matedal, a more
pronounced difference In permeablities may be expected between wall and beoch
sections of a deposit. Morin & Hutt (1997) noted that cycloned fallings manifested significant
particle ske differences and even mineral separation tendencies between wall and beach
sections of a deposit. It is lkely that vanations will not be very karge in the Witwatersrand
paddock deposits, however, due fo the relatively uniform parficle size distributions, as
mentioned In Section 2.1.2.

The effects of particle sze variations will couse o steepening of the plezomefric surface
where they do occuwr. This wil couse the plezometnic surfoce 10 be convex fowards the
exerior of a deposit as depicted in Figures 2.2.1(a) and 2.2.1(b). The degree 1o which this
phenomenon will be cbserved wil depend on variations in the permeability of the tailings
matenal, as well as the base of the deposit. Where permeability increases are observed. it ks
likely that higher oxdation rates will be ocbserved In the wall of the FRD than would otherwise
be the case. as the materal wil have a lower level of moisture soturation and the
unsaturated zone is likely to penetrate deeper into the taiings deposit,

222 Gas transport processes

Gas transport s generally described as occuring either by advective or diffusive flow. In
talings materials it has been shown that advective fliow. including barometric pumping
(movement of air due to changes in atmospheric pressure), does not contribute significantly
to oxygen fransport, due o the fine-grained and hence relatively impermeable nature of
taiings material. Where preferential pathways exist in the near surface environment, a imited
amount of advective fliow may occur (James (1997), however, this is not expected to affect
the overal oxygen fransport rate significantly within an FRD. Thvoughout the MHeratue
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surveyed, diffusion was recognised as the maojor mechanism for oxygen fransport through an
FRD. ond olso serves as the basis upon which 13ilings oxidation modes are based

Diffusion in talings & driven by the concentration gradient between the tailings surface and
the matrx, couwsed by weathering reactions that consume oxygen, e.g. the oxidation of
pyrite (Yanful (1991). Oxidation is usually confined 10 g few metraes below the surfoce as g
resuft of oxygen fransport limidations due to diffusion (Résner et aol. (2001). with oxygen
concentrations becoming progressively lower with depth. Agure 2.2.2(a) shows a profile
through fine taiings. which gemonstrates a rapid fransition between oxidised and unoxidised
talings. related to the movement of an oxidation front

. Le's o

Figure 2.2.2(a): A contact zone belween oxidised and
unoxidised failings.

Oxygen s the most significant gas in determining reactions in tailings materal. This s becouse
it is the rate imiing reactant of pyrite oxdation reactions in diffusion-confroled systems, o
foct that has been recognised throughout the Herature referenced in this study. The ability 1o
determine the oxygen diffusion rate through an FRD over fime will thus enable long-term
prediction of AMD potential. Along with knowledge of water fliow,. calculation and/oe
modelling of pyrite oxdaation rates provides the tools for getermining poliutant concenfratons
within ond around a taiings depaosit over time. The challenge bes in occwrate determination
of these processes
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Gas diffusion 5 mathematically described by Fick's first ond second laws, which are
formulated as folows:

Fick’s first law:

& )

J = flux of oxygen (mol/m?s)
D = diffusion coefficient (m?/s)
C = concentration (mol/m?)
Z = depth In the talings (M)

It can be seen by Inspection of the fist law formulation that the gas diffusion rate &
dependent on the diffusion coefficient and the gas concentration gradient through the
material in question.

Schafer et al. (1997) added a term 1, for oxygen consumption by pyrite in the following
equation:

S a/ 3)
E(aC,)z &' .l =0

Jo = Gas fux (mol/m?s)

a = Volumetric air content (m?)
Z= Diffusion distance (m)

1 = Gas consumption term (mols')

The solution for steady state one-dimensional flow for this equation was provided after Jury et
ol (1991):

"‘ z: 4
C‘(:)-C_+r,BT ?4»1.: 4

.

Co (@) s the concentration ot depth 2 (mol m?)

Co s the atmospheric gas concentration at depth 2«0 (mol m?)
fg Is the gas consumption term (mol s')

Dy Is the aiffusion coefficient of the gas in soll (m? s ')

Z's the depth (m)

L s the depth af the depth of 2ero gas flux (m)
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Nicholson et al. (1989) developead the folowing equation to determine steady state oxygen
concentration vs. depth according to Fick's law. This is also the equation used 1o develop the
Oxdiff model on which part of the accompanying spreadsheet model is based

C, =C, x107" " (5)

Co - Start oxygen concentration at top of profile in kg.m?
z = Depth at which concentration is calculated in m

k = Kinefic rate constant for pyrite oxidation in s’

Der = Effective diffusion coefficient in més!

C: = Concentration of oxygen ot depth Z

From these equations. it can be seen that the important rate imiting parameters are the
diffusion coefficlent and the ldnetic rate constant. As the diffusion depth Increcses, oxygen
diffusion becomes @ more dominant parameter than the inherent reoction rate in

determining oxygen fux

The diffusion coefficient within talings is highly dependent on the pore space characteristics
of the material. Oxygen diffusion into an FRD occurs mostly through gas-filked pore space as
opposed 1o Iquid filed pore space (David & Nicholson (1995) and Yanful (1991). This 5 mostly
due to the difference between the diffusion coefficient of oxygen in water (2x10%cmi/s) vs,
the diffusion coefficient of cxygen through air (0. 178cme/s). By implication diffusion rates ore
therefore affected by both the porosity of the matenal, as well as the moisture content of the
material.

David & Nicholson (1995) determined the oxygen concentration gradient within 1ailings by
using nedr surfoce measurements (the top 35cm) 1o calibrate the value of Der. To calculate
the effective diffusion coefficient under afferent cegrees of saturation, the following
egquation was used:

0

D
D,=-tD'(1-5)" +7—
7 - H (6)

Where D]is the coefficient of diffusion for oxygen in air and D! s the diffusion coefficient for

oxygen in water as discussed above, S s the degree of water saturation, H is the modified
Henry's constant (H=26.32 at 10°C) ond 1 and a are fitting parameters, which were
determined by non-linear regression of laboratory column data (after van Genuchten (1987).
The values for T and a were calcualted at 0.27 and 3.27 raspectively.

Stuparyk et al. (1995) used o modified version of a semi-empincal equation after Reardon
and Moddie (1985) to determine the oxygen diffusion coefficient. Yanful (1991) calcuiated
the Effective diffusion coefficient usng empincal methods ond oo performed
measurements. Troeh et al. (1982) and Millingtcn & Shearer (1971) ako developed equations
to determine De». The equations are all primarily functions of gas filled porosity
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Numerous studiies have been conducied, which make use of this knowledge fo guantify the
sulphide oxidation rates within tailings. David & Nicholson (1995) performed calculations on
pyrhofite oxidation, using a gas concentration oxygen fiux method.

This method was found 1o be sensitive to changes in the permeabliity of the tallings profile
due to variation in the tallings properties. such as altemating coarse and fine-grained layers.
The problem was freated similarly to the application of Darcy’s law for hydraulic conductivity,
using the harmonic mean value of the diffusion coefficient for calculations (affer Freeze &
Cherry (1979). 1t was found that rates were overestimated using ths method due to the
difficulty of accurately measuring the water saturation of the tailings maternal on a local
scale.

Nicholson et al. (1995) noted that oxygen diffusion will be retarded by finer grained layers
reiative to coarser grained layers due 10 the higher moisture saturation in the fine-grained
materal. This is likely to occur where capllary breaks form, as discussed under unsaturated
flow processes in Section 2.2.1.

Porosifies may be varioble in oggregated materials, such as oggregated solls. This
phenomencn may also be seen in talings. as illustrated with the formation of mud crocks

and iron staining along preferential pathways within taiings below the surfoce (See Figure
2.2.1(d). Porosities between aggregates will be higher than within matrix material.

Nicholson et al. (1995) measured oxidation rates between the walls and centre sections of an
FRD and found that gas diffusivities vared by two orders of magnitude. This was attributed to
the reduction in suiphide content and the lower permeaability of the finer material at the pool
areq, reiative 1o the beach area. It should be noted, however, that similar fendencies will not
necessarlly occur in Witwatersond FRDs as mineralogy and particle size dstribution
differences are likely 1o be significant between the study sites discussed by Nicholson et
al.(1995) and Witwatersrand FRDs. David and Nicholson (1995) described fine grained layers
within an FRD profile, which had higher moisture contents than layers above and below. Low
gas flow measurements were atfibuted to the effects of thase layers on the diffusion
coefficient of bulk tallings (see Sections 2.1.2 and 2.1.3).

Segoard Andersen et al. (2001) showed that during carbonate reaction with pyrite oxidation
products from marine sediments, a gas volume reduction occurs due 1o the 1:2 molar ratio of
CO:; released relative to O consumption. This mechanism may piay a part in gas transport
through talings material. however, no measurements of this phenomenon are known.

Nichokon et al. (1995) describe o method by which oxygen consumption within the failings
profie con be measuwred directly. I enfails the measuwrement of oxygen concentration
change in the heodspace of a thin walled Aluminium cylinder inserted into the 1allings. A
cap with sensor equipment i ploced on the open cylinder and the change in oxygen
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concentration over time s measured. it was found that cxygen consumption rates varied
between 250mol O: miyr! in the areas that were located adbove the woter table to 0.1mol
Oz mayr' cioser to the FRD pond area. It was also founa that oxygen consumption rates and
sulphate production rates were stoichiometric, occording 10 pyrite oxidation equations,
except! at lower oxiaation ratas, where it s beleved ncomplate oxidation resutted in lower
sulphate concentrations. Nicholson et al. (2000) and Bussiére and Aubertin (1999) used the
oxygen consumption method for studies of Iming requrements and cover perfomance
respectively.

Timms and Bennet (2000) discuss a device that aiso performs headspace measurements to
colkculate oxygen consumption. This device s more sophisticated and can be used on the
surfoce of an FRD due 10 0 pressure equilidration mechanism that is included on the device,
fo prevent inflow of gas from the outside of the cylinder 1o the inside as a result of the
formation of pressure gradients. This device was constructed from an old 44 gallon drum and
was driven into the tallings to a depth of 1cm with a 3cm heodspace for measurements.

The method used by David and Nicholson (1995) and. de Vos (pers. Comm.) to measure
oxygen concentration changes entails measurement of the oxygen concentration profile
within the tailings to calibrate an oxidation model. This method uses a thin stainlass steel tube
that b driven progressively deeper into the tallings to determine the oxygen concentrations
at afferent depths. A depth dependent oxygen profile i thus measwed. This method s
wsefu, in that it is copable of defining the pseudo-steady state oxygen concentraton profie
within an FRD. Oxygen diffusion models. such as the model by Davis & Ritchie (1986) or van
Niekerk (1997) use the oxygen concentration profile o calibrate the momentary pyrite
oxaation rate as well as the model time axs, which is not possible when using headspoce
measurements.

David and Nicholson (1995) concluded that measurements of the oxygen concentration
gradent cause overestimation of the oxygen flux. Two reasons were given for this:

« The oxygen gradient or filux method determines a “snapshot” value, which If determined
in the dry secson wil De higher than the average value

« Thin fine-grained layers within an FRD, which have higher moisture contents than
averaoge, control oxygen flux due to their low permeablity. Measurements of average
moisture contents thus do not represant the field conditions adequately.

David and Nicholson (1995) also used a geochemical mass balance approach 1o determine
historical weathering In the same FRD on which oxygen measurements were performed.
Weathered pyrite mass was calcuated by integrating the assoived suiphate and Iron masses
ocross the weathered profile in Scm core sections. It was found that secondary minerals pioy
an important part in these detemminations and will fend 0 cause on underestimation of
weathering products due 1o precipitation reactions. it was found that areas affected by high
oxddation rates woukd be befter represented by sulphate concentrghons, as sulphice
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oxidation was kely fo be the major source of sulphate under these conditions. kon was
found o be g befter estimator at lower concentrations: however, it was acknowledged that
mineral precipitation was ikely o couse lower concentrations 10 be recorded than were
octudlly released by pyrite oxdation. The coiculated oxdation rates obtained from the
oxygen concentration method and the geochemical assessment method vared by two
orgers of mognitude due 1o the effects of under- or overestimation.

As discussed above, oxygen fransport will be the rate-imiting factor in pyrite oxidation
reactions In FRDs, especially once the near surface layer of the talings body has been
oxidised. It was also shown by various authors that the diffusion rate of oxygen s determined
by the air-fled porosity of a fallings material as a result of the foct that oxygen diffusion
through air is four orders of magnitude faster than through water.

This observation indicates that cxddation will occur primarly in the unsaturated zone of a
talings deposit throughout its Iife. This implies the wall and beach sections during the
operational phase, as unsaturated conditions dominate in these zones. Durng the
operationol phase, the pond section of an FRD wit be primarly a satwated 20ne. with
desiccation being uniikely during this perod. Tailings that occur below the plezometric
surface can thus be expecied to remain essentially unoxddsed during the construction phase
of the FRD.

Materials that occur above the plezometric surfoce are at least partially exposed 10 oxygen.
with the possible exception of a part of the capiliary zone. These materials will thus begin to
oxidise during deposition and wil confribute 10 ackd generation at an early stage In the ie of
the talings deposit.

Observations and models show that oxddation rates tend o be rapid where the diffusion
dstance 10 a pyrite grain is shor, It is thus likely that a significant proportion of pyrite will be
oxidised in the near-surface unsaturated zone as successive loyers are allowed fo dry prior to
deposition of the next layer. Yelow and orange staining observed In Witwatersrand FRDs at
different levels within their stratigraphy attests to this.

The vertical exposure of pyritic material on the outside of an FRD wall implies that oxddation
will occur from the onset of the depositional process over the entire height of the profile. The
depth of the oxdation fiont will define the affected zone. This effect wil be further
pronounced, If the wall materal is significantly coarnser than the beach matenals within the
deposit, Due 1o the high APNP reiationship generally observed in Witwatersrand failings, this
will result in ocid seepage from the wall of a dump early on in its lifecycle. Vertical flow of
process water from paddock areas may have some mitigating effect in terms of maintaining
higher saturation levels and providing clkalinity duing the depositional phase. The
downslope, unsaturated, parts of the wall section wil, however, be exposed 10 weathering.
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After decommssionng. as the piezometric surfoce subsides, ursatwrated pore space will
increase. This will immediately provide additional pathways for diffusion of oxygen into the
tailings profile. Qbservations, modeling and Iiterature. however, indicate that oxidation of
pyrite in the body of the FRD i only likely 10 be rapid for the first few years affer ceposition
ceases. This is becouse pyrite that occurs at the surfoce of the FRD will be rapidly oxidised.
due to the short diffusion distance and lower moisture saturation in the evaporative zone
After this Initial period, pyrite oxiaation rates will arop rapidly behind g progressively more
slowly moving oxidation front. The rate of prograss of this oxidation front will be dependent on
o number of foctors, InCluding the diffusion dstance. the pyrite concentration the mosture
content, particle size and porosity of the taiings material. Factors such as tempearature wil

aso play a role. A schematic diogram of the zones affecied by oxidation s depcted in
Fgure 2.2.2(0) and ¢ conceptual graph, depicting the Ikely evolution of pyrite oxdation
rates. as discussed above. within an FRD is provided in Figure 2.2.2(¢).

Figure 2.2.2(b) shows the mormphology of an FRD In cross-section. The outer parts of the wall
section ond the beoch zone are oxidsed near the sufoce. Below the oxidised zone.
however, an unsaturated zone exists, which is essentally unoxidised,

Figure 2.2 2(c) aepicts a conceptual oxygen flux evolution curve over the iecycle of an FRD.
Duwring the operational phase. oxygen fiux remains essentially constant due to the continued
adadition of new materal. After decommissioning. a siight Increase in Oxygen consumption s
expected as the centre of the FRD becomes unsaturated and allows oxygen ingress 10
occur. After a few years. the upper zone of the FRD wil have been depleted of pyrite and
pyrite armouring wil occur ttvoughout the oxidised zone, cousing oxidation rates to fol
progressively over time. Due fo the lower oxidation rate, pyrite consumption will decrecse
and the rate of change n the oxidation rate will thus alse decrease
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Figure 2.2.2(b): A schematic diagram depicting the oxidation profile during the operational phase of an
FRD.
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Figure 2.2.2(c): A conceptual disgram, depicting the total oxygen flux (pyrite mass oxidised)
within an FRD as a function of its Nfecycle.

Effects of deposit type on oxygen diffusion

Oxygen diffusion in an FRD may be affected to some extent by the deposition methods used
as a result of temporal and physical congiderations.

Variations In particle sizes or mineralogy due to variable degrees of density separation
between paddock type deposits and cycloned deposits have the potential 1o influence
oxygen flux rates info these deposits. This will be manifested If significant mineral separation
occurs, especially with respect 1o pyrite concentrations or If significont parficle size
separation occurs, thus affecting hydraulic conductivities and diffusion coefficients.

Variable moisture content resulting from differences in deposifion mechanisms or
pemeabiity of the materials may play ¢ role In confroling oxygen fiux. For example. rapid
consoldation of cycloned wall materials is likely 10 reduce the periodicity ond significance of
oxidised layers within a failings deposit due to the short waiting periods required between
depasitional events. Variations in moisture saturation levels, especially in the wall sections, are
also ikely o occur as a resutt of the differences between depaositional methods.

23  Geochemical processes

2.3.1  Mineral reactions

The geochemical makeup of tailings materal is the determining factor with regard 1o
mobiisation of polufants. As was mentioned in Section 2.1.1, the mineralogy of the
Witwatersrand goid taiings is constrained within a relatively narmow compaositional range.
consisting predominantly of quartz and other minerals of low reactivity. A minor proportion of
the tallings consist of minerals which will contribute fo AP, Some of the siicate minerals that
are lkely 10 reoct In an ocidic envirionment are likely to contribute to NP in the system.
Furthermore, the AP is generally higher than the NP within these talings. thus implying that all
Witwatersrand talings will ot some stoge become acidic. once all NP has been consumed.,
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Mineral reactions In the Witwatersrand talings materal are dominated by the oxidation of
pyrite. with other suiphides not being present in significant quantities (Rosner et ol. (2001).

The reactions of pyrite under vanous conditions are documented by Perking et al. (1995) as
follows:

FcS:¢;0:¢H_.Oc= Fe* +2H" +250; m
2Fe + 1,0, +2H" e 2Fe" + H.0 @
Fe' +3H,0 & FAOH), +3H" 3
FeS,+13,0,+7, H.0 & Fe(OH), +2H .50, @

Reaction (1) occurs in environments of intarmediate oxdation potentials, where the suphate
lon is the dominant species and Fe¥* i the cominant Fe lon, rather than Fed+. At higher
oxidation potentials Fe? oxidises to Fe’+, as depicted by equation (2). Where the pH of the
solution is high enough. Fe precipitates os Fe(OH): as depicted by equation (3). The sum of of
these reactions is given in equation (&)

Mineras are classified into five groups based on thelr dissolution kinefics in @ normal
weathering environment Perkins et al. (1995) after Sverdrup and Wartvinge (1968). The mast
ropidly dissoving group (with rate constants between 10* to 10¢ mol/mvs) are the carboncte
minerals (i.e. arogonite. caicite, dolomite. magnesite) and brucite. The slicates are spit into

four weathering groups

* Fast, with rate constants between 107 to 1095 mol/m3s (I.e. anorthite, nepheline. jocelte,
leucite, spodumene, pyroxenas such as forsterite, diopside. wollastonite, hedenbergite.,
brorzite, amphiboles such as homblende and glaucophane, chiortes, gamets and
apidotes).

e Intermediate. with rate constants between 102% t0 I0'? mol/m?s (L.e. pyroxenes such as
enstatite, hypersthene, ond augte, amphiboles such as tremolite, octinolite and
anthophyliite. ond serpentines such as chrysotile and taic).

e Slow, with rate constants between I0'2 1o 0 mol/ms (Le. feldspars such as aibite,
orthociase, and plagilociase, clay minerals ke gibbsite and koolinite, and micas such as
muscovite and biotite)

e Non-eactive or inert minerals have the smallest rate constants (104 to I0'¢ mol mis').
Quarz. rutile and zircon are included in this group.
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From these results, it can be seen that the mineralogy of the Witwatersrand ks relatively stable,
except for the presence of pyrite, which will rapidly react with oxygen. Acid Base Accounting
(ABA) and mineralogical analyses of these 1alings have shown that AP exceeds NP (Rdsner
et al. (2001), Puses, Howard and de Lange (2002) and Section 3.3.3 of this report).

Neutralisation reactions in Witwatersrand 1aiings wil be imited by the abundance of quartz
in the system. Quartz ks classified as an unreactive mineral (Perkins et al.(1995). Perkins et al.
(1995). however, also demonstrated that slicates, e.g. Mg-chiorte could provide significant
neutraisation potential. The case study In question demonstrated that Mg in solution was
derived from Mg-chiorite in the relevant study sampie. rather than dolomite which was also
present at 5% of the abundance of the Mg-chiorite. In situations where residence times are
long. such as In FRDs, such slicate minerals may provide significant neutralisation potential
where they make up a significant portion of the material composition. Usher et al. (2001)
demorstrated that some silicate minerals potentially have a higher buffer capacity than
cakcite. In these cases reaction rates wil be the Iimiting foctors in determining whether NP will
be realised in buffering acidic porewater solutions.

In the study by Résner et al. (2001), muscovite and chiorfe were identified as significont
constituents of goid failings based on field data. These minerals may thus be capable of
neutralisating some of the ocid produced by pyrite oxidation. It 5, however, not stated
whether the chiorte s Fe or Mgrich. Considering the geological enviionment in the
Witwatersrand, s likely that the chiorte will be Fe rich and that neutralisation ability will thus
be limited. This s becouse Fe-rich chiorte will not provide alkalinity to the same extent as Mg-
chiorite. Muscovite will on the other hand react slowly, as indicated by the reactivity
classification In Perkins et al. (1995). Of the other minerals identified in the Witwatersrand
talings material, jorosite forms as a secondary mineral affer pyrite oxddation and i known to
release ocidity on decomposition. Pyrophwiife, o simple alumincsiicate mineral, & not
expected to be reactive and will not possess significant bufferng capacity, as it does not
contain alkal cations.

A general nile, which should always be considered and Is lustrated in Perkins et al. (1995) is
that the extent 10 which minerals will neutralise acids cannot be predicted without knowing
what secondary minerals will form. Minerals which are used as examples, Inciude siderite and
ferihyarite, formation after neutralisation with caicite. Siderte formation increases the
amount of calcite required for neutralisation by 50% due 1o release of H* during siderite
precipitation. Simiarly, formation of ferrihydrite after caicite reaction doubles the amount of
calkcite required fo affect neutralsation of pyrite oxdation products due to release of H* by
hydrolysis of Fe’*.

In this review. surface area effects of reactions will not be considered in detall. It is, however,
important to note that mineral reactive surfoce area i an important parameter in
defermining the reaction rates of minerals. The exposed surface area of a pyrite grain can
be affected by factors such as morphology and secondary mineral precipitation, Framboidal
pyrite is for instance more reactive than euhedral pyrite due primarily to a lkarger effective
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sufoce areq. but also becouwse of the prasence of more reactive sites on the mineral
suface.

Determination of these influences ore complicated. as surfoce arec measurements are not
necessarily correiated with mineral abundance and are not necessarily reprasented by the
Brunauer-Emmett-Teller (BET) method for surface area determinations (Perkins et al. (1995).
The formation of secondary mineral layers on oxidising pyrite surfoces can impede the
transport of oxygen to the pyrite sufoce and fransport of reaction products away from the
reactive sufoce. These considerations. clong with smalkscale heterogeneities in the
momphology of a tailings deposit. make it difficult to determine mineral reaction rates within a
tallings deposit, as experienced by Nicholson et al (1995). It Is thus likely that mineral reaction
rates will be befter handied by empincal means thon by theoretical calculations

2.3.2 Mineral reaction kinefics

The kinetics of pyrite oxidation are kargely controlled by oxygen diffusion within an FRD, as
was discussed In the section on Qas tfransport above. The model most commonly wsed s the
double diffusion model, moking wse of the shrinking core model for pyrite consumption,
combined with diffusion through the pore spaces of a tailings body (Davis and Ritchie (1986).
This model has been practically implementad in the Pyrox model Wundery et al. (1996) and
the Genernc smulation model for Opencast mine water systems van Niekerk (1997)

The pyrite reaction rate is colculated as being controlled by diffusion through a layer of
reacted matenal. which grows as pyrite is oxidised, Oxygen is required fo diffuse through the
oxidised layer o reach the urnreacted core. thus leading to progressively siower reaction
rates. In the Pyrox model. the diffusion coefficient (D:) through the reocted, oxidised, core
has been calibrated to approximate 7.8x10'2 mis |, using empirical and kaboratory tests (PTI
Environmental Services (1995).

it 5. however, also important 10 consider the presance of bacteria such as Thiobocillus
ferrooxidans, which can increase the reaction rate of pyrite by two to three orders of

magnituge.

Pugh et ol. (1984) found that Thiobociius ferrooxidons was inhibited in environments where
oxygen was prasent at less than 8%. The resutts of therr study. as proviced in Perkins et al.
(1995) are given in Table 2.3.2(a) below. Other interactions of pyrite In solution, besides
bacterial activity, that are mentionad in the summary by Perking et al. (1995) ond other
sources, include indrect oxidation of pyrite by fermc iron and electiochemical effects, neither
of which are definitively quantified with respect to their contribution to pyrite oxidation rates.

Rate reactions and observations, as provided by Perking et al. (1995) after Nicholon et al.
(1988 and 1990) are given below. These expenments were done In the ronge (0.6-20% Oz).
pytite particle size (54-215 um), temperature (25-60°C) and pH (6.7-8.5)
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* Reoction rate varied inversely with grain size diometer to the first order, but approached
inverse square rates with increasing time.

« Activation energy (described as pseudo octivation energy) was determined at 88kJ/mol.

o The shrinking core model provided a surface rate constaont of 3.07x10° mh' + 46% and a
diffusion coefficient for oxygen of 1.08x10'7 m#h .

TABLE 2.3.2(A): PYRITE REACTION RATES FOR DIFFERENT SPECIES AT DIFFERENT OXYGEN
CONCENTRATIONS (AFTER PERKINS ET AL (1995).

0 -0.006 0.32 0.013 1.0
8 0.018 0.98 0.087 100
20 0.048 097 0. 12.1
Frambodial Pyrite

0 0.007 0.26 0017 30
8 0.054 097 0.125 138
20 0.069 0.96 0.158 17.1
Marcaosite

0 0.031 0.34 0.070 8.3
8 0.094 0.85 0215 28
20 0.094 0.77 0215 28

*Slope refers to the siope of the fitted curve to rate data for each experiment, 1 refers fo the
comrrelation coefficient for the saome curve, k ks the theorefical first order rate constant, as
determined from the kinetic data and Relative rate s a measwe fo compare different rates of
oxidation under different conditions.

Tibble & Nicholson (1997) appled the oxygen consumpftion method to determine the oxygen
consumption rates on various tallings deposits. The results obtained for pyritic tallings material
are given In Table 2.3.2(D) below.

TABLE 2.3.2(B): SULPHIDE OXIDATION RATES MEASURED WITH THE OXYGEN CONSUMPTION
METHOD BY TIBBLE & NICHOLSON (1997).

Scenario Characleristic Oxygen consumption as Oz Max. Potential
investigated variable (molm2a) Equivalent
(Sulphide mineral) CaCOs kg m2a!
(Fe:Ca=1:1)
Range Average
Exposure Time Fresh (<2years 267 33 4
(25% pyrite) 2-4 years 51617 273 29
56 years 1-518 192 21

Approx. 10 years 17-328 81 9
Simple cover Exposed 82-105 105 n
(8% pyrite) Covered <1-33 10 1
Engineered Cover Exposad 228-836 517 55
(6% pyrite) Covered <1-30 7 ]




2.3.3 Secondary mineral formation

The formation of secondary minerols 5 an important factor in determining the ion balance
within @ pore water soluhon, as secondary mineral formation may influance the ocidity of the
porewater solufion by buffering. dissolution or precipitation. In sulphiic systems. this
commonly occurs with minerals contaning kon. An exampie of this can be seen where Fel
forms Qs O secondary step in pyrite oxidation to form Femhydrte in o sufficiently akaline
solution, This results in © concomitant release of acidity occording 10 the equation

Fe™ + IH, O & FAAOH ), +3H"
Smiilarly, ofter neutrgliisation of acidity by the ckalinity in FeCO:. the Fe’ component can

oxdise 10 Fel, resulting in @ zer0 nett change in the proton balance (Perking et al. (1995).
Mayer et al. (2000) showed buffering between seconaary minerals and acid solutions

Jorosite (KFex(SO:(OH)) and Its aluminous analogues are minerals that commonly form in
Acid Mine Drainoge (AMD) environments. These minerals are refered 10 as acid minerals, as
they copture ocdity, which s only released on decompasition of the mineral. Acidity con be
stored in the system for an extended period in ths form.
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31 Objectives

The objectives of the fieldwork conducted as part of this research were aimed ot
constraining the physico-chemical parameters within FRDs that are likely to affect the depth
ond rate of wecathering. Sompiing was not focussed on an ammay of Witwatersrand FRDs. but
rather focussed on one FRD where historical geochemical ond physical data were avallable.
Such an FRD was kindly provided by AngloGold and all geochemical data generated for
AngloGold on this FRD complex was made avallable for the research. Inffial physico-
chemical data were generated by Pulles, Howard and de Lange for AngloGold dunng 2002.

Feldwork for this study focussed on confirming previously reported parameters, as wel as
collection of specifically relevant data pertaining fo physico-chemical characteristics
identified as relevant in the Herature,

Sampiing positions for both studiies are indicated in Figure 3(a) and laboratory resulls are

e

Figure 3a): Sampling positions at the main study site.




3.2 Methodology

For this study pyrite oxdation history Is investigated primarily as a function of oxygen diffusion.
Qs opposed to reconstruction of the oxidation history from geochemical compaosition of pore
waters. As oxygen diffusion is the prmary driver of pyrite oxidation in an FRD and
geochemical analyses are axpansive and are not kely 10 be more rellable than oxygen flux
determinations, it was decided to folow this approach. Additionally, It was decided that o
conservative approach would be followed, which would not permit ungerestimation of
oxidation rates. Davia and Nicholson (1995) indicated that oxidation profile measurements
were likely 1o cause overestimation of oxidation rates as fine grained. higher mosture
content layers are not taken into account when measuring moisture contents. Geochemical
assessments on the other hand would be more Inclined to couse underestimation of
oxidation rates as mineral solublity constrants play a significant role In pore water
concentrations,

The disadvantage of using the oxygen flux method. i that it provides only a snapshot of the
oxidation condifions within a taiings body ana thus requires numerous readings over time fo
provide an accurate assessment.

Fieldwork was aimed ot determining what physico-chemical phenomena are likely 1o impoct
on oxdation rates within an FRD, as well as 1o constran the boundarnies of the oxidsed zone if
possible. During July 2003, ten sites were sampled with a bucket auger within the residue
deposit that was studied, with hole depths varying between 32m and 46.80m. Most holes
were approdmately 5m deep. Seventeen sub-samples were collected from the ten holes
that were mode. A number of photos were also taken 10 ikusstrate the featwes ocbserved,
some of which ore included in this report. Porticie size analyses. X-Ray Diffraction (XRD)
analysas and shake fiask fests were performad on selaected samples. Descriptions were also
recorded for all samples with regard to colowr frends and any other noteworthy
characterstics. Precise colours were not recorded, as it was decided that this woulkd not odd
value, soil scientists having found that colour is not @ relable indicator of conditions within o
soil profie (pers. comm, C. Vijoen). Colours were rather described as they might have o
bearing on differences in oxidation state within a profile.

33 Observations and data
3.3.1 Suroce fectures

A number of surfoce featwres were observed. which are likely to influence the weathering
processes and hence AMD production on goid FRDs.

Plont growth

Plont growth was significant in certain parts of the FRD. particularty near the penstock where
reeds grew in dense clumps. Some grass aiso occumed, mostly near the centre of the
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deposit. The grass was mostly concentrated in mud cracks (see Figure 3.3.1(a ). probably due
o higher nutdent and mosture contents in the fine-grained fling material within the cracks.
Bushes also grew in significant numbers over virfually the whole surface of the FRD. It i likely
that some macropore formation would occur as a result of this plant growth, with resultant
channeling of oxygen and water near the surface of the FRD. The introduction of organic
content ks aso kely fo consume oxygen In the sediment profile fo some extent through
decomposition processes

- . . P ) '
. . . N * A L -

Figure 3.3.1(a): Mud cracks hosting a grass community on an FRD, as well as other
plant mass.

Mud crocks

Mud cracks were present in significant numbers, Cross sections were excavated through the
cracks, which were found to be approximately 10 to 20cm deep from visual inspection.
These features can be expected fo Increase oxygen Ingress 1o some extent in the near
sufaoce where they occwr, however, the Iimited spaoce occupled by these features,
compared 10 the volume of tailings i likely 1o Imit thek influence.
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urfoce texture

Surface texture vared between different parts of the deposit. Wall materals oppeared
sightly coarnser and materiols near the centre of the deposit finer (see Figure 3.3.3(Q). Areas
which clearly held standing water ot some stoge near the centre of the FRD also displayed
significant signs of clay deposition in the form of a cracked, laminated. surface skin

3.32 Subsuriace features

Within the tailings body. a number of features. relevant 10 the pyrite weathering process
were observed:

Leoched horzon

In all tailings profiles, an apparent leached horizon, approximately 5 to 10cm thick, occurred
directly below the surfoce. This i likely due 1o the rapid oxidation of pyrite near the surfoce of
the depasit and rainfall infitration washing weathering products deeper into the taillings body
over time. Leaching is likely to be promoted by the availability of surpius acid after depletion
of NP neqr the surfoce. Rainfal s also iikely 1o move through this zone on ¢ reguiar basis, prior
o being evoporated ogain during dhier pedods. thus rinsing soluble solts into the zone below.

Hardpan hordzon

An iron stained (hardpan) zone occurs below the leached zone, with iron tending to be more
ennched with depth. until the “unoxidised” zone & reached. Some evidence of preferential
flow paths was observed. where jointing was highlighted by planes stained with kon
precipitates (see Figure 2.2.1(d)

A tendency towards motting was also observed, which is an indication of differential oxygen
concenfigtions within the sediment! mass cauwsed by vanable mostue contents due 10
variable permeability. Mottling was especially evident in the coarser froctions. It is expected
that this s due 10 @ more dynamic moisture profile in these materials, L.e. moisture contents
are more varable, as fransport occurs more easily

X front

A distinct fransition from ron-stained to grey or mottied condtions was observed. The
trongition s usually rapid (of the order of o few milimeters or centimefres dependng on
particie size) ond dstinct. This zone depicts the transition between the redox stability of Fea-
and Fe. From the Iiterature and modeling excercses. it is evident that this does not
necessarily represent the oxidation front per se.
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Yellow fo grey fransifions aré commonly observed in soill profies, associated with the
alteration of Fe¥ to Fe?. Holmes (2000) summarised the relationship for lake sediments,
insofar as redox potential is related to pH and Oz concentration. it was found that redox
decreased by 58 mV per 1 pH unit increase; reduction in O; saturation from 100% to 10%
decreased redox by 30 mV and the fransition from Fe? 1o Fe™ was found 1o occur at 200mV.
As a relationship exists between redox, pH and Oz concentration, this could be applied In
determining oxygen concentration gradients in fresh tallings.

Theoretical discussions of these reactions (Appelo & Postma (1993) and van Niekerk (1997),
however, indicate that redox is reflected in the Fe:/Fe> ratic by the equation Eh=E0+(RT/nF)
Ini{(Fe>/Fe)} = 0.77+0.059 log((Fe*)/(Fe)). There is thus not a single point of fransition and it
can therefore not be assumed that the oxygen concentration can be directly measwred by
using the depth of ron staining within the tallings mass. The rapid frarsitions observed in the
field, however, indicate that the colour changes observed are likely 10 occur within o well-
constrained redox envelope.

Secondary sulphide formation

Occasional signs of sulphide formation exist within the unoxidised zone, indicating the
dynamic nature of the system in question and suggesting that the anoxic zone & closely
reiated to the zone of colour change. Black streaking within joints is indicative of the
formation of greigite or framboidal pyrite within the tailings.

Exposing a sample of the matedal fo oxygen highlights the reoctive nature of the fine
suphide grains within the tailings. After two days of exposure, a distinct yellowing of the
sediment & observed in the outer parts of the sompie. It s possible that secondary sulphide
formation thus plays a role in the redox dynamics of an FRD.

Mokt lgvers, fine-grained lavers

Within the tailings body, moisture rich layers, with unpredictable spacing exist. Three samples
of such moist layers were raecovered from ouger samples ond submitted for analysis. The
samples were 2A, 5C and 68.

Particle size distribution graphs for sub-samples from sample sites 2. 5 and 6 are shown In
Figures 3.3.3(b) below and Indicate that the moist layers show distinctly finer grain szes than
the matrix in which they occur,

These layers were probably deposited during periods of stognancy in the settlement pond.
The reiatively high moisture content of these kayers indicates the formation of capliiary breaks
within the talings material.

In some samples, up o three moist layers were observed within a 5 metre cuger profile.
however, these layers were generally not cbserved in the top two metres of the deposit, This
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i likely to be due to evaporative effects having been significant In the upper part of the
deposit, especially auring the ary season when the sampiing was done.

The agbsence of moist layers is thus not necessarily due 1o the absence of fine-grained loyers.
Fine layers will be difficult to detect and separcte if they are not moist, as moisture provides a
means of cohesion and distinction.

The presence of layering has been recorded In the iterature, along with its effects on the
pemeability within taiings (R&sner et al. (2001). A feature of ths layerng & seen in the
presence of capiliary breaks, which are responsidle for the distinct. fine-grained. moist iayers
discussed above. Significant layering effects can. however, also be observed where cross
sections of dumps can be observed, e g where ercsion has taken ploce on the side of o
aump, or where old aumps are being reciamed (see Figure 2. 1.1(a )

Syngdepositional oxdation of pyrite

Yelow stained layers in cross sections of FRDs are on indication of some syndepaositional
oxidation of the pyrite mass. Modeling indicates that pyrite oxidation rates are high in near
surface tallings, with total oxidation of the top meter of pyrite within a few months in ralatively
dry talngs. It is thus likely that partially saturated talings (beaoch and wall matenal) will
uncergo a significant amount of oxidation in the time between depaositional events, with the
reaction ragte being cetermined Dy the pyrite concentration and oxygen diffusion through
the system.

3.3.3 Laboratory analyses

Acid Base Accounting (ABA) gnglyses.

ABA analyses indicated that the AP of the 1aiings material was higher than the NP in six of
the nine samplas analysed. thus indicating a long term probabiity of becoming ociaic. The
highest AP:NP ratio recorded was 1:0.5 and the lowest was 1:12.78. Measured sulphur
concentrations vaned batween 0.17% ana 0.45 % sulphur, thus placing the tallings within the
uncertain range. with respect 1o their potenticl to cauwse Acid Mine Drainage. when
compared 0 standard critena.

Porticle size onolyses were performed on all sub-sampies collected. Inspection of the
analyses indicates that the intra sample variation i higher than that between the beach and
pond areas of the FRD. This s confirmation of a relatively uniform groding between the
beach and pond areas of the FRD (Anglo American (1995). The major proportion of the
tailings material fals within the silt size fraction, with sand and clay making up minor
proportions, sand being more dominant than clay. One sample (2B) contains predominantty
sand size particles. This is, however. an exception. The results for the particle size analyses are
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graphically presented in Figures 3.3.3(a) ond 3.3.3(b) below, with Figure 3.3.3(b) ilustrating
the effect of particle size on moisture content.

X-ray diffraction (XRD) analyses were performed on all samples, to ascertain thelr mineral
composition. it was found tha! quoartz made up between 55% ond 84% of sample
composition, with chiorite and mica being the other significant minercls within the system.
Minor fractions of other silicate minerals were also found 1o be present, generally making up
less than 10% of the total composition. These anclyses agree with those quoted by Rdsner et
al. (2001). Some of the minerals, e.g. plagiociase, chiorte and amphibole, are likely to
provide NP to the system. No pyrite was detected and caicite was found fo be present in
amounts of 1% or less. Goethite was found to be present In some samples. with a maxdmum
of 2% in sample 78,

it is Kkely that pyrite was present even though it was not detected due to XRD being
Insensitive at the concentratiors present. ABA analyses show that there Is sufficient acidity
available in the material for pyrite to be present. It is not cerain to what exent available
pyrite may akeady have oxidsed in the samples collected. In samples collected within the
oxidised zone. it is especially likely that some pyrite would already have reacted with oxygen.
Modelling indicates that the oxidation front can penetrate relatively deeply info a talings
deposit, thus suggesting that partial oxidation of pyrite may have occurred. even In samples
collecied 5Sm deep. depending on the physico-chemical environment,
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Figure 3.3.3(b): Particle size variations between moist layvers in tailings matrix for samples 2, S and 6.
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34 Discussion

Surfoce features on a talings deposit are likely 1o have a limited impact on the overall
chemical processes within o fallings deposit. The reason for this is that the extent of these
features & only of the order of a few centimetres In almost all cases. The short diffusion
distance within this upper zone will cause rapid oxidation to occur in this 20ne Imespective of
the presence of additional pathways.

With regard to subsurfoce features, field results show that talings are relatively
heterogeneous materials. Variations within a tallings body occur both in the vertical and In
the horizontal direction. Mineral compasitions vary 1o some extent, albelt within a imited
compositional range.

As observed previously (Anglo American (1995), the particle ste distributions within a
Witwatersrand goid FRD do not show significant gradation in the horizontal direction, due fo
the generally narmow range of particle size distributions. In the resulfs for this study. it can be
mnmddaqmcmoxuamxhhmwﬂcdahmmm

Data show that AP:NP rafios vary significantty throughout an FRD (Pulles, Howard and de
Lange (2002). and that there are no specific frends related 1o location within an FRD. It was
also found in this study that AP:NP ratios varied significantly between samples tested. It is
uncertain what the contributing foctors o these variations are. however. the initial
mineraiogy. evolutionary history and degree of weathering are all likely o play a part in the
observed effects,

Partficle size and variations in moisture content imply that the gas diffusion coefficient i likely
to vary considerably through the tallings mass. The presence of water saturated fine-grained
layers, which are likely to be discontinuous. will be especially important in this respect.
Infiltration and evaporation of moisture. 1o and from these layers respectively. will play an
important part in determining oxidation rates, as this is the most dynamic and also the most
important factor determining oxygen diffusion Into the tailings mass (see Section 2.2.2
above).
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4 MODELLING

41 Modelling objectives

The objectives of this study were o determine the risk of ocicification in goid FRDs, resutting
from diffusive oxidation of pyrite. it has been recognised previously that the wall sections of
an FRD will be at a higher risk of acidification, as they will be exposed to the atmosphere,
ocross the entire stratigraphic profile. odditionally, the larger particle size, lower level of
moisture saturation and the possibility of enrichment of pyrite by dersity separation is ako
present. Acidification of seepage water from the wall section of an FRD k thus likely to be
rapid within a few metres of the surface (<10 years) and more severe than the remainder of
the dump. but will cover a much smaller areq. It ks in foct likely that the mojor proportion of
this rsk will be realised during the operational ife of the tallings focility. Targeted remediation
of such areas i thus iikely 1o be more cost effective than buk freatment of the fallings mass.

The bulk of an FRD is located beyond the reach of horzontal oxygen flux and Is only
impocted by vertical diffusion of oxygen through the sedimentary profile. The risk of long-
term ocidification of seepoge from the majority of the tallings material thus primarily depends
on the kelihood of ocidily consuming the neutrolisation potential available in the vertical
flow path through an FRD.

The objectives of modeling acidification risk from an FRD were thus recognised as the abillity
to define the rate of release of acidity from pyrite oxidation and to be able to calculate the

stoichiometry ond rate of consumption of neutralisation potential by the acidity produced.
42 Concepiual model

The conceptual model B based on the momphology of an FRD and the geochemical
processes associated with AMD generation and neutralisation, It focuses on the faciors that
will affect oxygen diffusion and geochemical reactions within an FRD, such as descrided in
Section 4.1,

The model evaluates the time within which it 5 probable that ocidification will occur. This &s
based on the assumption that AP>NP, as Is generally the case in Witwatersrand tailings.
Where the AP:NP ratio & less than 0.5 it s uniikely that acidification will occur in any event,
however, where AP:NP is greater than 0.5, the possibility exists that ocidity will consume all
avaliable NP. This is due fo the assumption that neutralisation is affected by a 50% efficiency
of the CaCOs neutralisation reaction at neutral pH. This s o valid assumption, as HCOy is the
dominant species of cabonate at neutral pH. thus preventing COs? from contributing to
neutralisation of acidity in a neutral solution.
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Consigering these detaills, an oxidation model of an FRD was conceived, which includes the
following zones:

e An upper oxidsed zone, which s dominated by pyrite oxidation and is bounded by an
oxidation front and the atmosphere.

« The oxidation front & @ point in the FRD where the Oz concentration becomes 2ero as g
result of consumption by pyrite oxidation. It is ikely that o relationship exists between the
depth of the oxddaation front and the colowr transition between oxidised and reduced iron
within an FRD. although these are not necessarily equivalent points, as discussed in
Section 3.3.2.

o The ocid neutralisation front is G zone in which NP & consumed by ocidity that i
generated in the oxidised zone and subsequentty seeps through the FRD. This is based on
the assumption that rainfall recharge will move more rapidly than the oxidation front.

« The ocidification front is o horizon within the FRD that is defined by the point ot which ol
acidity in solution is neutralsed ond does therefore not consume any further NP

¢ The zone between the acidification front and the base of the FRD does not take part in
either oxdation or neutralisation reactions and & essentially inert, until encroached upon
by ocicity or oxygen from gbove.

[ Atmosphere Surface of FRD

Oxidation front =O\MM zone E

Figure 4.2(a): A conceptual model of oxidation and ncutralisation processes within an FRD.

This model is the bass of the occompanying assessment tool that was deveioped on
spreadsheet. The caolculations are based on a diffusion model for oxidation reactions,
coupled with stolchiomefric mineral reaction equations for neutralisation of acidty.
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The chemical evolution that ks expected to occur over time, using this model s depicted In
Figure 4.2(b) below. The chemical evolution of seepage qualities is ahvided into five stages.
representative of the lifecycle of an FRD. The graph is not to scale, as post-decommissioning
stages may each last for thousands of years, wharaas the operational phase lasts at most o

few decodes.
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Figure 4.2(b): A conceptual representation of average seepage water quality evolution during the lifecycle
of a sulphidic FRD.

In Figue 4.2(b), the time perod leading up o decommissioning (point number 1) & the
operational period. During this period pyrite oxidation and associated sulphate generation
can be attributed to the ursaturated zone between the pond and the wall of the FRD being
recharged by process water. Oxidation will take ploce primarily In the upper part of each
layer of material that is deposited where unsaturated zones develop. Continued oddition of
akaline process water ensures that sufficient alkalinity & added fo the system fo prevent
acidfication of seepage during this period.
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After decommissioning of an FRD (point number 1), as the phreatic surface recedes. an
increased volume of tailings comes iNto contact with oxygen and process water is no longer
added to buffer acidity that s produced from pyrite oxidation. Seepage water qualifies ot
the base of the deposit are ikely 10 remain those of the process water, until such fime as the
remaining process water in the pore space. migrates 1o the base of the talings depaosit (point
2).

Depending on the AP:NP ratio in the material, neutralsation of acidity may take place for a
limited penod. or throughout the ifecycie of o tallings depasit where sufficient NP s present.
In 1Giings with @ high AP:NP ratio. acigfication of the oxidation zone will occur rapidly, thus
increasing oxidation rates due to bacternal oction or Fe'- oxidation. However, both bactenal
octon and oxidation of Fe? to Fe™ will be Imited by oxygen supply by diffusion as the
oxygen diffusion dstance becomes deeper. Where APNP ratios are low, bufferng will
prevent ocidification from occelerating the oxiaation rates, until such time as of NP is
consumad In the reactive zone. This s becouse ooid condihions are the most suitable for
actvity of bacterna such as Thiobocilus ferrooxidans and Fe'* s only mobile under ocidic
conditions.

Where avaliable AP>NP, the acidic front will breck through at the base of the FRD ot point 3,
the time frame of which in practice will be determined by the NP:AP ratio of the talings
material and other physico-chemical parameters. Theoretical modeling showed that this is
likely to be of the order of 1000 years or more in typical Witwatersrand tailings. The model,
however, needs fo be callbrated with applicable field data to confim this observation.
Where avaliable NP>AP, acidification will never occur, as all ocidity that is produced will be
neutraised by NP. Suphate concentrations wil be controlied by recharge rates and pyrite
oxidation rotes durng this perod. uniess secondary suphate minergls should become
saturated at any stage.

It con be expected that a large metal load will be released once the acid front reaches the
base of the FRD. This is because mast metals would be mobilised and transported from their
original positions upon acidification by percolating pore woter. These metals wil then ogain
be immobilsed as precipitates where pH increases occur lbwer down in the sedimentary
profile due to neutralisation of acidity by NP in the matrix. This process will continue until such
time as the enfire profile has been ocidified, a process which i likely to take thousands of
yeors in the Witwatersrand talings environment. At this stoge. the concentrated lood of
metal ions scavengad from higher in the taiings profile wil beécome available 1o the
environment below the FRD over a relatively short time span, dependng on transport and
kinetfic rates. The potential for significant envilionmental impacts thus exists at this stoge.

Once acdification has occuned at point 3, the acid load will continue 10 be generated,
although reporting at progressively lower concentrations due to lower pyrite oxigaton rates
resulting from the longer cxygen diffusion distance. and a constant averaoge precipitation
recharge rate. The entire tailngs profie will oxidise in this way. until the oxidation front
reaches the base of the tailings deposit at point 4. Once this point is reoched, all pyrite Qrains
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arée of least partioly oxidsed and a substantial proportion of the availkable pyrite has been
consumed.

As the pyrite remnants are oxidsed to completion, porewaters dissoive progressively less
sulphate from the deposit, until such time as pyrite is compietely exhausted. The reduction In
suiphate concentrations and likely carbonate buffering from rainwater will couse porewater
pH fo begin to rise ogain towards more neutral values over fime or in the case of neutral
arainage. salinity will decrease.

Where acidification of a faiings profile does not occur, reaction times are likely 10 be longer,
due 1o slower reaction rates. Impacts are aiso likely 10 be less significant, as metals will not
easily be fransported through the sediment profile in neutral porewaters and acidfication of
the base of the FRD will not occur.

Porewater suiphate concentrations that occur will depend on the Interactions between
recharge water and pyrite oxddation products, as well as the possible formation of secondary
minerals. Where recharge rates are high and oxidation rates are very low, impacts due fo
salinity ond acidty may be Iimited. It s, however, not the purpose of this study to quantify
these factors, as sophisticated water fliow, geochemical and oxygen diffusion modelling. as
well as substantial field data are required 1o obtain occurate results. Modeling, based on
oxidation rates and available NP is. however, able 1o provide an indication of the rate ot
which acidification may occur. This s also the basis on which the accompanying model was
construcied.

43 PYROX modeliing
Sensitivity analyses were conducted, using the PYROX program (Wunderly et al. (1996).

The PYROX model (Wunderly et ol (1995) s designed on the basis of o double diffusion
model, Le. diffusion s modelled through oi-filled pore spoces within o porous sulphide-
containing medium, as well as through the oxidised coating on individual sulphide grains. The
model makes use of a shrinking core component 1o simulate oxidation of pyrite grains and o
finte element component to simulate the transport of oxygen. Contaminant loads are
calculated for specified time steps. as wel as remaining oxygen and sulphide concenfrations
at varous leves. It s possible 1o use the model with either pyrite or pyrrhotite as sulphice
mineral.

The program b designed 1o predict ocid waste loods due fo diffusion controlled sulphide
oxdation in mining waste. This program has been widely used for investigations of sulphidic
wastes intemationolly and has thus been verfied 1o some degree. It thus provides
defersible foundation upon which to test and develop specific modeling applications, as
was done for this project. it s, however, cautioned that the model should be calibrated with
field data to obtain accurate results for prediction of oxidation rates. Considering Its wide
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use, PYROX was considered an ideal 1ol for development of a simpified mode! for iInclusion
in this study

431 Sensitivity analysis

Sensitivity anclyses ware performed over o simulation pernod of 200 years, It was found that
under field conditions, considering the physico-chemical constraints of the Witwatersrand
FRDs, reochon rates tend to be defined within a relatively narrow range of exponential
decay curves of the form provided in equation (7)

v=Cx"™ (9]

y is the mass of pyrite oxidised

C is the initial reoction rate

x is the time in years

Zis a fitting parameter determnaed empirically

The range of values for 2 were found to vary between -5 and -7, across the physico-chemical
range which may reaistically represent Witwaterssand 1allings. It is thus clear that the initial
reaction rate is crifical in determining the pyrite oxiaation history within an FRD, but that the
rate at which pyrite reacts over time will tend 1o behave similarly thereafter. with respect 1o
the rate of change of oxidation of pyrite

For the PYROX sensitivity analyss, relevant parameters were fixed in the model at values that
were considered to be typical 10 conservative. Sensitivity to afferent parameters was tested
by varying one parameter at a time, whilst maintaining e others at their chosen volues. Due
to imitations in the PYROX model, it was not possible to test the full range of values that were
of interest, specifically with respect to particle size and maisture contents. The input values
used are given below

o Sulphur content 1% of bulk density

e Particle size Imm

e Moisture content 25% of porosity (11.5 % of total volume. which 8 considered o be
conservative)

o Porcsity 46%

e Temperature 18°C

e D2 = 78x10'2 mi/s (where D2 is the diffusion coefficient of the oxidised layer on an
oxidising pyrite particle)
o Thickness of FRD 40m
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Sensitivity analyses of a similar nature were conducted by Singh & Doulati Ardejani (2003) fo
demoanstrate contaminant genecation trends in backfiled open cut spols. They uwsed a
modified version of a fluid dynamics package called PHOENICS to develop a model for
oxidation of pyrite and transport of oxidation products within backfiled opencast coalimine
spolls.

Barticle se

Particle sze within the Witwatersrand talings ol grodes within the fine sand to sit fraction,
with remnant sand dumps being scarce. The sensitivity analysls related to particle size was
thus run in PYROX within this range. 10 determine the sensitivity of the model to particie size. In
Figure 4.3.1(0). it can be seen that particle sizes of less than 1mm tend to react similarty and
that a negligible effect is noted due to the parficle ske varation. Only where particies
become significantly larger, can significant changes in reoction rates be seen. It can be seen
in Figure 4.3.1(a) that oxidation rates are reduced for larger particies of Smm and 10mm
radius, such as woulkd be found iIn coarse waste, however, in the finer fraction with rodii of
0.05mm to Tmm the rates remain virtually identical. It can thus also be inferred that rates will
be comparable ot smaller particle radi. The effects noted are likely to be related to the
thickness of the oxidised coating on a pyrite grains becoming progressively less significant as
the grains become smaller, s wel as diffusion through the matrix becoming rate limiting.

Due fo divergence of the calculations in the PYROX model under cerfain combinations of
parameters. it B not possible 1o cover the full range of parficle sizes below 1mm radius. it
should, however, be considered that variation in the pyrite reaction rate due to particle size
changes Is reiated to the exposed surface area of the minaral and the thickness of the
oxidised layer on the outside of the parficle. which reguiates the diffusion of oxygen 1o the
pyrite core. Variation due 1o particie size would thus be seen in the modeling range. If it were
a sersitive parameter within the range of interest in Witwatersrand FRDs (see Figure 4.3.1(q).
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Figure 4.3, 1(a): Sensitivity analysis to particle size differences within a tailings body.

Porosity

Porosity s ¢ parameter that has been recognised as an important foctor in determining the
diffusion coefficient within a tailings body. specificaly the air filled porosity, which s directly
related to the affusion coefficiant of the taiings (see Section 2.2.2) Porosity values were
varied in a range between 36% and 50%. to define the envelope in which talings may
possibly fall. The change in porosity resulted in a contaminant lood variation of 40% between
the lower end and the upper end of the porosity range, thus confirming that porosity s @
significant factor in determining the diffusion and hence pyrite reaction rate within an FRD. it
should, however, be noted that the rate of change of the reaction rate is the same for both
graphs and that the same “decay curve” is thus appicable. It s thus reqlistic to model both
scenarnos based on the initial reaction rate and assuming that they will reduce at the rate of
Cx-2%7 The sensitivity analyses for porosity are represented in Figure 4.3.1(b)
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Figure 4.3.1(b): Reaction rates modclicd over a 200 year period, showing sensitivity te perosity,
Moistyre content

The moisture content was varied between 10% and 50% of porosity. At the small particle sizes
ond deep tailings profile that was modelled, PYROX was found to be unstable and could not
colculate rates at higher moisture contents. The values that were modelled were, however,
found 1o reduce. as expected with increasing molsture content. The oxidation rate (sulphate
generation rate) was found 10 be 46% lower In the 50% saturated tailings than in the 10%
saturated tallings, which is a direct result of the lower diffusion coefficient of the more
saturated matedal. Simillarly to the other parameters, it can be seen, however, that the rate
of change of the “decay curve” remains constant and that the equation y=Cx*’ remains a
good representation. The sensitivity analysis for moisture content is included in Figure 4.3.1(c).

Suohur concentration

Sulphur concentration was modelied over a range of between 0.1% and 4% of the bulk
density of the taiings materal. This fronsiates into approximately 0.2wi% and 8wi% pyrite
respectively and approxdmates the sulphur wih for a dry tailings material. An upper bound of
6.6% pyiite was assumed for ¢ Witwaterssand FRD. on the basis of maximum pyrite
concenfrations In the gold reef materal mined. The lower bound relevant to AMD s
considered o be 0.25% pyrite, as lower sulphur concentrations are not considered 10 pose o
significant risk of acicification. Lawrence & Day (1997) indicated that sulphur concentrations
of less than 0.3% have imited potential o couse AMD in most cases. These constraints thus
indicate that the lkely spectrum of possible pyrite concentrations has been considered In the
sensitivity analysis. The results obtained for the sensitivity analysis are presented In Figure
4.3.1(d) below.
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Figure 4.3, 1(c): Sensitivity analysis of reaction rates vs. moisture saturation in percent,

It caon be notad that the bestfit equation is different for the 0.1% sulphur model when
comparad to the other curves generated thus far. A Z value of -0.642 instead of -0.587 is
obtained. This is Ikely to be related 1o the fact that the entire pyrite source was depleted
ofter 100 years, thus making the number of significant points less than those recorded for the
other pyrite concenfrations measured, as well as the final point falling off.the ine. This also
lustrates how the oxygen concentration gradient is much shallower and the oxiaation profile
ceeper at low pyrite concentrations, due 10 the low rate of consumption, thus enabling the
oxidation front to progress rapidly through a 1ailings body

It con be noted that the curves do not fit the data perdactly and that the 2 values are
generaly around 0.97. It can be seen by inspection. however, that the curves tend 1o be
sightly 100 shallow in the early fime steps. which would cause an overestimation of the
oxidation rate if the initial oxidation rote s used as the starting point for the curve of form
y=Cx*. This Implles, however, that the results that would be obtained by applying this
equation to caiculate the rate of consumption would be conservative and that the
qualitative nature of the result would reman the same
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Figure 4.3.1(d): Sensitivity analysis for sulphur concentration,

44  Probabilisic modeiling

A probabiistic spreodsheet model was developed that i aimed at providing insight info the
following aspects:

The potential for acidfication needs to be assessed with reference 1o a time span of
relevance fo geoclogical and environmental processes. Where risks may possibly only be
realised after many centuries or even millennia, Is it reasonable to expect that a mine
operator can plan for such an eventuality,

The life expeciancy of specific mitigation measures should be evaluated prior fo
Implementation as no discemabile benefit will be obtained from rehabiliitation practices,
which have a lower ife expectancy than the timeframe In which an impact will
eventually be reqised. This includes possible erosion losses and decomposition and
weathering of materials.

Risks that may realstically materialise in the foreseeable future need to be considered., as
they are also ikely 1o couse the highest impact. This k especially true for diffusive pyrite
oxidation, where initial reaction rates are the highest. t may be assumed that Impacts
that will only realise after millennia will be less significant, as processes occurming over this
length of time are highly unikely to couse major impacts as processes will be slow and
contaminant concentrations can be expected 1o be low.




441 Model construction

The (Talings Acidification Preaiction (TAP) spreadsheet model that was developed for this
study functions on the bass of probability. insofar as it predicts the rate at which NP will be
depleted in an FRD within ¢ range of possible weathering and oxidation trencas. The ranges of
probabilities were defined as possible vanations in the oxdation hstory in G typical
Witwatersrand FRD, based on the sensitivity analysaes conductaed with PYROX. It can be seen
by Inspection of the graphs In Section 4.3 that a value of 2=-0.587 (see equation (7)) &
generally appicable for the rate of decay In the reaction rate such as discussed In Section
4 3.1. Slight deviations from this rule occuwr af extreme values of some parometers

The Inifial oxiaation rate is calculated using equation (5) In Section 2.2.2 by Nicholson et al
(1989). A variont of the model has previouwsly been wsed in other studies (Bezudenhout and
Vermaaok (2002). This rate is taken as the baseline 1o which the above mentionec ‘'decay
rate’ is applied. The diffusion coefficient s calculated wing the equation of Millington and
Shearer (1971) ((8) below).

D, =(1-5) le1-5F (8)

Do is the diffusion coefficient in the waste

Sis the degree of saturation of pore space as a fraction

£ is the porosity of the material

Required aata inputs for the model Include:

e Humidity cell oxidation rates 1o define the inherent kinetic rate of the matenial in question
o Porasity of tailings.

o Degree of mosture saturation of 1ailings.

o Pyrite concentration in tallings.

« Depth of the tallings profie

o NP:AP ratios from ABA analyses

In this model, the common parameters have the saome significance as those uwsed in the

PYROX model. Kinetic rates are. however, gefined by the wse of humidity cells, rather thon
using theoretical calculations of the shrinking core method

Acid Base Accounting (ABA) analyses are used 1o define the AP:NP ratio. It s important that
ABA analyses should take note of the reaction pH, as the detemined availkable NF is
normaly related 1o a strong ocid at low pH, which will provide an artificially high available NP
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in neutral solutions. Reaction stoichiometries are entered into the model! for the applicable
pH range. The default values represent the worst case stolchiometric scenario that may
occur within a talings environment. Complete oxidation occurs, thus 3.75mol of Oz s
consumed per mol of pyrite. It s further assumed that NP is only consumed at an efficiency of
50%. This is due fo the fact that HCOy is the stable carbonate ion at neutral pH. Since
dissolved HCOy- s Ikely to be flushed from the system. bafore I Is able to react with acidity, it
s assumed that the formation of CO»* and subsequent gecompasition COz will not occur.
The assumption that Fe will be formed during pyrite oxidation is also made, thus iImplying
that 4mol of H* are produced per mol of pyrite oxidised.

The depth of a talings profile ks significant, in that It & assumed that NP k avallable throughout
the 1ailings profile. according fo the averaoge compasition. Acidity on the other hand is only
produced in the oxidised zone. The model is also based on this hypothess.

Defoult volues are provided for other parameters in the model. as obtfained from the
ferature. An example of an input screen is provided In Figure 4.4.1(a)
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Figure 4.4.1(a): An example of the input screen for the Tailings Acid Probability
(TAP) spreadsheet model.

442 Modelling results
The model was tested to determine the sensitivities ond constraints on the NP consumption

rate over fime. To faciitate comparison, taiings varables were chosen 1o coincide with those
used for PYROX modeling as far as possible and were otherwise estimated from avallable




55

values in the Herature. A summary table is given below. for times to NP deplefion under
various sensitivity scenarios, such as were compiled for PYROX. For this analysis the sulphur
concentration was reduced to 0.53% (1% pyrite), as it did not affect the stabiity of the model
and more closely resambled average field concentrations that were available. Humidity cell
rates were estimated at 50g FeS:/ton/week on the basis of available information for other
types of FRDs. The depth of the tailings profie was estimated at 40 meters.

In Toble 4.4.2(q) default values are Indicated behind each heoding in brockets ond the
cicsest value to the default value is highlighted under each subheading in boid. It can be
teen that the model is sensitive to ol the parameters that were considered. Although all
parameters have a significant influence on the rate of acidfication of an FRD. the most
sengtive parameters are clearly the sulphur content and the height of the FRD.

The impact of the sulphur concenfration is somewhat deceptive, as it is o measure which has
a direct influence on the AP:NP ratio in the materiol:

* For example, Increasing the sulphur concentration (AP) in the materal, but maintaining
the same AP:NP ratio wil result In an FRD taking longer to acidify due to the fact that
oxygen diffsion flux will not increase proportionally to an increase in  sulphur
concentration,

* Increasing the sulphur concentration (AP) but maintaining the same NP concentration,
le. Increasing the APNF ratio, will result in tallings acidifying more rapidly due to an
increased rate of ockd production depleting avaliable NP at g faster rate.

In Figures £.4.2(a) and 4.4.2(b), the oulput is presented for typical input values, as defined In
Table 4.4.2(q). In Figwe 44.2(a) it can be seen that the total AP s given, wel as the
amount of acidity that will theoreticaly be released by sulphur oxidation over time. The
proportion of the avaliable pyrite that s oxdised over the modeling penod of 10 000 years
con be deduced by the discrepancy between oxidised pyrite and total pyrite throughout
the tailings profile. In Figure 44.2(D). on exampie of actual model ocutput. Neutralisation
Potential is reacted with the released acidity according 1o the given stoichiometry and a
graph of tha remaining NP is plotted on this basis vs. fimea. The time to acidification ks equal to
the point at which the NP value reaches zero. Lines of maximum, average and minimum
acid generation rate and the associated consumption rate of NP are given to define the
possivle range of decay curves that could be cbserved according to fitting of PYROX data
Theoretical sersitivity curves of the time to acidification of a tallings profie of average
composition, relative to its thickness, are shown in Figure 4.4.2(c).

Unfortunately no humidity cel rates were available for Witwatersrand tailings. thus requiing
the estimation of kinefic rates on the basis of experence with other talings materals.
Corservative values, basaed on Iterature and other types of tallings were wed. These rates
will have g significant effect on the oxygen flux rate and hence the pyrite oxidation rate in
an FRD A database of humidity cell rates shoud thus be developed fo define the
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boundaries of oxidation rates of Witwatersrand tailings. A comprehensive discussion on
humidity cell tests & inciuded In the work by Usher et al. (2003).
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Table 4.4.2(a): Times fo acidification for various parameters, as modelled within the
constraints of Witwatersrand FRDs, using the spreadsheet model developed for this study.

Minimum fime o Probable time fo = Maximum fime fo
acidification acidification acidification
(years) (years) (years)
Porosity (46%)
3% 4800 >10 000 >10 000
a0% | 3200 7 >10 000
. A6% | 2000 4000 . .
~ 50% | a0 2800 |
| Molsture saturation (25%) [ N
10% %00 | 1800 | 2800
25% | 2000 4000 7000
. A0% | 5000 >10 000 | >10000
) 50% | >70 000 >10 000 >10 000
Humidity cell rates
(50g FeSz/ton/week)
_10g FeSs/ton/week | >10 000 >10000 4210000
25g FeSe/ton/week | 4000 9500 >10 000
100g FeS:/ton/week | 1000 2000 3000
Depth of tallings profile (40m)
S5m | 32 40 47
10m | 119 174 224
20m | 476 830 1213
30m | 1095 212% 3356
40m | 2000 4000 7000
50m | 3200 7100 >10 000
60m | 4800 . >10000 . >10000
Sulphur concentration (0.53%) | Af constant AP:NP ratfio
01%]16 L9 [20
T T T 025% | ea 302 | 207 ]
05% | 1638 | 3361 | 5508
1% | >10000 »10 000 | >10 000
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Cumulative a2id generstion curves for talings

Ack) greerated o c— ] et e A grreraied wan gl N>

Figure 4.4.2(a): An example of the acid generation output of the spreadsheet model accompanying
this report.

Cumulative curves for Newtralnation Potential comempbon ard aced generatios in Witwatersrand
talings

— ‘ Acidification occurs
when the NP
— . concentration
g becomes zero
4

100 00
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Figure 442(b): An cxample of the spreadsheet model output. Acidification occurs when
NP 0 kg CaCO, equivalents.
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Figure 4.4.2(c): A sct of graphs depicting the relationship between the height of an FRD of typical
composition and the time to acidification.
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5 DISCUSSION OF RESULTS AND IMPLICATIONS FOR THE MINING INDUSTRY

The implcations for the mining industry from this research revoive around time bksues,
Inciuding:

¢ The potential for FRDs 1o undergo AMD processes 10 such an exient that the long term
seepoge quality turms ocidic. Although Impacts on the receiving water environment will
occwr through neutral seepage. ackiic seepoge is perceived 1o be much worse, due o
moblisation of metals under acidic condifions.

« The time frame for FRDs to generate an acidic long term seepage.
* Altering the potential for acidification by implementation of selected mitigation options.

Research has shown that these probabiiities and consequences are different for different
tailings deposits, as well as being different between the wall and beach sections of an FRD.

51 Development of the oxidised zone and the associated impact on the risk of
acidification

Oxidation of pyrite in the upper strata of an FRD s coused by the diffusive fiux of oxygen. The
driver for this oxygen flux 8 o concentration gradient between the atmosphere and pore
spaces in the taiings due 1o the continuouws consumption of oxygen through pyrite oxidation
and bacterial action. The generally low organic content of Witwatersrand FRDs dictates that
the major portion of oxygen ks likely 1o be consumed by pyrite oxidation rather than bacterial
action, unless pyrite concentrations are very low.

Model calculations indicated that the upper two metres of fallings are oxidised very rapidly
(<10 years), as was also demonstrated by Mayer et al. (2000). After this Initial period reaction
rates decline to much lower values, as longer diffusion distances and armouring of pyrite
grains siow oxidation processes over time.

Due to the stoichiometric ratio of oxygen to pyrite, the depth and gradient of the oxygen
concentration profile is significantly influenced by the pyrite concentration and reaction rate.
Where pyrite concentrations are high, oxygen ks consumed rapidly In the upper parts of the
FRD and a shallow oxidation profie will form. Where low pytite concenfrations are present,
oxygen con diffuse much deeper info the taiings profile. but the overall rate of confaminant
generation i much lower due 1o the longer average diffusion path fo available pyrite grains.

At equivalent AP:NP ratios, the generation of acidity throughout the talings profile in low
sulphice tailings will mean that a greater proportion of the avallable ocidity & realised more
quickly reiative 1o high sulphide tailings. This will thus result in more ropid consumption of
available NP and therefore earller acidification of seepoge from the base of the talings
deposit,
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Fleld observations and the iferature indicate that the oxidised zone in Witwatersrand FRDs
extends only a few meters (up to 5m) below the surface Theoretical calculations indicate
that the oxiaation front may extend somewhat deeper, but this Is not observed on a macro
scale when corsicening colour changes through the FRD. It should, however, be
remembered that colour changes are dependent on oxdation of ron with subsequent
precipitation of iron hydroxy complexeas and thus do not neceassarily define the zone of pyrite
oxidation per se. Changes in moisture contents, bacteral activity and the presence of
organic matenal wil all serve to modergte calculcted values. especially where bulk
assessments are done. such as have been appled in this study

it shoud, however, be notea that the rate of oxiaation expected from a typical
Witwatersrand FRD, as was depicted in Table 4.4 2(q), s only lkely to couse ocidification ofter
a minimum time of the order of >1000 years. Varation around this norm will depend on the
physico-chemical vanations within the tailings. such as were discussed in Section 4.4,

Observations and modelling resu'ts bring one to the conclusion that the major proportion of
ocid s generated In the near surface of an FRD due to the factors discussed above. It would
thus be odvantageous to reduce the potential for acia generation in the surface of an FRD,
rather than 1o opply mitigation measures aimed at the entire profie. Futhemore, the fine
grain szes generally present in tailings maternial are likely fo result in a iimited benefit from the
use of soll covers designed 10 act as oxygen barriers, especially in tailings depaosits that have
been decommissionad for more than 5 to 10 years. The greatest advantages that are lkely to
emanate from the use of engneered covers will be In thelr potential to maintain @ higher
moisture content and/or 1o oct as store and release systems 10 prevent percolation of water
through the tailings profie. These properies will result in o much lower oxygen diffuson
coefficiant and will pravent contaminant transport.

52 Pyrite oxidation in the wall section of an FRD and associated risk of acidification

The outer wall of an FRD is aready exposed 1o the atmosphere along s entire vertical extent
during the operational phase. For this reason, acidification ks likely to occur soon after
deposition of the material ana will be dictated by the APNP ratio and redox conditions
within the affected zone, as discussed iIn Section 2.3 above

This oxidation zone will extend horizontally 1o approximately the same depth as the surface
oxidised zone extends vertically throughout the remaining portion of the FRD. Higher
horzontal diffusivities, lower moisture contents and larger particle szes may result in o deeper
oxidation zone forming in the wall section than is found in verfical 1alings oxidation profiles.
The foct that this zone is located on the perimeter of an FRD makes it significant. as it may
make up a significant proportion of the tailings mass, depending on the ratio of the perimeter
length to the surface area covered by the FRD.
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To prevent acidification of an FRD, It is thus of primary importance fo mitigate the potential
impacts from the wall sections of the FRD, before conceming onesell with the remainder of
the system where a vertical oxddation profile is dominant, Various mitigatory measures are
discussed In Section 6.

6 PROPOSED ASSESSMENT AND DESIGN CRITERIA FOR MIMGATION OF ACIDIFICATION IN
WITWATERSRAND FRDS

After consideration of the criteria that have been assessed during this study ond the
perspectives gleaned from the fleidwork and modelling. It & possible to formulate assessment
and design critena 1o apply 1o Witwatersrand gold FRDs for the mitigation of AMD impacts.

The point of departure in the methodology for this study is that a rehabilitation solution should
be found, which s a functional. sustainable means to control acidification of groundwater
due fo pyrite oxiaation within gold FRDs on the Witwatersrand. Some of these arguments are
indeed also valid for other FRDs. Although It & likely that an FRD with o relatively high APNP
ratio will become acidic over time. it i imporiant 10 keep a perspective on the time frame
attached fo this probability, as well as the ely impacts that will be noted.

6.1 Feld measurements

A number of fieid measwrements wil be useful in constraining the timeframe and depth of
weathering in an FRD. In this study a gas diffusion approoch has been followed and the
relevant criferia are thus based on the premise that a simikar approach will be used. Both
physical and chemical parameters need o be quantified satsfactorly 1o determine the
applcable constraints.

6.1.1  Measurement of modeliing parameters in tallings

it has been shown In the preceding sections that the reaction rate of pyrite ks largely
dependent on the physico-chemical conditions within a body of talings material. Relevant
parameters include porosity, moisture contents and paricle size.

For a first order assessment, It is not practical to conduct a large number of measuremeants, as
the cost in terms of time and money would be excessive. It should be bome In mind that
estimates should be as realistic as possible, but that one should err on the side of coution
where uncertainties exist.

Qxygen fiux megsurements

The oxygen concentration profie needs to be evaluated, with a view 1o calibrating the
aiffusion model ogainst flekd data. The reason for this is that the model functions on the basis
of differential concentrations across the tailings profile. Measuring of oxygen flux alone would
not enable the concentration grodient 1o be determined ond would thus leave greater




63

doubt as to the long-term changes that may be expected. Any doubt with respect to the
diffusion coefficient of the talings matenal, the pyriteé concentration or kinetic rates woulkd
result in excessive uncerainty. Foctors such as the period of exposure of the tailings material
would aiso be crifical for the determination.

Where the oxygen concentration grodient is known, It is possible to define o curve, which
should approximately concide with the modelled curve in the spreadsheet model or PYROX
and which will therafore coincide with the history of the tailings deposit with respect to pyrite
oxiaation. Uncertainties in mosture contents, pyrite concentration or kinetic rataes will be
visibie if the curve shapes differ significantty.

The oxygen concenfrgtion gradient can be measured by samping pore gases in an FRD ot
different depths with a thin fube. This method was used by de Vos (pers. comm.) and David
and Nicholson (1995). A similar technique has been developed by ANSTO of Australia, who
use a muttiple port oxygen analyser

Where the pyrite concentrations and reaction rates are well known and other physical
parametears are known, the model can be calibrated by wsing oxygen flux measurements, it
Is important to know the time of exposure of the tailings material in this situation, however.

To measure the oxygen flux, the methods used by Tibble and Nicholson (1997) or Timms and
Bennet (2000) can be wsed. These methods both entail measurement of changes in oxygen
concentration in the heodspoce of a cylinder in response 1o diffusion as a result of
consumption by pyrite oxdation reactions.

Laboratory humidity cell measurements may aso be used as g source of oxdation rates,
Knowiedge of diffusion coefficients of the material in question will permit calculation of
oxygen flux rates in difusion domingted systems. These measurements wil be prone fo
overestimation of oxidation rataes, as no account is taken of the depandence of kinetic rates
on oxygen concentrations.

Moigtyre content

For an initial assessment of the moisture concentration, a buk sample should be collected at
a depth of at least 3m below the talings surface. This is to ensure that evaporative losses go
not couse unnecessary underastimation of the averoge mosture contents of the talings
materiol. Somples should aso not be collected 100 low in the sediment profile, as it is possible
that moisture contents that are too high will be determined due o the influence of the
receding plezometric surface or a capilary zone. This s especially perinent within the fust few
years after decommissioning. Flield colected samples can be oven dried 1o determine ther
mosture contents
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For higher order assessments, detalled knowledge about porosity and moisture saturation will
be required at high resoiution for accurate modeliing. This wil be difficult and expensive 1o
determine without the use of high resolution down-the-hole geophysical methods.

Where long term monitoring of mosture contents Is possible, installation of time domain
reflectometers can be used. This will not enable high-resolution measurements 1o be moade
economically, but will be useful for understanding the long-termm changes in the averoge
molsture contents within a tallings profile.

Porosity

The porosity of talings material can be measwred directly by collecting undsturbed core
samples and measwring the mass 10 volume rafio and subfracting the mass of water, as
determined through molsture content analysis. Knowledge of the mineralogy will enable an
approxdmate averoge specific gravity to be calculated so that the porosity con be
calculated on the basis of the difference between average Specific Gravity and bulk
dersity. Results from in situ geophysical density determinations con also be used. if they can
be shown 1o be of acceptable occuracy.

Pyrite concentrotions

It should be bome In mind that pyrite will begin 10 react with oxygen as soon os It is exposed.
Measurement of pyrite concentrations within a 1aiings profile should thus occur in tallings that
have not been exposed 1o oxygen. This s important, as pyrite concentrations will be
underestimated and AP:NP ratios may be overestimated if samples are collected above the
oxidation front. it will thus be advantogeous to measure pyrite concentrations in material that
s obtained from as deep within the 1ailings profie as possibie.

Due to the fine grain stze and the low likelihood of intermittent exposure to oxygen, material
from within the pool section of an FRD will be least affected by oxdation. It Is, however,
necessary to collect samples from different parts of an FRD for an assessment and these
considerations should be kept in mind.

In Witwatersrand talings the pyrite concentrations are generally relatively low when
compared to other talings materials. This Is odvantageous with respect to acid generation
potential. but makes It difficult to measure pyrite concentrations accurately. The X-ray
ciffroction (XRD) method is not very sensitive 10 minerals at low concentrations and pyrite is
commonly not detected, even though it is present in sufficient quantities to generate
significant ocidity. Drect measurement of pyrite by this method is thus not feasibie in most
situations.

i is thus recommended that sulphide sulphur should be measured 1o defermine its availability
within the tailings material (Usher et al. (2003). This is more ikely 1o provide a representative
concentration of pyrite than the XRD method. It Is also recommended that sulphate sulphur
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should be determined fo enswre that any suiphate that is present s not included as
potentially oxidisable pyrite. As the Witwatersrand tailings are known 10 contan pyrite as the
dominant sulphide mineral, it is occeptable to assume that sulphide sulphur can be
aftributed to pyrite. This provides a measwre of the potentially oxidisable iron within the
system as wel

Nexfrafsation Potents

The Neutrclisation Potential of ¢ sompile within on FRD may be affected by two possibie
foeatures of the system

e Fistly, where oxidation of pyrite has aready occurred, It is ikely that a portion of the NP
wil have reacted and that a depleted vaue will be obtaned if measured from a sampie

e Secondly. the area below the phveatic surfoce will contain porewaters loden with
alkaline process water from the operational phase. If a sample is collected from this part
of the FRD. then it is likely that NP will be overestimated.

Consicering these points, It s odvisabile 1o collect a sampie in which NP is to be determined
below the oxidised zone. but above the plveatic surface 10 obiain a representative value for
the NP in the FRD.

In conclusion, the criteria for accurate sampling of the various parameters in an FRD require
that samples be collected as deeply as possible within the tailings body. but at least o few
metres (#6m capillary finge occording 1o JW. Wates (pers. com. ) above the phreatic
surfoce. This part of an FRO is likely 10 be the mos! representative of fresh tailings matenal,
aspacially in the beach saction of an FRD. Tha same considarations are also relevant when
sampling wall material.

The Neutralsation Potential of tailngs material can be measured by using the standard ABA
method of Sobek et al. (1978) or refined methods, considering mineral buffering effects. can
also be used for better results (Usher et al. (2003). it will. however, also be of benefit to
determine the pH dependence of NP, as NP that only becomes effective at low pH Is not
eftective in preventing poliution. The lower bound of carbonate alkalinty at approxmately
pH4.5 may be considered on acceplable point of reference. This value may be directly
included in modeal calculations.

6.1.2 Sampiing

Sampling needs 1o be conducted in such a way that al required parameters can be
measwred from a single bulk sample at a particular samping point for calbration of the
mogel Heterogeneity within an FRD stil needs to be considered, thus requiing that o
representative number of sampiles shoulkd be taken 10 represent such spatial variation
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Sampling equipment needs 1o consider the needs of the study at hand. Where possible. o
mechanical coring or augering device that does not expose the sample excessively to air
should be used. This will prevent oxygen from easily coming Info contact with pyrite in the
sampie and wil also prevent loss of moisture by evaporation. The sample should be stored In
an airtight container, with as little air as possible being Included in the sample. A seclable
cyinder or an airffight plastic bog may be uwsed. For occurate results, samples shoulkd be
stored under an inert gas, as the fine pyrite found in tailings material will react very rapidly
with any avallable oxygen.

It s important to store and fransport sampiles under refrigerated conditions and 1o have them
analysed as soon as possible. It should ciso be stipulated that sampiles shoulkd be dried in an
oxygen free atmosphere prior to analysis, as increased femperatures and exposure to the
atmosphere are ikely to cause a large proportion of available pyrite to oxidise during sample
preparation.

It is not recommended that o hand auger be used to collect fresh samples If it is possible 1o
wse sutable mechanical samping equipment. The reason for this i that a hand cuger
cannot be comfortably used at depths deeper than 5 meters and becomes inefficient and
potentially dangerous to use at depths deeper than 7 fo 8 meters due to top-heaviness of
the long string of the rods and the associated difficulty in handing the equipment.

6.2 Long ferm monitoring of FRDs with a view o prediction of AMD impacts
6.2.1 Feld measurements

The long-term fluctuations in the oxidation rates in FRDs are not well known. Fluctuations will
occur primarily as a function of the depaositional processes in an FRD or due to climatic
factors, especialy in the post-decommissioning phase.

it is wel known that varations in molsture content do occur in conjunction with the seasonal
fluctuations in rainfall (David and Nicholson (1995). In the Witwatersrand, these fluctuations
can be extreme. with aimost all rainfall occuring during the spring and summer months. it
can, however, be expected that moisture fluctuations will occur primarily in the upper part of
a tallings profile, where evaporative processes readily ocour.

Measurement of moisture contents ond long ferm oxygen fiux rates will thus be
odvantogeous in calbrating long-ferm modes.

Oxygen megsurements

Oxygen measurements can be conducted using the methods described by Tibble and
Nicholson (1997) or Timms and Bennet (2000). These methods require a cylinder 1o be ploced
info or over the tfallings profile respectively for direct measurements of fallings oxidation rates.
The apparatus are relatively simple in principle and will provide o dotabase of oxdation
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rates, which con be compared with modeling results 10 enable prediction of long-term
frends.

Mossture contents

Field measurements of mosture contents are useful, as the moisture concentration is the most
variable physical parameter determining AMD generation and transport iIn an FRD. The
construction and instrumentation of field lysimaters will thus enable long terrm monitoring of
mosture frends in a talings profile. Various instruments are availabile for measuring mosture
content, with time domain reflectometry being one of the favourad methods in FRDs, Any
relable method may be used. however. Records of moiture contents wil be invaluable in
calibrating fime dependant unsaturated fiow models and oxygen diffusion model that
Inciude water fiux and moisture content as inputs.

6.3 Mitigation of AMD impacts from Witwatersrand gold FRDs

Mitigation opfions that are considered, foke cognisance of the morphological and
geochemical observations that have been recorded for Witwatersrana gold FRDs.

Typical mogeling results show that ocidification Iin the short to medium term is primariy o
concern in the wal section of an FRD. as verfical diffusion of oxygen is only likely to couse
ocidification on the order of 1000 years but horzontal diffusion will lead to immediate
ocidification of wall materials. This is compounded by the low plezometric surface in the wall
section when compared to beach and pond areas and ndicates that acidficaton will

aready occur during the operating phase.

Various mifigation options that have been used in the past and which could be considered
for use In the future are discussad below. along with insights gained from modeling

6.3.1  Mitigation ophions
Alkgline addifion

Aadition of Neutrgisation Potential is a technique that has been used In @ number of cases
for mitigation of AMD. This technique usually involves the oddition of crushed imestone or
colomite 10 ocid generating materials to increase the NP-AP rafic sufficiently 10 eliminate the
potential for AMD. In these cases leachaotes are saline, rather than acidic and metal impacts
are reduced to much lower levals than s the case under acidic condifions.

Leachate volumes are not impacted, but acd generation rates are kely 10 be reduced to
some extent due o lower activity of pyrite oxidising bacterial and the removal of Fe* in
precipitates at the higher pH values. At high concentrations of calcium, which is present in
both dolomite ond calcite. gypsum saturation and precipitation s likely to occur. Sulphate
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loads emanating from the system are thus likely to be reduced and seepoge quality will also
be mainfained at a higher pH.

Carbonate rock may be included as a base material. a suface material (rock clodding) or
as an addition to the talings stream during deposition. The latter method is likely 1o be the
most effective, as neutralisation material is In close contact with acidic porewater and wil
thus have a direct impact on porewater chemistry. Where neutralising material is ploced as
surface layer, the rate of leaching cannot be controlled and effectivenass can therefore not
be guaranteed. Where neutralising material i ploced as a basal layer, porewaters will not be
neutralised untl they leoch from the base of the deposit. This wil couse metals 1o
occumuiate ot the base of the deposit and bacteral and Fe> oxdation wil continue
unabated in the oxidised zone.

Depyritisation

Depyritisation has been wsed in the past as a mifigation option at various sites around the
world. Techniques such as selective flotation are able 10 remove pyrite from a waste stream
so that an inered failings stream con be created (Bussidre & Aubertin (1999). Recovered
pyrite can be wed for production of sulphuric acid or it can be disposed of In a less reactive
zone of the affected FRD.

It is thus possible 1o buld at least part of the FRD with unreactive material. Where this &
appled 1o the wall of an FRD. AMD risk can be substantially reduced. The method is,
however, not appicable 1o all talings materials (Martin et al. (2002).

Engineered covers

Engineered covers that can be applied to talings In the Witwatersrand are of essentially two
types. Le. store and release covers and barmer covers.

Store and release covers make use of the nett evaporative cimate of the highveld region to
prevent recharge. In these covers, capliiary breaks are constructed with the purpose of
holding water within the evoporative zone below the surfoce of the cover. This water is then
released during drier perods. Very low recharge rates con be achieved using this method
ond leachate volumes are thus significantly reduced.

Bamier covers are designed 1o prevent the ingress of oxygen and are commonly constructed
of a subsurface layer of fine material, such as compacted ciay. If these layers are kept ot a
high moisture saturation they present on effective barier 10 oxygen diffusion. Dessication
cracking Is, however, often a major concem with regard 1o the performance of these covers.

Combinations of store ond relecse ond barier covers can be effective in reducing
environmental impacts from acidic 1ailings. as the rate of waste load generation i reduced
and waste that  generated ks not fransported to the surounding envilonment.




Fiy ash

Fly ash from power genergtion s g waste product that occurs in large quoantities. In South
Africa, fiy ashes are commonly alkaling in noture. These materials are generally fine grained
and in some instances have pozzolanic properties. Fly ashes, however, also have high metal
concenfrations and are potentially leachable, especially in ocid or alkaline solutions.

Where appropnate, fly ash coulkd potentially be used as o remeadiation maternal on FRDs. The
addition of alkalinity and potentially lower permeabiity of cover matenals due to pazzolkanic
activity will recduce the rate of acid generation in an FRD. it is important to note, however,
that detalled risk assessments are required before applying such measwes. it s also important
to regiise that fly ash shoulc only be applied as a cover and not as an odditive to 1ailings. as
the rsk of metal leaching by acidity shoula be avoided

Bottom iner

Bottom lining of an FRD s o futher option that can be considered. especially where it
pertains to the wall section of the FRD In question. The plocement of a suitably impermeable
barmer with associcted drainage infrastructure will engbie leachate that is generated 1o be
collected and freated as required. Subsurfoce iImpocts can thus be avoided.

6.3.2 Utecycle considerations

Remediation options that may be applied or consdered for applcation 1o FRDs are highly
dependent on the stoge in the lifecycie of the facility. Applicable options for consideration
are the most numerous durdng the design phase and reduce progressively from the
operational phasa to the decommissioned phase Applicable options are discussed below.

Desgn phase

During the desgn phase, all possible options are available. At this stage of an operation, a
ful feasibility study should be conducted where possible 10 Include remediation options for
AMD mitigation, considering the technologies mentioned above. Opfions that can be
considered at this stage of development iInciude the plaocement of a liner below the footprint
of the FRD or at least part of the wall footprint. The most important part of the system that
should be considerad is the wall section, where the highest risk of ocidification occurs and
where acid generation is likely to have an impact, even during the operational phase.

Operational phase

Technologies that require treatment of the tallings stream can only be considered during the

operational or gesign phases. Thase technologies include depyritisation ond oddition of
cikalinity to the 1alings strecm. Where g portion of the FRD has already been created without
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the technologies in question having been appled the effectiveness of the measwres will be
reauced proportionally.

This observation is especially true for the woll section, becouse of the exposure of the entire
profile to oxygen. Where these technologies are applied fo the entire tailings mass, the
solation of the subsurface layers from oxygen wil result in a high effectiveness of these
measwres, even when they are implemented Iin the latter part of the focliity’s iespan.
Depyritisation of the upper few meters of 1alings matenal would for instance prevent the
inifially high AMD generation rate that was modelled for this study from ever occuring.
Where a large excess of akalinity s added, this will also have a beneficial effect with regard

to retarding the fransport of reaction procucts through the tailings profile.
Decommissioned oparations

Where decommissionaed FRDs are concemed, the options are imited 1o surface applications.
Here one can consider the construction of engineered covers, Including the possibiity of fly
ash or alkaline oddition. In the case of alkaline addition, rock clodding techniques that are
cumently appled can be alfered 10 use dolomite or imestone 10 add NP 1o the system, whilst
also controling ercsion by water and wind, although the efficocy of this measure will have 1o
be investigated with regard to the rate of release of NP,

it should be noted that erosion control is important in preventing AMD processes as well. The
removal of tallings material reduces the diffusion path length 1o fresh pyrite material and aso
contributes 10 the mobilisation of reaction products into the environment,

From the modelling and sensitivity analyses conducted in this study, it has been shown that
application of mitigation measures to a decommissioned FRD should be appled as soon as
possible after closwre. In such an instance. a combined barmer cover, for the prevention of
oxygen ingress and a store and release cover for prevention of precipitation recharge wil
significantty reduce the rate of contaminant genearation and fransport through an FRD.

In an FRD that has been exposed fo the atmospheare for a few years a bamier cover ks ikely 1o
have a Imited effect on pyrite oxidation and thus ocid generation rates. This s becouse the
upper part of an FRD wil be oxidsed within 5 10 10 years and subsequent increases in the
diffusion path length will couse oxygen flux rates o reduce substantially. due o the upper
tallings profile octing as a cover. The fine grained nature of tallings and the presence of
warter saturated layers within o talings profile are likely to result in future oxidation rates being
only siightly reduced by applying cover materials. However. g store and release cover will still
be beneficial, where recharge and associated contaminant fransport rates can be reduced.

Prior fo clodding with carbonate rock, it shoukd be determined whether NP s likely o be
leoched 1o reactive sifes in sufficient quantities before implementing such a strategy. As
mentioned previously, fly ash has associated metal leaching risks and may have limited
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efficacy In treating AMD, depending on its sowrce and should thus also be carefully
evaluated before application

It s thus recommended that prior 10 appicaton of any of the remediation strateges 1o a
decommissionad FRD, they should be carefuly evaluated before expenses are Incumed In
implementation, as they may have very littie benefit. The oge of the FRD is of greot
importance in this iInstance. as much of the ocid generation risk will be realised within ten
yeaors of decommissioning

Recharge confrol measwes, such as store and release covers of impermeable iners are
strategies that are clways ikely 10 provide some Denefit, even after infial oxaation has
occured. The main benefit of a cover in this situation, however. would be to prevent rainfall
recharge and ™hus 10 prevent contaminant fransport 10 the receiving environment, rather
than to prevent the generation of contaminants by pyrite oxidation




7 CONCLUSION

In summary, the objectives of this research and a description of how they were achieved are
provided below:

o Jo understand the reiationship befween the depth and rate of weathering and the
potential mass of ocidity at gold FRDs through empiiical analyss. An in depth study of
local and infemational iterature on the weatherng of pyritic tallings materal was
conducted and documented In Section 3 of this report. Based on this understanding and
experence, conceptual engineerng models were developed that wil provide insight
info the depth and rate of weathering in Witwatersrand talings and ther long-term AMD
potentiol. Use was also moade of the existing. infemationolly oppled. PYROX numerical
model 1o conduct detalled modeling of sensitive processes, and 0 be used for
development of engineering models.

An empirical spreadsheet model (engineerng model). refered to as the Taiings
Acidification Prediction (TAP) model has been developed. which provides a tool for
determining the likely fime span over which an FRD will produce ocidic drainage. it s not
infended that this ool be wed for detalled risk assessment, but rother as a screening ool
for determining what the likely risks of acidification are ond what the fime span ks over
which acidification will occur. i

* Develop procedures 1o conduct rapid accurate AMD risk assessments of goid FRDs. Key
parameters and drivers affecting the potential of an FRD to turn ocidic were identified
during the research. Guidelnes for sampling and measurement are provided In Section 6
of this report. Key parameters include tallings geotechnical properties, morphology and
height of an FRD, mineralogy and Acid-Base geochemistry of talings matenal, oxygen
fux rates and the FRD ifecycle.

The cbjective of determining accurate methods proved to be challenging. as the
complexity and variability of physical physico-chemical properties within an FRD requires
that higher order assessments be conducted with considerable levels of specicist
expertise and data infensity.
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e Evaluate mitigation or risk reduction measwres by moking use of the AMD risk assessment
procedure and provide industry guicelines. The conceptudl model was used 10 evaluate
various mitigation measures for AMD ot Witwatersrand FRDs. Mifigation & specifically
focussad on the significant parameters that* determine the AMD potential of
Witwatersrand FRDs. Mitigation measwres for different lifecycle phases of the tallings were
also assessed and evaluated. It should bée coutioned, however, that the methocologies
that have been suggested have not been verified in terms of technical and financial
feasibility and as yet are therefore only indicative of promising methodologies that should
be evaluated

In conciusion, the research demonstrates that oxaation rates and the depth of weathering
of an FRD can be modelled, provided key processes and parameters are recorded and
known for a specific FRD. The simplified empincal moadel results suggest that beach araas on
a typical Witwatersrand FRD will take > 1000 years before ocidic seepage is generated from
the base of the deposit, whereas AMD i lkely to be reglised in the waol and poddock
sechions of an FRD early on in its lifecycle, possibly even during the operational phase.

Acidic seepage from the base of the wall wil occur as a resul* of horzontal oxygen ingress
Into the talings deposit and ocidfication in the poddock will occur as a result of siow
ageposition rates, frequent flushing effects and high oxidation rates, when compared 1o the
body of the FRD.

The model should be seen G5 a screening tool and follows G corservative approach
regarding rate equations and flow processes. The model can be used to evaluate a range of
potential mitigation measures and con ultimately be usea for cost-benefit optimisation
stuckes.

NOTE: The application of this research and model should be done with caution. The results
have not been verified extensively and will require a knowledgeable person fo operate and
apply the research and model sensibly. If is important fo use realistic values in calibrating the
model, as some paramelers are sensitive 1o inaccuracy and can have a very significant
influence on the oulcome.

8 RECOMMENDATIONS

In the ight of the findings of this research, it 8 recommenced that the following should be
considered:

o The potential measures that are provided as promising best practice techniques should
be further evaluated to determine what their technical ond financial feasibility status s
for possible incorporatison into formal guidelines
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o Further research should be conducted o verify the findings of this study. This research
should include the application of other available models and especially data collection.
Data collection should include:

- Parameters required by the TAP model should be more reliably and
comprehensively determined and coliated. Thase Include:

* Pyiite concentrations

* Infrinsic pyrite oxidation rates in specific taiings
* Diffusion coefficient determinations

*  Moisture profile determinations

- Depth dependent oxygen profiles within tailings for fime ine calibration

- Oxygen flux measwrements across the surfaces of FRDs for rate verification
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APPENDIX A

Analytical data and sample descriptions




Descriptions of field samples collected.

- Site number Site description Sample number l"nm:!m&dopthhllou Description
po® | - el A B P oy
I Wall section near the entrance 37m Transition to grey (unoxidised)
ramp 1o the tailings dam colour noted at approximately
3.7m, with some mottling
visible
| 495m Sampling point in grey material
2 Mid beach section of tilings +0.05m Leached surface layer
dam
1.03m Light to darker yellow transition
to yellow coloured material
2.57Tm Yellow 1o grey transition
5.90m Grey to yellow colour change
2A 6.75m Wet layer (wet clay like
consistency ) This is the fourth
distinct laver of water saturated
material encountered. thowght
1o be a caplliary break zone
28 6.80m Layer below water saturated
layer. Saumpled 1o determine
possible pavticle size differences
3 Lower beach section in the £0.10m Leached zone at the top of the
vicinity of the penstock. profile, light grey coloured.
2.39m Yellow to grey transition
3 2.44m to 2.59m Sample position
4 1.65m to 1.70m A moist gley horizon below a
weathered profile, with some
iron staining. Below the zone is
a lower moisture content,
yellow (oxidised) horizon
2.23m Transition from yellow to
gleyed horizon
4 3.50m Sample collected in grey
material
5 Middie beach section of tailings 0.165m Light grey leached zone

dam

transition 10 yellow stained




oxidised zone

Light yellow transition to darker
yelow horizon

Mottling, with slight orange
colour prominent

Zone Mottled oxidised zone
_above transition 1o grey material

Sample of grey material,
directly below the transition
from yellow material
Water satursted layer

' . -

Upper beach arca,
approximately 100m from the
| wall

6A

| 68

| Wall section on the plant side of
| the tailings dam

oC

|

Material directly underlying
moisture layer

Light grey coloured leached
zone transition 1o y

Slight sign of gleying
Fransition from mottley zone o
‘l(’ rone

Semi-saturated layer with grey
malcrial

I to 2em thick water saturated
layer with wet clay like
consistency

Material below wel layer, with a
more sandy appearance
Fransition from light coloured
leached zone below surface 1o
light yellow coloured material
Light yellow material grades
nto orange and grey mottled

| material

Motley material transition to
grey material

) T 293im

Transition zone from motley
material 10 grey {unoxidised
material)

1 Cobour agmin becomes yellower




4.69m

Colour becomes yellow again

$.35m to 5.80m

Sample from bottom of hole

Wall section

+0.05m

Light grey coloured leached
zone transition to yellow
oxidised material

3.10m

Transition from yellow 1o grey
material

4.87m

Continuous grey material after
transition at 3.10m

Middle to upper beach section

0.05m

Transition from Light grey
leached zone to yellow oxidised

tailings

289

Dark orange staining, probably
in bedding planes or fractures

3.76m

Transition from yellow 1o grey.
A distinct black band formed in
a fracture or a bedding plane. It
is expected that the black colour
is caused by framboidal pyrite
re-precipitation

5$.74m

End of hole. Material remains
essentially homogeneously grey.

10

First batter road cutting,
transverse hole drilled

04m

Bright yellow-orange mottling.

L.15m

Transition from yellow 1o grey
with some

10

1.75m

Grey material with some
mottling (material below
transition)

3.20m

End of hole, Grey with some
mottling




-

olel=lajaloin|e|o e
MR B B B B = .‘.1

e

|

'.':“i‘:iif?fi’!l-'.’ L) o

jojele

(N




(Reg Nr/No 830916507)

Waterlab (Pty) Ltd / (Edms) Bpk ‘ ‘

Management & Laboratory Services for Water and Wastewater ‘
Eaviroamental Meonitoring and Impact Assessment

m::::‘:.rummnmnwnmnrmmum WATERLAB

CERTIFICATE OF ANALYSIS
ATTENTION: Mr. P. Roussean ORDER NO : 0005% DATE: 04082003
REPORT NO: 11533 PROJECT NO: 199 SAMPLES: 60286044
GOLDER ASSOCIATES
X-RAY DIFFRACTION MINERALOGICAL ANALYSES
B s ~_ Concentration (%)
L Sample 1 Sample 2A 5-£2'_I
Calcite - | 2
Hematite+/Goethite ] - -
Microcline 1 - |
Plagioclase 2 | 1
Quartz 79 65 65
Mica 4 K 8
Chlorite 10 18 17
Amphibole | 2 2
Pyrophyllite 3 6 5
Givpsum - - -
Iimenite/Smectite Interstratification - - -

mmmu&mh“wnuww-wammum
further use of the above information is not the responsibility of WATERLAB (Pry). Lad '
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(Reg Ne'No 830916507)

Waterlab (Pty) Ltd / (Edms) Bpk ‘ ‘

Management & Laboratory Services for Water and W astewater ‘
Environmental Monitoring and Impact Assessment

o WATERLAB
CERTIFICATE OF ANALYSIS

ATTENTION: Mr. P. Roussenu ORDER NO : 0005% DATE: 040872003
REPORT NO: 11533 PROJECT NO: 159 SAMPLES: 6028-6044
GOLDER ASSOCIATES
X-RAY DIFFRACTION MINERALOGICAL ANALYSES
Mi I Concentration (%)
Sample 3 Sample 4 Sample SA

Calcite - ~ Trace | | Trace |
Hematite+/Goethite - - -
Microcline | |
Plagioclase 2 2 |
Quartz 70 65 66
Mica 6 5 7
Chlorite 15 19 17
Amphibole 2 3 -
Pyrophyllite < 4 5
Gypsum - - 3
limenite/Smectite Interstratification - - -

The information contained in this report is relevant only to the sample/samples supplied to WATERLAB (Pty) Lud. Any
further use of the above information is net the responsibility of WATERLAB (Prv). Lad

Waterlab (Pty) Lud




Waterlab (Pty) Ltd / (Edms) Bpk
(Reg Ne'No B3A916507) ‘
Management & Laberatory Services for Water and Wastewater ‘

Enviroamental Monitoring and Impact Assessment

:)-::L:mmmmnlwnm(rmzmnm WATERLAB
CERTIFICATE OF ANALYSIS

ATTENTION: Mr. P. Roussean ORDER NO : 005% DATE: 04082003
REPORT NO: 11533 PROJECT NO: 159 SAMPLES: 6028-6044
GOLDER ASSOCIATES
X-RAY DIFFRACTION MINERALOGICAL ANALYSES
Concentration (%)
Calcite 1 | |
Hematite+/Goethite - - -
Microcline 1 | -
Plagioclase | 2 |
Quarnz 75 51 81
Mica 6 9 4
Chlorite 12 26 Q
Amphibole - 2 |
Pyvrophyllite 3 8 3
Gyvpsum - - -
IImenite/Smectite Interstratification - | -
The information contained in this report is rebevant enly to the sample/samples supplied to WATERLAB (Pry) Lid. Any
further wse of the above information is not the responsibility of WATERLABR (Pry). Lad

[ — o
Waterlab (Pty) Ltd
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irkerierrriort U WATERLAB
CERTIFICATE OF ANALYSIS

ATTENTION: Mr. P. Rousseau ORDER NO : 0005%) DATE: 040872003
REPORT NO: 11533 PROJECT NO: 1S9 SAMPLES: 602586044
GOLDER ASSOCIATES
X-RAY DIFFRACTION MINERALOGICAL ANALYSES
Mi 1 Concentration (%)
Sample 6A Sample 6B Sample 6C
Calcite 1 1 -
Hematite+/'Goethite - - |
Microcline | -
Plagioclase 1 2 1
| Quartz 78 52 . 78
Mica 4 8 5
Chlorite 12 28 1
Amphibole 2 |
Pyrophy llite 3 6 3
Gypsum - - -
limenite/Smectite Interstratification - - -
The information contained in this report is relevant only to the sample/samples supplied te W ATERLAB (Pty) Lid. Amy
further wse of the above information is not the respomsibility of WA TERLAB (Pry). Lad

_— -
Waterlab (Pty) Lud
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Management & Laboratory Services for Water and Wastewater ‘

Enviroamental Monitoring and Impact Assessment

m::- : mm:f:mmnwnumm-m'm w ATERLAB
CERTIFICATE OF ANALYSIS

ATTENTION: Mr. P. Roussean ORDER NO : 0005% DATE: 04982003
REPORT NO: 1153 PROJECT NO: 159 SAMPLES: 60286044
GOLDER ASSOCIATES
X-RAY DIFFRACTION MINERALOGICAL ANALYSES
Concentration (%)
—— Sample 7A Sample 7B Sample 8 |
Calcite | Trace Trace
Hematite+/Goethite | 2 -
Microcline | Trace Trace
| Plagioclase | | |
Quartz 63 76 70
Mica 7 4 7
Chlorite 14 12 14
Amphibole 4 . |
Pyrophyllite 5 4 S
Gypsum 1 -
Iimenite/Smectite Interstratification 2 - 2

The information contained in this report is reles ant onh to the sample/samples supplied 1o W ATERLAB (Pry) Lid. Any
further use of the above information is not the respomsibility of W A TERIAB (Pry). 1 1d
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Waterlab (Pty) Ltd
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PO Box 11508 Hatficld 0025 (T) 012-349-1044/1066 (F) 012-349-1072 WATERLAB
F-muil: wateriab ¢ tafrcs coza

CERTIFICATE OF ANALYSIS

ATTENTION: Mr. P. Rousseas ORDER NO : 0005%) DATE: 04082003
REPORT NO: 11533 PROJECT NO: 189 SAMPLES: 60286044
GOLDER ASSOCIATES
X-RAY DIFFRACTION MINERALOGICAL ANALYSES
Mi " Concentration (%)
Sample 9 Sample 10

Calcite | -

Hematite+/Goethite -

Microcline ]

Plagioclase 2 Trace

Quarnz 72 84

Mica 6 3

Chlorite 13 6

Amphibole ] -

Pyrophyllite ) 3

Gypsum -

Hmenite/Smectite Interstratification | -

The information contained in this report is reles ant only 1 the sampie/samples supplied to WA TERLAB (Pty) Lid. Any
farther use of the above information & not the respossibility of WA TERLAE (Pry). Lid

Waterlab (Pty) Lud




Waterlab (Pty) Ltd / (Edms) Bpk
(Reg Ne/No £309165/07)
Management & Laboratory Services for Water and Wastewater ‘

Environmental Monitoring and Impact Assessment

Ei-:. 11508 Hatfield 0028 mlovlr‘a:mumun 012-349-1072 w ATERLAB
CERTIFICATE OF ANALYSIS

ATTENTION: Mr. P. Rousseau DATE: 199082003 ORDER NO : 0005%

REPORT NO: 11583 PROJECT NO: 159 SAMPLES: 6028-6042

GOLDER ASSOCIATES AFRICA (Pty) Lud
ACID BASE ACCOUNTING : EPA-600 Modified Sobek

Aad Netto
Generation Neutralnation
Potential Neutralisation Potential
(AP Potential (NF) (NNP)
Paste | Total CaCO, CaC0, CaC0y AP:NP Rock
| __Sempl M IS 0g0 (L L. gt Retls
Sample 2B 826 | 0315 9.84 7.50 234 1:08 I
Sample 3 847 | 032 10.06 12.50 244 1:12 I
Sample 4 832 | 0.3% 1113 9.25 -1.88 1:08 I
Sam ple SD 828 | 0239 747 825 0.78 1: 00 n
Sample 6B £37 | om 541 Bw | 1% 1:24 n
_ Sample 6C 822 o2 | o4 | 778 | .9 1o |
Sample TA 816 | 0.308 9.63 9.00 0.62 1:09 I
Sample 7B 726 | 0.3% 12.19 6.50 -5.69 1:05 I
Sample 8 828 | 0368 11.41 875 -2.66 1:08 I

*Negative NP values are obtained when the volume of NaOH (0LIN) titrated (pH:8.3) is greater than the volume of HCI
(0LIN) to reduce the pH of the sample to 1.5~ 2.0. Any negative NP values are corrected to 0.00.

The information contained in this report is relevant only to the sample/samples supplicd 10 WATERLAB (Pty) Lad. Any
further use of the above information is not the responsibility of WATERLAB (Ptv). Lud

Please refer to Appendix (p.4) for a Terminology of terms and guidelines for rock classification
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Waterlab (Pty) Lid




APPENDIX : TERMINOLOGY AND ROCK CLASSIFICATION

# Acid Generation Potential (AP) ; Sym: Maximum Potential Acidity (MPA)
Method: Total S(%) (Leco Analyzer) x 31.25

» Neutralization Potential (NP) . Sym Gross Neutralization Potential (GNP) | Svm: Acid Neutralization Capacity
(ANC)
Method: Fizz Test ; Acid-Base Titration (Sobek & Modified Sobek (Lawrence) Methods)

# Nett Neutralization Potential (NNP) ; Sy Nett Acid Production Potential (NAPP)
Calculation: NNP - NP - AP (| NAPP © ANC - MPA

ROCK CLASSIFICATION

TYPE Potentially Acid Forming Total S(*s) > 0.25% and AP:NP ratio || or less
TYPE NI Intermediate Total S(%s) > 0.25% and AP:NP ratio 1:3 or less
TYPE I Non-Acid Forming Total S{%) < 0.25% and AP:NP ratio 1:3 or greater
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APPENDIX B

CD containing the report as ¢ printable pdf file and a copy of the TAF excel
spreadsheet moded



Other related WRC reports available:
Rehabilitation of contaminated gold tailings dam footprints

Hattingh RP; Lake J; Boer RH; Aucamp P; Viljoen C

An earlier preliminary assessment of pollution contained in the unsaturated and saturated
zones beneath reclaimed gold-mine dumps, indicated that this pollution can have a
significant negative environmental impact on the underlying vadose zone and subsequently
the groundwater system. This study identified five alternative rehabilitation strategies
to deal with this poliution and modelled their expected impact at three study sites. The
strategies were found to represent mainly two opposing alternatives, i.e. those that result
in the pollutant remaining within the confines of the residue deposit area, and those in
which the poliutants are transported to the deeper aquifer, away from the source. The
preferred management option would thus depend on whether containment or dilution
and migration of pollutants would be the desired option. The problems associated with
reclaimed mine-residue deposits were also assessed by evaluating the various risks that
are associated with the source of contamination, the pathway it would follow and the
receptor that would be adversely affected by the contaminated substance. Site-specific
variation in physical characteristics was found to have a marked influence on the resultant
risk assigned to individual aspects. The introduction of a risk assessment approach, a
phased and chemically orientated approach to site investigation, and the selection of
remediating strategies from a number of technologies, were identified as intrinsic
components of the rehabilitation process. This would require that rehabilitation be
conducted on a site-specific basis. The basic methodology for this approach is outlined
in a companion document to the project report.
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