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ABSTRACT

Groundwater numerical modelling is used more and more in mining environmental applications, where
contaminant plume development predictions at different phases of the operations, are required for various
environmental applicatio@ne such casettse application of numerical andsgransporimodelling of

an open pit mine in the Kalahari Mangarettavhere a waste rock dump (WRD) is developed, as mining
progressed he numerical modelasconstructedind run usingEFLOW (DHI-Wasy). EFLOW is a

finite element numerical code, widely used for flow and mass transport moBELiIGYVkas selected

due to its flexibility and enhanced representation of geological and mining etexbemgs full dynamic

transient simulation of flow and mass transport. The historical monitoring data and rainfall (recharge) data
wereused for steaestate calibrations of the groundwater model. Once calibrated, the transiemasnodel

used in predictive mode to determine the changes in the groundwater regime and goualidyeater

the end of minindg0and100 yearafter the start of mininghe chemicals of concebmron (1.6 mg/l)

andNOs (18.55 mg/l)weresimulated over thigme with NOz undergoing two scenarios: with and
without biodegradatioiModel results showed migration of the plume in the general groundwater flow
direction, but not further than 1.5 km downgradient of the mine site, therefore, remaining in relative
proximity to the mine.

Keywords:numerical modellingnite elemenmethod manganesaining,contaminant plume
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Chapter 1 Introduction
1.1Background
Sgnificant volumes of waste are generated through mining processes. Over time, identifying suitable
storage and disposal locations becomes challenging and mines look to new ways of addressing the waste
on site. One such way igiihwaste deposition, wieean open pit is backfilled with mine waste (i.e., waste
rock and/or tailings). Mines tend to favour this option dugeter safety factors atalv costs in
comparison to costs associated with the design and construction of tailings storagd $eslities (
Additionally, t her enfhessiteghifudthe factthatlenge eockagmeniefficientlyt i on o
fit together ilmwaste rock dump\(RD), make it deasible option.

After ore ismined processednd sold, thenine waste is lefit deal withDisposingof the waste ian

additional coghatmustbetaken on by the mirend thereforéow-costmethods are souglht the past,

this resulted in varying environmental consequences, for example, waste rock facilities were positioned
close to the miningit, regardless of the implications in ternw®fterilizatiorgroundwater and other
environmental aspectdis method is possible typically whemge volumes of wastick aregenerais

and are deemed low in toxicity.

Given the interconnected nature of surface and groundwater systergit avgste deposition could

pose a contamination risk. Groundwater is a susceptible natural resource with regards to impacts from
miningrelated activities in South Africa. Accordinghe Regulations regarding the planning and
management of residue stockpiles and residue deposits from a prospecting, mining, exploration, or
production operation (Government Gazette No. 39020, 2015), the identification and assessment of
environmentalipacts arising from residue stockpiles and residue deposits must be done as part of the
environmental impact assessniel) conducted in terms of the National Environmental Management

Act, 1998 (Act No. 107 of 1998), if required. As part of the investigation and site selection for residue
stockpiling and deposit, a hydr ol ogropertes ofthevvest i
strata within the zone that could potentially be affected by the quality of seepage as well as the potential
rate of seepage from the facility and the qual.‘

As such, it is extremelgaessary to understand the potential risk to groundwater within this context.

The mine pertaining to this study is located along a significant manganese belt, namely the Kalahari
Manganese Field (KMF). The KMF in the Northern Cape pradiri®euth Africaconstitutes a giant
manganese ore deposit, estimated at approximately 8 billion tons at grades between 2& dfrd 48 wt
(Beukes et al., 2003). This manganese deposit is deemed the biggest jrctmstivoticg approximately

80% of the wor | doBakessenal, 201&ssech,rminimgeof thiase has long since

been undertaken. The unprocessed liberation of these manganese wastes results in the spread of manganes
(Mn) to groundwater, which may lead to chronic and acute exposure of this metal pollutant resulting in
lethal consequences (Das et al., 2015). Tdfisignificance as groundwater is used for domestic and
agricultural p ur pMangameseasatoxiceffeaton lsumadn ddalthndvsispedifinallyt y .

1



detrimental tanfants (Brown and Fop2009). Hafeman et al. (200@)edsignificantmortality among
infants in Bangladeblecause dfigh concentratiaof manganese drinking watef-urther, manganese

is found to have meurotoxilogicagffecton children(Adhikari and Mal, 20R1A high concentration of
manganesin drinking watemay have a marginal effeat adults but isignificanton embryos and
neonated-urther Xie et al. (2021) noted that ldegn exposure to manganese caddltin Parkis o n 8 s
diseasggneumoniaand bronchitis.

However, manganese is not the only potential contaminant that may emamatnd@amese mining.
Defective ailingdacilities Pills, site activities such as blasting, etc, can also introduce chemical constituents
into the groundwater system through the mimereforegeochemical studies and waste assesfiments

such mineshould be considered holistically.

Any possible contamination of groundwater from the pit, would largely be governed by subsurface
geological and hydraulic conditions, in addition to the speciation and attenuation processes that the
contaminants undergo (Freeze and Chedn@).1Contaminant behaviour in groundwater flow under
heterogenous conditions are more challenging to predict. To show the effect of simple layered
heterogeneities on transport patterns, a-seasi®n flomdomain is represented kigure1-1. It is

assumed that steaghate groundwater flow occurs through the cross section and that the flow domain is
isotropicin respect offiydraulic conductivity.

Contaminant source

Stream
n—y—i—m Steady stream table
L mm e
(a) p=—Divide K

I Pa No flow Divide

(b)

(c) {Kz
(d) s
(o) £

K,/ K, = 100

Figurel-1: Effect of layers and lenses on flow paths in shallow-statelgroundwater flow systems. (a)
Boundary conditions; (b) homogenous case; (c) singlechbigthectivity layer; (d) two lower
conductivity lenses; (e) two higher conductivity lenses (takdfréere and Cherry, 1979).

To date,here is limited reseammpleted omodelleccontamination plume in a manganese mine setting

and even less so in a South African coMiexmerical modelling is considered a relatively new field and



was onlyproperlyinvested irsincethe mid1960s when sufficierdroputing powers wepmssibleWhile
therehavebeen great strides made in the development, application and undeostdrelimgthods to
modelling groundwater flow, there is still much to be ddme.furthers the neefdr the research
proposed.

1.2Aim and objectives
1.2.1Aim

The aim of this study te further the knowledge and understandirapofaminant plumes, specifically
within the setting ofnanganese mines

1.2.20bjectives

i.  Todevelop an understanding of the hydrogeologic setting through the construction of a conceptual
model. According to Rushton (2004) the model should include key flow processes relating to the
system.

ii. To design, calibrate, simulate, and verify a numerical model using FEFLOW (DHI, 2017).
Additionally, to conduct geochemical modelling within the mod& biodegradatian
Geochemically modelled source terasicluded as chemical spein a transient mass transport
model.

iii. To predict the development of a contamination plume emanating from the pit.

iv.  Torecommend a groundwater management strategy relating-fotthvaste disposal.

1.3Thesis outline

Chapter 2reviews the literatupertaining tgoverning flow equations ahé use of numerical modelling

methods in mining hydrogeological applications

Chapter 3providesthe climatic, geological and hydrogeological setting for thersticihscribes the
methodology undertaken in terms of the data collection, software selection, groundwater conceptual model
as well asumericamodel construction, calibration, simulation and validation.

Chapter 4detailgheresults othe conceptual model and numerioadel in terms of scenario sand
the respective mass transport plumes.

Chapter 5as the penultimathapter includes a detailed discussidrinsightto the modelling results

Chapter 60f the thesis is the final chapter pral/idesa concise catusion of the research and presents

recommendations based on the outcomes of the research.



Chapter 2 Literature Review

2.1lIntroduction

Groundwater flow and contaminant transpoetomplex processandvaryacross aeterogenousine
site.This chapteoutlineghe principles governing groundwater #adcontaminant behavioimr porous
mediaas well as gtechniques used to quantify and predictaminant flonMoreover, the chapter
reviews existing coupled numerical and geochemical modetsarates with applications of modelling

to mining(and manganese mining operajiansluding problesencountered.

2.2Water flow in porous media

2.2.1Governing equations

Porous earth material is defined@ening®r voidswithin sedimentsr hard rock settirsgreferred to as

pore spaces (in primary aquiferg€racksor fissuregin secondary aquiferdnconsolidated materaid

rocksatt he earthds surface gener al | yhemicaldweatlggring var i
processes, whidhcreases, if noteatesporosity in theyeologicainediumMathematically the porosity

of earth materials may be defined by the following formula:

p TIGD

£ ,
w

Where n represents the porogitpercentagd/y is thevolume of void space iruait volume of earth
materiabndV isthe unit volume of earth material (Fedtedt Kreame2®2).

Accordingtd i u ( 2 0 1L3aw is t® @efinmgad@isformingmodelled fluid flovin the subsurface
Itis a linear flow labvased on observations of stestdyeconditionsof water flowandis a critical concept
for understandinfiow and transport processes in porous mediar ¢ y 8tates thafov a given type
of porous medidghedischargeate(Q) of a fluidis directly proportional to tlieop in hydraulic hedbh)
and the crossectional area (A) of the medium, and inversely proportional to the flovdiféergttice
(D). Where K, the proportionality constant represents the hydraulic condingtinigthitematical formula

f or Da rigeyplessedlaa w

. . DQ,
U UV—0
o
I't is a consensus among t h eappglicabletmtheifoflowiog situationstu ni t y

saturated flow, steady state fltransient flow, flow in heterogenous and anisotropic porousamédia
flow in granular medi®&riscu and Mitri, 1991t is important to note that the law is applicablenéar

flow & andno longer relevant when flow rates are very high (i.e., turlities8.higher flow rates are
more commonly seenrnock formations such as karstic limestones, dolomites and cavernous volcanic



With regards teolute transport, the governing equatioaferred to abe advectiomlispersion equation
and expressed bel¢@8chumer et al., 2001

T Ot $h#Tw
Where:

C is the solute concentration

v is the average linear velocity

X is the spatial domain

tis time

D is a constant dispersion coefficient

Bear 2013 noteghat a significamumber of tracer particles, initially located at a point source, will disperse
in accordance with limiting probability distribution, from which relative concentrations can be derived
for anypoint in timeTherefore, the advectiglispersion equatiandicates the probability functifor

the location of particles within the domain (Schumer et al., 2001).

The mehanismof pollution migration in porous media is comprised of two pro@gbgsical and
chemical. While physical processes move mass from one location to another, chemical and biological

processes redistribute mass (Ahmadi et al., 2018)echanisris further explained as follows:

1 Advection

Advection refers to the movement of dissolved solute or contaminants due to groundwater flow in porous
media. It is a key mechanism by which contaminan

that water serves as the transport mediuneoftb ont ami nant . Since Darcyds |
conductivity (K) and the hydraulic gradi%@t (t is critical to understand the magnitude and direction of

t he Darcy velocity to predict the transport of ¢

w 08’)8—%—

where (K) represents the hydraulic conductivity,i{Khe relative conductivit@ (s the volumetric

Law as follows:

moisture content, and-] is the head gradient in thdisection.

The main attributes of advection in contaminant transport are long distances, fast movement of water,
highly permeable aquifers, reduced attenuation processes as well as the effect of flow direction. Given that



advection is driven by flowing water, many factors can contribute to it, such as natural hydraulic gradients,
groundwater abstraction through boreholes as well as recharge events.

9 Dispersion

Dispersiomefers to the spreadingsmatteringf dissolved contaminants as they move through the porous

media of thequifer. It occurs due to two processes: molecular diffusion and mechanical mixing (Ahmadi

et al., 2016). As groundwater flows thr@ogbus media, the velocity of the whtetuatespatially due

to the irregularities in the subsurface structure and the heterogeneity of the aquifeAisateesist,

di ssolved contaminants tend to spread in differ:
law of viscosity which expresses that velocities within a single capillary tube follow a parabolic distribution,
with the largest velocitythe centre of the pore and zero velocities at theMallgular diffusion is the

movement of dissolved contaminants at the moleculadueviel random thermal motidhis natural

for contaminantso diffuse from areas of higher concentration to areas of lower concentration, leading to

some degree of spreading of the contaminant pMotexular diffusiois expressddy Fi ckds | aw
10
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Where F is the mass flux, E2presents the diffusion coefficient in unobstructed water medidsatite

concentration gradient.

Dispersion results in the spreading of a solute in directions adjacent to and parallel to the flow direction.
This can be illustrated by two cases. In the firsFégeee2-1), because of hydrodynamic dispersion, the
concentration of a solute will reduce as its distance from the source increasesongitudimal

dispersion is greater than lateral dispe(Bietter and Kreamer, 2022he second case is where the
contaminant is introduced as an instantaneous point $oguce2) and plume is developed in elliptical

shapes. This can be attributed to the anisotropic nature of mechanical dispersion (Freeze and Cherry, 1979).
In both cases described, dispersion is greatest in the flow direction.

== niform flow

Figure2-1: The spread of a contaminant dominant in the longitudinal direction, at different times with
uniform flow, taken from Freeze & Cherry (1979).
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Figure2-2: Travel of a contaminant source attime point sources, taken from Freeze & Cherry (1979).

The coupled effecbf molecular diffusion anchechanicatlispersionleads tothe spreading of the
contaminant plumeesulting ira wider and more diffuse distribution of contaminants downstream from
thepollutionsourcelt is also understood that key contributors to dispersion in contaminant transport are
longitudinal and lateral spreading, attenuation, and advection interaction (Singh et al., 2021). Fetter and
Kreamer (2022) further notésat pore size, path length and friction in pores are congibatiors in

porescale longitudinal dispersion.
9 Sorption and degradation

Sorption can be described as the exchange of molecules and ions between the solid and liquid phase,
including adsorption and desorption. It is possibl@ftaminantso be sorbed onto the surfaces of soil
particlesvziavarious mechanisms, including electrostatic forces, van der Waals foeteaghemical

bonding. Thelegreef sorptionis dependerdn factors such as the type of contaminant, aquifer material
properties and the contaminant concentratiorgioundwaterBear (1979) gave the lineotherm

represented by:

Wherel is the distribution coefficient.

Radioactive decay as well as biodegradation is referred to as degradation which is chatheterised by
chemical or biological breakdown of contaminants into less harmfessdoxic substances.
Biodegradation specifically, is one of the most significant degradation processes in groundwater. The
processnvolvegthe activities of microorganisms (bacteria, fungi, etdgatain contaminanthereby

breaking them down into simpler compowfdswer concern and in the process gaining energy from the
oxidation of organic compounds or inorganic spdtiese species may include,He&, M2+, among

others (Rivett et al., 2008).

Bear (1979) mentioned the rate of decay reaction:

i _Yo

WhereY is the retardation. The retardation factor represents a ratio of the contamination plume speed to

the average linear velocity of the aquifer. This relates to cases where contamination is linear. In the context



of this equation, represents the decay constant which determines the rate at which contaminants decay in

an exponential decay process.

The rateat whichbiodegradatiomccurs is linked téactors such as ttaxygenavailability, nutrients
presenttemperatureas well athe presence of suitable microbial populafieolino et al., 2020n
understanding the rate of decay, the concept d¢fdadfcritical. Hallife ('Y) relates to the time it would

take a contaminant to reduce to half of its initial value. The rate of decay equation in tetfifesisf half
expressed as:

Where N{) is the quantity of time in
Nois the initial quantity (et 0)

“Y is the haHife of the contaminant

The relationship betweélN and_ is inversely proportional, i.e., a smaller decay constant leads to a longer

halflife and vice versa, which provides insight into the rate at which contaminant quantities decrease in

groundwater over time.

2.2.2Numerical methods describinggroundwaterflow

Due to the complex nature of subsurface geometry, geologl asomplicated boundary condition
mathematical models ateemed necessdry terms of flow modelling and predictidor, effective
management of contaminated aqudadsthepreferred choice eémediation techniqudhe choice of
remediation method largely dependsheraccurate and precise simulaifdifow and solute transport
(Ahmadi et al., 20)6Moreoversimulating solute transport requaesinderstanding tie distribution

of velocitywithin the solution domaithereforemathematical models need to be developed based on

governing flow equations.

Despite flow simulation beihgavilyinvestigated andustied over the last few yetarsieterminequifer
parametersn accurate description of contaminant transpsinis critical component to the system.
terms of groundwater floanunderstanding of transport physics shoutbbpled with chemicahd/or
biological aspectahich often results in advectiifusivereactive transport equatioAs.such, various
numerical methods have been employesbliee the issues relating to the accuracy of maodiléng
interaction between advective, diffusive and reactive prddaesdesthe appebility of these solutien
there is much interest in recent times regacdinged flow andolute or contaminant transport.

Currentlythe numerical solution of flow and transport equationsnainly based on finite difference,
finite volumeand finiteelement (Ahmadi et al., 20T8)ese are discussed separately belbgraphically

represented iRigure2-3:



i1 Finite difference ethod(FDM) is anolder, widely usedhethodologyvhich is considered highly
effective in groundwater flow modejlend forms an approach to computational fluid dynamics
(CFD).One of theprerequisitesf FDM is that the aquifemust besubdivided into a grid form
andanalysethe flows associated within a single zone of the aquifer of nodgbge&we and
Achi (2011)noted thathe FDM could be used to predict the future direction of dilosvparticle
location withirthe bounds o& simulatiomlomain.

1 Finite volume methoFVM)is one in which thimtegral formulation of the conservation laws
discretized directhyithin the physical spad&hile theFVM shares similarities wiDM, it
assesses the variables at discrete locations within the computationaRdpmani . It is
based oithe integral form of the conservation laws as opposed to their differentihfcsja.
higher accuracy may be obtained when it is used in cases wharedteme gradients (i.e.,
significant derivatives) within a domais.such, this method is better suited to irregular and
complex geometries.

1 Finite element methd&EM) has become more popular in thetlashty years or so, compared
to the methodsliscussedboveas it allows for greater geometric flexibAityr@adi et al., 201.6
This methodachieves accurate results without compromisingcfite featureBurther,FEM
allows for the use of varying spatial resolutions and different material properties across the model
domain, which is essential for accurately capturing tHeefiawiouin heterogeneous aquifers.
Additionally, FEMcan eaki integrate other physical processes subhaadransport, solute

transport and geomechanics, thereby increasing model accuracy.
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Figure2-3: The various numerical methods popularly imsg@) Finite DifferenceMethod EDM), (b)
Finite Volume Method-VM) and (c)inite Element Method-EM), taken fronEbrary(2023)

The differenimethods discussedch have their ovapplicabilityo specific groundwater scenarios and
hydrayeological setting¥he choice of numerical method ofepends on the complexity of the

groundwater problem and specific requirements as wetkasunceand data available.

SinceFEM divides the model domain into smaller elements like trianglggpoitts unstructured grids,
thereby offering flexibility irepresenting complex geometeed heterogeneous aquifeFEM also

allows for adaptive meshing, whereby a specified area can be further refined in terms, oftihehrisesh



especially useful when assessing plume migration, seepage, etc. This also leads tioegneapecially
where irregular boundaries are concetiedever, the disadvantages of FEBM mainly related to
complexityd of themodel but also the softwakigher complexity can also feed into high computational
costs, depending on the modelling prdfesther FEM canalsocome withhighlicence costs to operate,
thus it is not as wideljped as FDM.

FDM on the other hand, is well established and has a long history within the modelling community
(Mazumder, 2019jhe method isimpleto use and implemeditmaking it very efficient for simple models.

While FDM is regarded as relatively easy to use, it is associated with liGitatibmstations are
regarded as one of the main issues in the fact that this steifgkts inepresentingomplex geometries

and heterogenous aquigggtems This inevitably leads to accuracy issues with an FDM rspdelally

in cases with irregular boundarismerical dispersion and rigid grid challenges constitute further
drawbacks of this methdeDM is suitable for simple models, however, accuracy decreases with complex
hydrogeologic settingsimple models with coarse gadsy low computational costs, which can easily
increase abe need for detail amefinement increases.

From all three methodBVYM is arguably the least used method in modettgdwater flowFVM

strictly enforces conservation law, which is particularly useful in simulating mass(kManspoand

Suli, 1991} ikeFEM, FVM caraccount for complex geological settings, using structured and unstructured
grids.This method is robust and remains stableveiieicomplex flow condition®ne of he drawbacks

of this methods accuracg depending on the time of discretization selected, as well as complexity and
software complexityhe complexity is balanced with reliabsiggcifically in the case of transport models.
The method is computationally intensive but produces high adcainsed/1 provides a summary of the

advantages and drawbaufksach method discussed.

Table2-1: Summary of advantages aralvback®f the numerical methods discussed

Advantages Drawbacks
1 Geometric flexibility 1 Complexity
FEM 1 Accuracy 1 Software complexity
1 Adaptive meshing 1 Computational cost
1 Accounts for anisotropy well
1 Simplicity 1 Grid limitations
FDM 1 Computational efficiency 9 Accuracy issues
1 Wellestablished history 1 Numerical dispersion
1 Conservation properties 1 Complexity
FVM 1 Geometric flexibility 1 Software complexity
9 Robustness 1 Accuracy
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In terms ofgroundwater flow equatigransient flows and steady state flawve relevanc€hetransient
flow is described as the movement of groundwater ovewthiere hydraulic conditions chaagia result

of factors such as recharge, abstraction through pumpingiveslfge in boundary conditions or other
processesffecting groundwate€Conversely,tsady statélow is usually required for scenarios where
groundwater conditions are relatigtdpleand the aim of the investigation relates totknmg averag
conditions. In steady state modelling, groundwater movesmsintulatecunder conditions where
hydraulic conditions remain constant with.time

Within the model domain, boundapnditions are assigned to simulate the hydrological conditions and
constraints that affect groundwater flow and contaminant transport processes. There are several boundary
conditions that are relevant in terms of transien{Daxsch, 2002

9 Initial boundary conditions

At the beginning of the transient simulation, the hydraulic head distribution within the model domain needs
to be specified. These initial conditions represent the groundwater levels at the starting time of the
simulationln terms of mass transport, the initial conditimagypically applied to structures with defined
source term concentrations, such as WRDs or tallmgsssociatedifial concentrationsf identfied

source termareinformed by wast@ssessments other types of geochemistldies regardirige mine.

9 Standard boundary conditions

The standard boundary conditions refer to the common types of boundary conditions that are frequently
used to define the interactions between the simulated system and its surrounding enVinenment
boundary conditions constituting these incDidiehlet Boundary Conditipalso referred to gsexified
headboundary NeumanrBoundary Condition, referred to as flux boundary, Robin Boundary Condition,
referred to as mixed boundary, no flow boundary conditions and periodic boundary cohditionst.

conmmon tyges of boundary conditions inclugedfied head, Neumann anted.They are expanded

on below:

o Dirichlet Boundary Cond@tiecifiddeadBounda@ondition
The Dirichlet Boundary Condition/Specified head boundandition specifies a time
constant of timearying valueper primary variable at each node in the mesh, i.e.,
concentratiorior mass transpotttydraulic head for floyrobability of exit and temperature
for heat transparetc.Most notably, thenflow or outflow to/from the model domain at the
node can be calculated from the simulation.résidttype of boundary condition is relevant
to cases where surface water bodies such as rivers, streams, ifdkescieheely with the
aquifer Figurez2-4).
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Figure2-4: (a) Surface water body interacting freely with the aquifer, asttb\ihg the
measured groundwater héaftierBanik, 2021).

o Neumann Boundary CoftglitisBounda@ondition
This boundary condition type indicative ofin in or outflow of water/mass/energy at
element edges (2D) or element faces (@B)re2-5). The conditionis applied for at least
two adjacent nodes (2D) or all nodes of a vertical or horizontal element famdt(8)e
effective. The given value in flow simulations is a Darcy flux perpendicular to the boundary.

Figure2-5: Flux and transfer boundary conditions in a 3D FEFLOW miadteh(from
FEFLOW.com, 2024)

0 Robin Boundary Condition/Bowtatyondition
This boundary condition is a combination of the Dirichlet and Neumann boundary conditions
and describes a hedepbendant flux conditio@aayeri and Werner, 28 The Robin
boundary condition appliesdases where the truncation of aquieisutside of thenodel
domain and approximated in thedelling process

o No Flow Boundary Condition
This type of boundary conditimrelevant to cases where the flow of groundwater is restricted
or altogether preventethe neflow boundary is used to simulate scenarios wiagee is
unable to move across the boundBiyure2-6), e.g., a watershacshpermeable geological
unit such as clasiver boundaries, faults, etc.

12



S G.W. Divide

Figure2-6: A groundwater divide acting as a no flow boundary, thereby restricting the flow
of water

0 Periodic Boundary Conditions
Periodic boundary conditions are used to sinaulatéinitely repeating system within a finite
model domainThis condition is applied to situations wlikege are repeating patteims
groundwater systems sucledforms in rivers and streams, fracture netwedtzargand
tidal influence oroastal aquifersluarg et al. (20203onsidered the periodic changes in
groundwater level under three tidal boundary condikmeg2-7). Commonly,cyclical
recharge forms part of the periodic boundary condition in a model.
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Figure 2-7. Three periodic boundary conditions showing respective fluctuations in
groundwater levels (Huang, et al. 2020).
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91 Drainage-gradient type boundary conditions

This type of boundary conditionaisplied at boundaries where groundwater flow is directed towards or
away from the model domain, typically representing locations where water is draining out of the system
due to natural or anthropogeoaises.

9 Free surface boundary conditions

Free surface boundary conditimyesent the interaction between groundwateusiadevater bodies,

such as riverstreams, damsvhere the water level is not confined by overlying soil or geological
formations. In theseasesthe water surface is free to fluctuate and resporathanges in hydraulic
conditions.

1 Seepage face boundary conditions

These boundary conditicer® relevant tihe interaction between groundwater and open boundaries, such
asmine benchesiverbanksstreambeds, or other exposed surfaces where water can seep into or out of
the aquifer. These boundaries are characterized by unconfined flow conditions, where the groundwater
level is directly exposed to the atmosphere or other water bodies.

1 Surface ponding boundary conditions

Surface ponding boundary conditions represent the presence of surface water ponding or pooling on the
ground surface. This condition is commonly applied to simulate situations where excasdlnagnfdll,

the mine pitflooding, or other surface water sources cause water to accumulate on the surface, forming
temporary or permanenater bodies or pit lakes.

2.3Leaching from WRDs and associatedgeochemical reactions

Metals and other potentially harmful chemical constituents have the potential to leach from WRDs in a
mining environment, governed by chemical prockssebing can happen in acidic conditions and non
acidic conditions, i.e., neutral pH conditiGigen the sheer volume\WRDson the mine, thpossible
leachingeffects could result in large saalgaicts Kigure2-8).
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Figure2-8: An example of a WRD on an open pit mine (Stantec, 2021)

The characteristics of the WRD have a bearing on the geochemical reactions that have the potential to take
place, as well as on the leachate concentrations detected at monitoring loEagiore2-n the three

main flow components are shown. The first isofiyiwhich occurs on the surface of the WRD brought

on by precipitation, the second is seepage which percolates through the WRD and flows laterally above the
interface between WRD and the grosundace. Both paths may result in elevated concentration detected

at the base of the WRD. The third flow component is groundwater, transported laterally to a groundwater
monitoring point further downgradient.

WRD

—_— Seepage
s

Groundwater  Tmeememcmmmmeemmmmmee- .
Sub-surface geology

Figure2-9: Three flow components in a typical WRD and respective detectioshmimis red

15



To quantify what may leach from a WRD, specialised laboratory testing of waste materials is required. In
South Africa, this includes but is not limited toaydiffraction analysis (XRD), Synthetic Precipitation
Leaching Procedure (SPLP) or Toxicity &itaristic Leaching Procedure (TCLP),-Bagk Accounting

(ABA) full Inductively Coupled Plasma Mass SpectroscopyI80R addition to analyses for major ions,

total alkalinity, et&ome ofltese testing methods are broadly explained below:

XRD is a common method in geochemical assessments of WRDs as it provides insight on the mineralogy
of elements (Moralé®rezet al., 2021). l@mical composition, crystal structure, crystal orientation,
crystallite size, lattice strain, preferred orientation and layer tluaknessobtained through this non
destructive method

SPLPand TCLPas the names suggest, are both leaching procedures destedntine the leaching
potential of contaminanigthin unconsolidatesloil materiaMW/RDs sediments, etd he main difference
between the two is that SPLP is useddoeral leaching investigations, whereas TCLP is specifically used
for hazardous waste.

In ICP-MSis a proceswheretrace elements imatersamplesredetected and quantifiethe method
makes use of high temperataned a mass spectromatéiere ions can be separated based on their mass
charge ratidlhis is widely used methiodwater analyses since it has a-glattient capability.

In addition to XRD and ICRS methods, Foli and Peasah (2023) used a kinetic column test to
geochemically characterise the waste rocgabfi anine in Ghana. The findings were that heavy metals
such as iron, zinc, manganese and strontium had high concentrations throughout the experimentation
period. The results were in line with the work @b&d et al(2008, where it was noted that in acidic
settings, the predominant cause of heavy metal refeasaidic character of the waste

2.3.1Solute transport and gochemicalprocesses
Based on thgeochemical assessment carried out by Company dde@20xtudy sitehere wasn

absence of sulphide mineial$VRD sampleas well as in samples taken from other parts of the mine
i.e., <0.3 % of the samplensconstitited by sulphid@ineralsin addition, Fe(lll) was found in elevated
amounts irthe form of FgOs; (Company D, 2022n the absence dfi-field measurements of Dissolved
Oxygen (DO) or Redox Potential (E#alysis of these redsansitive speciesentionedabovewere

used to determine that theundwater systemaan oxidizing nature.

Whenwaterinfiltratesthe subsurface mixeswith the soil horizomndby extension, the soil organic
matter.This results isignificant oxygen consumption and carbon dioxide productionuippisreparts

of a groundwater systeAtcording to Freeze and Che9719), belovare some of the redox reactions
where oxygen is usad. H* ions aregenerated during the reactions and are subsequently consumed by

reactions with minerals.

Sulphide oxidation: Oz + -HS = -S0O2 + -H*
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Iron oxidation: -0, + Fe2* + H* = Fe3* + -H,0

Nitrification: 0, + -NH4+ = -NO3 + H* + - H,0
Manganesexidation: O2 + 2Mnz+ + 2H50 = 2MnOx(s) + 4H
Iron sulphide oxidation: —O; + FeS (s} -H.O = Fe(OH)(s) + 2SQ? + 4H+*

Broadly, transport models can either be reactive ereactive. In reactive transport modellihg
models aim tdescribeomplex cheroal processes that occur dugraundwater flow through an aquifer
medium These processes includi@eral dissolution, precipitatigon exchange, ef€o carry otithis
form of reactive transport modelliggsignificant amount ohemistrydatafor the aquifers in questian
requiredThisis due to theumberof calculationgwvolved inallrelevanteactions within each element of
the modelFurthermorefor accuracythe model needs to baghly discretize@hus,a significant level of
detail isneededvhenattempting taunderstand thesactivecontaminant transport through the model
domain.On the other hand, nemeactive transport modedeek todemonstrate physical transport of
solutesvith no significanthemicathanges occurringhe model calculates the contaminant phased
onthemass transport rather than theiattions between the groundwater chemistry atairination
constituentTherefore, this form of transponbdeliss ui t abl e f or asscenarig,e.hg t he
non-reactive modellinghowing the maximum development of the plume

As previously mentioned in this chapténdegradatio® a geochemical processs one of the most
significantlegradatioprocesses igroundwateMhile metals cannot destroyedyrganic and inorganic
constituents magact with enzymes or otlidogenic compands In the biodegradation process, there is
a transfer of electrons that ocdbe occurrence of whidh determined bthe oxidative state of the
environment in addition to the contaminant i(§¢RC, 2008NO3, Fe&+, Mr#+, SQ and CQ are known

as electron acceptors

Biodegradation of nitrate in groundwater may occur through a process denitnificiatidmvolves a

series of redox reactions where nitrate is progressively reduced, ultimately releasing nitrogen gas into the
atmosphergsiven thanitrogen gas is a relatively inert gas, denitrification effectively removes nitrate from

the groundwater, reducing its mobilgnitrification is considered the mesgificant biogeochemical

process affecting nitrate mobiliar this process to occur, denitrification requires electron donors,
typically organic carb@iwon et al. 2016Yhe availability of organic carbon is a critical factor controlling

denitrification rates.
Other electron donors, such as sulfide or iron, can also support denitrification

NO3z may be reduced to nitritden to nitric oxide, to nitrous oxided eventually to dinitrogen gas
(Kuypers et al. 2018)he order oNOz reduction, nitrite reduction, nitric oxide reduction andaiyei

formation can be represented as:
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NO3z + 2H* + 2 - NO2z + H:ONO» + H* + & - NO + H,ONO + H* + & - N0 + H,0N;0 +
H*+e- N2+H0

Environmental conditions can influebaeegradation in a groundwater sysBawteria that can survive
atthe same temperatures as hurfian$etween 1€ and 45C)are known as mesophilic bact&vhile

there are microorganisms that eatisive 45C (i.e.thermophilesand below 15C (i.e., psychrophiles),
mesophilic bacteria are relevant to rsastth Africangroundwater systemgost of theknowledge
pertaining to breakdown of compounds through reactions igithonganismare based on neutpt
environmentsharacterized taypH range of 8 8 (Cushman and@lartakovsk, 2016)

2.3.2Chemicals of concern
In a geochemical assessment carried oubhdiglgbouringnanganese mine in the Kalahari Manganese

Belt, static AcidBase Accounting (ABA), mineralogical testing as well as SPLP leach testing was used. The
computer programme PHREE@GH Redox Equilibrium in C languagglilibrium modelling code was
used in the geochemical modelling. The study showed the existence of highly soluble minerals such as

calcite and dolomite which would lead to mine drainage with a neutral pH.

In a 2019 geochemical study tfus case studCompany B, 2019} was determined that the main
constituents with the potential to leach into the groundwater system are boroni{BeuidQ). In

the case d8, it was deemed likely associated with geological material from which the waste rock and tailings
are constituted. According to the same study, the recharge front through the Kalahari Formation mobilizes
so0ilNO3, making it a common occurrence in areas stripped of vegetation or subjeeteplanitng. In

a water monitoring report by another company, Company D (2022), th©higloncentrations in
groundwater were further attributed to geololi0al released during blasting and excavation processes,

pit water and the use of ammoninitnate explosives, WRD facilities aadousindustrial nitrogen

containing chemicals used in minerals processing, including nitric acj)d éad@nium chloride and

(NH.CIl) and ammonium hydroxide (A®H). No other source terms were determined through the

geochemical and waste assessments.

2.4Applications of modeling to mining and manganese mining operationand

problems encountered

The most widely used method to nmmenganesgepositss shallow open pit mining/hilemostmines
around the world use this methibebre are few exceptions, such as with the Chédaganeskline in

the Imereti Region ddeorgia where open pit minirgnd underground mining take place concurrently
(Bochorishvilet al., 2021)

Conventional opencast operatiareswher&psoil and waste roakeremoved to usarththe manganese
ore body using truck and shovel methods. Topgbiéngransportedoy trucks to designated topsoil
stockpile areas for later use as part of rehabilitation. Waste rock is stripped and tratiepdesidhated

WRDs. Waste rodaneitherebackfilled into the open pit or used to flatten the slopes of existing dumps.
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Ore is then drilledblasted, antdauled using front end loaders and sheesetimeso the"in pit"
primarycrusher. Crushed ore is conveyed to a product stockpileiaaaniine, i.e.ROM stockpile)
near the minergrocessing plam\ny excess ore issuallystored and crushed as required.

At this point in the mining process, ore is trucked off sifarbrer processing takes place through
beneficiation processesirther processing means that ore from the ROM stockpile is conssyestdab

parallel circuits comprising scalping screens, cone crushers anded&giténg screens and a horizontal
dewatering screen at the designated processing plant. The product is conveyed to railway trucks via the load
out section for sale to thipartiesSlimes material from the processing plaherssent to thel SFfor

disposalThe general process can be depicted by the grdpigiera2-10.
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Figure2-10 Generalized schemaitiastrating lifecycle of manganese mirgsglting in hig-carbon
ferromanganese (HC FeMsiJicomanganese (SiMn) and refined ferromanganegeRgftaken
from Westfall et al2016)

Activities such as ore extracting, handling, storage of waste rock as well as beneficiation have the potential
to result in the loss of groundwater resources, both to the environmienttaind-party users, through
contamination or depletion (i.e., cone of drawdiswelopment A further contributing factor is the
interaction of surface water and groundwater, wigsty occurghrough precipitation ruoffs. Raman
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et al. (2013) found that surface-offrinto an underground seam affected the hydrogeochemical stability
of the mine water at a specific mine d@mcipitation(i.e., rainfaland snowetc) dissolvedifferent
chemical elementsicluding heavy metads, theypercolate througharioussoils and geological urtits
entertheunderlying aquifer8s a result, the geochemistiyhe groundwaterould change aréad to a

series of desorpti@nd dissolution reactions thereby increasing the risk of groundwater contamination. In
addtion, pressure resulting from ffercolation could influence groundwatev.flo

According to Parkhurst alidssmeier (2015gactive transport modellisgof interest due to its potential
to predict the evolution of contaminant plumes extensive periodas well ags capabilities to simwdat
nearfield processesftenused to improve safety in the desigroafining structures and containers.

Given the complexity of mining environments in terms of operational activities on the surface as well as
mining processes within the subsurface, quantitative wagestanding groundwater impacts and risk
mitigation become crucial. As sucimerical models in calculations of groundwater flow model have been

in usesince the 196@S z c z e, @419 MNukerical models have since played a vital role in the various
stages of mining operations:

1 Exploration of the manganese ore depos#tnd feasibility

At this stagenodels aid in the assessment of local hydrogeological cemditiom mine area, support

mine water inflow calculations, provigeut regarding dewatering plans and procedures, determine the

cone of depression as well as boundaries, further the impact assessment relating to surface and groundwater
in each dewatering layer, delineatsafenvironmental impact as well as indicate mitigation measures

that would be useful in curbing any impacts found.
9 During mining

At this stagenodel updates are done as well as predicting the mine water inflow intensity and the change
of groundwater levels, emanating from changes in geotechnical conditions of slopes in time and space as
mining progresses, in addition to understanding potemtiatts on the local environment based on

current data collected from frequent monitoring.

1 Decommissioning

At mine closure phase, modelling provides essential information regarding the end of devweitieeng and
the formation of a pit lake, because of the water table rising and flooding occurring withan the pit
backfilling of the pitThis assists with management regarding the pit as wel$ asitlyelfe associated
risks, given the final water level that would be establishetiingt Most importantly, modelling at this
stage predicts quantitative and qualitative changes in the pit lake in attditenvimnment during and
after the infilling.
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Mining pt lakeswill form by allowing the mining pit to fill naturally throdngklrological process&o(i

et al. 2014 hese processean take théorm of a combination betwegroundwater seepage or influx,
surface water ruoif and direct precipitatioA pit lake can act as a hydrogeological sink, miaige
considered matural drain for groundwatard dependent on several factbis.largelydw permeability
formationswhichusually inhibit the flow of groundwater causing pooling in daasg pits can retain
water due tsteep vertical pieometies Other typical examples of sinks incldidesture zones, geological
unconformities with varying hydraulic propertiey lenses and karst formations.

Given thepotential for acid mine drainage (AMIDY otheenvironmental issues that may emanate from

ore minescoupled with the fact that excavated pits are not in a state of equilibrium following the cessation
of mining, modellingecomes necessary for adequate management and remediation whereTieressary.
water balance changes immediately after mining ends, with dewatering efforts also contingh® an en
water quality of a pit lake is also important, as Soni et al. (201g)trakes, develogdrom mining of

iron ore,amongother typesnay contain other dissolved metal concentratepending on the ore type.

Thus a number of geochemical processes may occur within the pit lake aviictinteslude but are

not limited to: leaching of soluble salts from weathered bedrock, oxidation, adswnetiaidissolution,
subaqueous pyrite oxidatialgae growth and decomposition, denitrification, bacterial iron reduction, etc

(Figure2-11). The outcome of these procegsssslilts in geochemical layering of the pit lake water.

Water Table

-‘---“'k ...............................................................................................
. -
> Fe'>HFO Algae & Macrophytes  ¢= Photosynthesis Epilimnion
i Death & Seasonal Hyvoolimni
Leaching o Decomposition overturn ypolimnion
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Bacteria
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from weathered <— denitrification

bedrock

Gravitational

Settling Ground
Adsorption, Water Influx
mineral
dissolution,
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>aqu P Bacterial Fe reduction

oxidation

Pit Sediment

Figure2-11 The various chemical processes that occur in mining pit lakeSdfiicehalz014)

2.5Existing coupled flow and transportmodels
Currently there is limited research relating to coupled groundwageidfimass transpanta manganese

mining settinglhis furthes the need for reseaitchbe undertaken in this regard.
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In the past few decades work in terms of coupled groundwater flow and solute transport has been
undertaken by &fetniek$1980, Wang and Narasimhéif85 andDerradjiet al.(2011) however, there
is still significant work to be done to progress the understanding of the mechanismsujghohéow

and solute transport modelling.

Ahmed et al. (2018jeateda 3D simulation modelpmbining thé=DM model and the modular three
dimensional transport model larate asafe groundwategbstraction poinaway from the pollution
sourcesThey predicted the distribution of heavy metal concentration with time and dsstaatteas
determined theptimallocation for abstractionoreholes The outcomeof their investigation waise
positioning oboreholes approximatdl§3 m away from the leachate collectiontteeby reducing the
likelihood ofabstracting pollutantiserefrom

Amin et al. (202@arried outmintegratediumerical simulatiasf groundwater contaminant transport in

porous medifor a flat lying araa northern IranThe numerical method used was Fardappropriate

boundary conditions were selecidte numerical model was verified successfully and showed that the
lower the permeability ofnaodellayer, the more the pressure head reduttese is a dischargene,

which can be in the form of boreholes, a pit,Téte transport model wesnstructedvith bothreactive

and norreactive pollutants, i.e., dried milk powder and Fluorescein sodium, respectively. Tracer testing
results of the reactive pollutant indicated that ddispersion, diffusion and other reactions in porous
media, the peak contaminant concentration reduces in the boreholes with timeréHutivepollutant

showed similar outcomes to the reactive pollutant, hottevelecrease in contaminant concentration

wes less thathat of the reactive pollutant, as the contaminant is not ageteBot resultshowed the
advection rate is the dominant phenomenon in the contaminant migration daesssr, the result

shows the advection rate is significantly more than the dispersion and decay regarding both conditions,
indicating the advection is the predominant pratdss contaminant transpavithin the aquifers.

Peng et al. (®6) assessed the geochemical constraiimgpacts emanating fromeatheringVRDs in a
manganesaresetting in Hunan, Chinla. this case, the waste rock was characterized by blaskgdiimale
formed inanoxic deposition conditioaad minor manganese carbonates. The results shovweldethat
exposed tmxygen in th@tmosphez, sulphideminerals including the likes mjfrite, chalcopyrite and
galenaundergo oxidatignwhile manganese carbonateslergo decompositiorburing chemical
weatheng of the WRDamajor alkalies and alkaline elements, as well as major elementy aretdisav
are releasedlthough the mobility of thelkaline elementsdictated by decomposition of mangarikse,

dispersiorand releasaf heavy metalmay be related the breaking of sulphide minerals.

In 2021, Xie et al(2021)simulated manganese transport using VisDBIFVMOW and MT3DMS fora
manganesmine inHunan provinceCentral Chinaln this case study, the tailimtzsnwas developed
from solid waste generated from ergn miningThrough rainfall and leaching, heavy metal elements in
tailings undergo a range of physical and chemical reactions, ditinsédyr, dispersiordesorption,

complexatiomnd dissociatiohese residudésrm the pollution source of the tailings d@ased on the
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visualizatiorcapabilities, Visual MODFLOW wsedected taarry out dhreedimensionasimulation to
predict tke changes amanganese releaseer20 yearsThe findings were that Visual MODFLO8Va
usefulflow modelling software as it demonstratectiiamge in groundwater quality in space and time
This was determined througiodel calibratioandcomparing simulated water levels with observed water
levels.The aerage absolute error of 3.31 m means the resuéideemed accurate addition, the
reliability of usingransport modéhgusing MT3DMSvas found acceptable.

While Xie et al. (2028howed a methodology to study manganese regularity in grouradaidtém
solutions to groundwater pollution through minusgng FDM, further work isequired in terms of
modelling uag FEM. Thereforethis adds to the novelty of the research being undertaken.

2.6 Synthesis ofstudies

Based on the recent works of Ahmed et al. (2019), Amin et al. (2020) and Xie et BDX20RH)
commonly used method in simulating groundwateinfloanganese migsetting. In terms of coupling
flow with transport, the studies varied significantly in the contasinmog terms, type of transport

modelling, as well as reactions.

Xie et al. (2021) only simulated mangadrees&port from thenine andlid soin nonreactive mode due

to the complexity of the system amahygroundwatevariableswWhile the study did not elaborate on the
source term determinationsiitowedhe distribution of the contaminant plume through space and time.
In the same provae, Peng et al. () focused on geochemipabcesseaffecting different constituents,
such as oxidation and decomposifidre study specifically considered the WRD composition of black
shale and minor manganese carbonates, withoothenysource terms det@ined The simulation
includedreactive transpomodellingand suggested that flieaching and spreading of heavy metals may

be contingent on thereakdown of sulphide minerals.

Amin et al. (2020) simulated reactive andeaextive transport with the outcome beingthigaadvection
rate is the dominant phenomenon in the contaminant migration phkboesd.et al. (A®) modelled the
distribution of heavynetalsand the study focused largely on the extent obtitaminat plume.

As previously mentioned, the studiessidering coupled flow and transport moddtinghe location
investigated atemited nevertheless, sipecific studies have been undertaken for the Imi2@18, a
hydrogeological assessnvead commissiondy themine(Company A, 20)&ndincludel geochemical
kinetic modelling as well as acid base accounting for the TMREiadings were thatid generation in

the WRD and mingras minimal in the operational and Jop&rationaperiods.The most significant
outcome was that mangangas not expectéd leachat concentrations exceeding the regulated guidelines
during theoperational and pesperational phasdsutNOz andB were The explosives used at the mine
were identified as a potential sourde@4, which & ammoniunmitrate based

One of the mee significangeochemicalindingswas by CompanB (2019)wherea geochemical
assessment including waste classifiegdi®garried outeochemical modellimgas done in PHREEQC
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and included teput as well asompositeWRD samplesThe modelling determin&land NOs as
geochemical source termsa@tcentrations df.6 mg/l and 18.55 mg/l, respectivélyus,B andNO3
were seen as having the highest potential to leach from theAgVRBntioned eartién the chapter
(Chapter 2.3.2B was linked to the geological matedaistituting the WRD and tailings, whereas the
NOz was largely attributed naning operations, specifically blasting and the use of inadtstigen
containing chemicalstc.

In terms 0fSANS241 drinking water standa8/sHS, 2015hechronic health limit fdB is 2.4 mg/l and
acute health limit for nitral¢ is 11 mg/l.Regarding th®epartment of Water Affairs and Forestry
(DWAF) limits for livestock waterinQWAF, 1996)B andNO3 have a limit of 5 mg/l ang2 mg/I,
respectively. Thuthe leachate concentratiorNfDs transgresses both these linvitsileB does natlt
should be noted that the integrateder use licence (IWUL) for the mine, also stipuéestesrce water
guality objectives (RWQO) which must be adheréal tompliancepurposeshoweverthis was not
made available for this sputt therefore cannot be determined if Bi&oncentration of 1.6 mg/l
transgresses th&/UL RWQO.

The 2019 geochemical assesswehfollowed by a groundwater study undertakearbgany B (2021),

in light ofthe integrated Environmental Authorisation (EA) required at theltimeaotential impacts

were identified in this studyhe first being a cone of drawdown developing due to pumping and mining

in the pit and the second being groundwater contamination from mining and associated activity on the

surfaceMi t i gati on measures were provided for all p h

Many years ag6ompany C (20P8arried out geochemistrgtudy considering the study site, in addition

to adjacent mining operations in the arba.study includednrayfluorescencéXRF)on the Ongeluk

Formation as well as the Hotagelmation The findings for the Ongeluk Formatiwarelow Silica

Dioxide Gi®) andthe presence of calcaremigerals in the samplésalyses od blast sample frotine

Hotazel Formationonfirmed a high manganese contehich was expected since the samples was taken
directly from the manganese diee same company was commissioned by the mine in recent years to
update the geochemical assessment, this time with a focus on the WRD (Company C, 2020). The results
showed that 0.3 % of theWVRD sample were cortstied by sulphide mineral$ie analyses provided

insight into the chemical composition of the WRD.

Company DZ2022)provided a technical report based on drilling and testing of boreholes at the study site.
The drilling aimed texpand the water monitoring network for the site, and pump testing as well as water
sampling aided ianderstanithg aquifercharacteristics for the various geological units intersected. In
addition Jaboratory results from water sampdimgwed Fe(lll) in elevated amounts in the form £4e

d among other factormdicating that the aquifer was likely an oxidizing environment.

Thereforepne of theresearch gaps addressed in this gudynderstand how the geochemical source

terms defined for &/RD in amanganese mirtanmove in the form of a contaminant plurais is
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based on the source term concentrationB BoxdNOg, as determined in the geochemical assessment
(Company B, 2019)he second gais determining the rd@anismsof groundwater flow which can
influence thevaythe contaminant plume migratégsally, the third gap assesseg¢bbehemical reactions

related to the contaminant transport.
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Chapter 3 Methodology

3.1lIntroduction

The simulation offroundwateflow and mass transpadg complex by nature, amdriousinputs are

required These range fronslimaic factors such asainfall and evapotranspiration, to aquifer
characteristicdescribedyphydraulic conductivitiggochemistrgpecific storagetc Thus, this chapter

details theifferent components factored into the conceptual and numerical model, as well as the respective
methodologies.

3.2Site description

3.2.1Location

The mine sités inthe regia of Hotazelwithin the Northern Cape province of South Af@iigure3-1).
Due to the nordisclosure agreement with the mine for this research project, the exachx e
omitted. The aremainlyservicesurroundingmanganese mines whiektract ore fronthe Hotazel
Formation within the KMAFarming makes upe secondbiggest economic activitytivearea, asheep
and cattldarming isa popular agriculturptospect in this settin§econd tamining, his haseen he

mainstaypf the local econonfgr many years, \Witut many changes to land use activities.

\/ /\}l\ e
Bodulong A Risad
/ [ Study Area
y / [ Provincial boundary

Location Map

Co-ordinate system:
UTM Zone 348

0 7.5 15 km
I

Figure3-1: Location of the study area
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3.2.2Catchmentand drainage
The study site is located within the Lower Vaal Water Management Arean\tiislAJorthern Cape
Province(Figure3-2). The Vaal River system is divided intohosnts, Wwerethe Lower Vaal WM#S

sensitive tactivities and water management in the Mitidleand Upper Vaal WMAs.

The Upper Vaal WMA flows into the Middle Vaal WMA which flows intoother Vaal WMA. From
the Lower Vaakurface water feeds into the Lower Orange WMASs that eventually discharges into the
Atlantic Ocean at Alexander B&prderingSouth Africa and Namibi&he catchmenthiave an

interconnected nature, thus activitiesach of them have a further reaching impact.

The entirequaternary catchment in whitle mine is situatedas a net mean annual-ofh(MAR) of
more tharb 000 000n3 (DWS, 201R The mine itself is ithe vicinity of minor rivers whiébrm part of
the tributaries feeding the Lower Vaal WMA. Due teetiméarid nature of the regidhgse rivers systems
are norperenniain character.

i Legend

> Town
River
4 [ Quaternary catchment

DEM
Band 1 (Gray)

Drainage Map

Co-ordinate system:
UTM Zone 348

0 10 20 km

Figure3-2: Topography and drainage of the study area and surrounds

3.2.3Topographyand Land Use

The terrain of tharea is relatively flat agdntly slopes towards the wdstere are neharacteristic
topographicdkaturesThus the topography has played a roteéating an environment where vegetation
is sparseMost of the study area and surrounds have dféated byfarming but more significantly,
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disturbedby intensive mining activities. WERIDSFs, and open pits have resulted in alteration of the
natural topography of the afEgure3-2)

3.2.4Climate
3.2.4. ITemperatureand Rainfall

The study area is characterasagsemiaridregionmaking it a sentiesert environmerummer months
(i.e.,.December to Februang)when the region experiences most of its raffdialhermore, aaverage
high of 2.2 Cis typical during the same periitestudy areeeceivesnean annual precipitation (MAP)
of 343mm, making it one of the driegtiaternary catchments in the WNRAinfall is measured monthly
on site andFigure3-3 represents long term trends (991 to 2021)

Winters are cold and daveraginglaw of 2.5 C in JulyFigure3-3), per Climatelata.org (2024)
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Figure3-3: Meanaveragenonthlytemperatur®and precipitation for the study apear a30-yearperiod
(i.e., 1991 to 20)

3.2.4. ZEvapotranspiration

When water changephasefrom a liquid to ga the concepican be described by the process of
evapotranspiratioiVithin the region, betwe&0 to 80% of pdentialsunshine hours can be expected
yearround, which when considered with other climatic data, results in relatively higipcteaitzde
evaporation rateise.,2 276mm occurring on average anny&@bmpany A, Z). Further, based on the
site characteristics and information obtained from W#E@R)the actual evapotranspiratitor the

site is120 mmia. A considerable amount of water is expected to be captured on the ndunengite
occasional heavy rainfaeither in the pid which is later pumped out,tbroughthe rest of the site where

it eventually flows intstormwater feature§his water therefore does not contribute to actual
evapotranspiratioiihis is expected as the mine is deemed disturtded lan
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3.2.5Geology

3.2.5.1Regional geology

The topographin Figure3-2 is based on thgeologyof the Griqualand West baginFigure3-4. The
Griqualand Wediasn in the study arda constituted by the Transvaal Supergfouped in thesarly
Proterozoic egrapproximately @9+ 5 Ma Gutzmer and Beukes, 1998)rther, he supergroup itself
is estimated thhave a thickness of 8 khaving formed in an ancient shallow®sa formations of the
Transvaal Supergroup ahin the Griqualand Welsasin and are gently folded in natiue to the

various deformation events undergone batw@500 Ma and 100 Ma

The Transvaal Supergragpnade up of a sequence of bamdlonate rocks, which lie beneath extensive
and economically valuable layersariganese aBinded Iron Formations (BIFShales and quartzites
of theOlifantshoek Supergroup ovettie Transvaal Supergrotipe Olifantshoek Supergroup is overlain
by Dwyka Formation which forms the basal part of the Karoo Supeifiablg3-1 sequentiallghows
thegeological formations relevant to the study BineaHotazel Formation is thetively mined formation
due to the occurrence of the thoee bodiessge SectioB.2.5.2 Figure3-5 shows a simplified regional
cross section of the baginaphically depicting the unconformitieted below.

Table3-1: Geologicaformations within the study area

Supergroup Group Formation Geological description

_ Kalahari sands, calcrete, ¢
Kalahari Group 2 | bed
gravel beds

Kalahari unconformity
Karoo Supergroup Dywka tillite
Dwykaunconformity
Lucknow Formation White orthequartzite

Olifantshoek

Green, maroon and bla

Supergroup Mapedi Formation _
shales and quartzites
Mooidraai N _
) Stromatatic dolomitechert
Formation
Banded ironstone (upper)
Upper manganese ore bog
Voelwater i i
Transvaal Postmasburg Banded ironstone (middle
Subgroup Hotazel ,
Supergroup Group , Middle manganeseebody
Formation _ _
Banded ironstone (middle
Lower manganesee body
Banded ironstone (lower)
OngelukFormation Andesitic lava
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Figure3-5: A simplified depiction of the Transvaal supergimoup SWNE direction (i.e., Prieska to
Thabazimbi), adapted from Cairncross and Beukes, 2013)
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3.2.5.2 ocal geology
TheKMEwhichconstitutes

t he

worl dés | arge

st mammganese

of global manganese resergessts in three units interbedded with iron formation, i.e., upper manganese

ore body, middle manganese ore body and lower manganese arerbedijoned iffable3-1. The
extent of the KMFs far reaching, as seeRigure3-6, where a number of mines hbgen commissioned.
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Figure3-6: The extent of the KMF showing the localities of major stratigraphic formations, key structural
aspects and a few mines (taken from Astrupsikaols, 1998)

Within the KMF there are three types of manganese ores:

1 Mamatwarype, a lowgrade ore with manganese contedtZwt% (Taljaart, 1982yhe main

constituents of this type of ore are hematite, hausmannitgafived braunite and kutnohorite.

1 Wesseltype, a high manganese grade with cont@&@X&1t%. This ore is confined to the nerth

eastern area of the KMF, which is heavily faulted. As this ore is a primary alteration product of

Mamatwartype ore, the minerals forming part of it includes braunite, bigumitesmannite,

bixbyite and manganite @mg others.

9 High-grade supergene, an ore comprised of approximately $#@anganese (Du Plooy, 2002).
The highgrade supergene type ore is located below the HGiba®ri unconformity and is

composed of Mit oxyhydroxides with lesser amounts of manganomelane.
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At the study sitehe lowest grade ore is mir{Etyure3-7) and is the least altered as well as the most
carbonate riclore from all the types making up the KME.the mine, the thickness of the lower
manganesere lodyis approximately 47 (Wafeas, 2018 The lower manganese body is much more
economically viable than the uppenganese ore body, due to it being thicker, hightyratibedand

gradually dipping towards the nestbst.Where the Olifantshoek Supergrasipverlain by Dwyka
Formation, ethe mine, this consists of tillite (diamictite) which is covered by sands, claystone and calcrete
of the Kalahari GrougJnconsolidated quaternary Kalahari sands cover most of the area, as shown in
Figure3-4.

Figure3-7: Mined out manganese ore from the area shqwanty veis

3.2.6Structural geology

The region is structurally complex, largely due tatémsive deformation events that took place between

> 2 500 Ma and 1 100 Meigure3-8). The most significant of structures, is\WesseldNé c hwani ng
Graben that extends in a nestbuth direction across the Westsgle and Mamatwaype oreskurther
significant structures include the regional Black Ridge Faulistvhich hadbecome stratigraphically
duplicateddue to thrustindCairncross and Beuk@§13). At another mine in the areaappe and
recumbent folds aevidence of this regional faalong with other localised structures.

Structural deformatiois highly variable in the area and is more significant north of the mine site,
particularly pronounced in a nestbuthorientationandbelieved to have bedaveloped by extganal
stresse€ompany A (2021) reported a sill on the adjacent property to the stwtichippears to sub

crop and potentially extenith a constant thicknessvards the study si#ccording to th€ompany A
(2018)thesill material appears to have similar characteristics to the older OngelutrF-atthatigh it

canat timese distinguishedased orcolour, feldspar shape, and the apparent absence of augite. When
drilled usingherotary air percussionethod the sill was generally found to be resistant to drilling, and in
most instances, fresh througholite dserved core obtained from diamond drilling was typically
unfractured, with rare fractures typically filled with secondary minerals.
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3.2.7Hydrogeology

3.2.7.J1Aquifer type and potential
Regionallythe area is made uprafnor and poor aquifers, with major aquifers furtherfgat€3-9).

According toVRC (1998 major aquifeisdefined as hosting highly permeable formatitths known
or probabt presence of significant fracturidgminor aquifer is described feectured or potentially
fractured rocks which do not have a high pripemneabilityand a poor aquifer is characterised by
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formations with negligible permeability and generally regardecbasaioing groundwater in exploitable
volumesThe classification iégh level ani largely linked to the underlying geological formations.

Legend
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&Bodulon
g {Kuruman|

Figure3-9: Aquifer classification of the study area

Further thesite isclassified as an intergranular and fracagnei€ewith a regional yield of betweend.1
0.5 L/s(Figure3-10). Thus,the aquifer potential is generally low. It should be noted that these ranges are
compiled fromarge datasets and yields out of this r@megéso possibléreas further north and east of

the site havbetter aquifer potentials, i®56 2 L/s.
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Figure3-10. Aquifer type and yield map for the study area

The mine is underlain by a shallow, primary Kalahari aquifer which is unconfined, as well as by a deeper

fractured Hotazel aquif@ased on studies undertaken by the rtiiseapparent that the following two

zones exist:
1 Upper unsaturated zone

Froma goundwater risk assessment conduztgd t h e mi

n e diswasindérstooch s u |

that the depth of the unsaturated zone is approximately 45 m. The unsaturkdsditbimethe

Kalahari Formation and consists of sand, clay and limestone

Lower saturated zone

The following four aquifers are present

o Ongeluk Formatianthe older geological formation, it is primarily associated with

weathered horizons ardnes adjacent t@gional structures. This formatisnnot

preferred for water supply due to its relatively low vyield.

HotazelFormationtypically has a higher yield in kiMF, with the groundwater stored

in voidswhichdeveloped following bed separation, within faults and periphery fractures,

and along the dolerite dykes that have partially filled regional faults. The formation is

regarded as segonfined on thenineprospects wherestbcropsat shallow depth. The

hi gher aquifer yields are

associated wi

35

t a

t h



to regional faultélowever, \ith increasing depth, the Hotazel Formation aquifer can be
confined, particularly when the overlying Kal&bamation contains thick intbeds of
highly plastic red clay as observed along the southern edgeioépheperty.

0 Mooidraai Formatiora dolomitic aquifé&nown for its high yielding characteristics (i.e.,
> 10 L/s) (Company B, 2021Jhere is no current evidence to impst the formation
has been recharged in recent years

o Kalahari Formatiomegionally, this formation acts as a-semfined aquifdrydraulically
connected to aquifers in underlying formations at those sites where extensive red clay or
claybearing Dwyka Formation beds are abg#éiite the aquifer is generally more porous
than other sitequifers, theharacteristiof the aquifediffersfrom site to sitethus yields
vary significantly spatially. A paleochannel deposit has been identified to the north of the
site containing significant quantities of gowatter, however, this aquifer contains high

NOs3 concentrations and theref@eaot a preferredgundwater resource.

3.2.7.2Groundwater levels
Recent groundwater monitoring results obtained by théDeicember 202®)dicate that dewatering is

occurrirg due tothe open cast pit. The dewatering afnghie pit is met pronounced in the north to
north-westof the siteTimeseries dat&igure3-11) from 2002 show a variety of groundwater trends over
time, namely stable, increasing water levels and decreasing water levels. The decrease(irewater levels
20 m)islargely due to dewatering activity within the mining pits, which became more frequent in the latter

years of mining operations.
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Figure3-11 The groundwater level elevation (mamsl) timeseries for monitoring boreholes asifge mine

3.2. 7.3Groundwaterquality
In terms of regionajroundwatequality, the Department of Waftsffairs (1999has mapped the area

mainly as having electrical conductivity (EC) betwedr800 mS/m, which indicates slightly saline

groundwatefFigure3-12). Large areas to the east and west of the site have been mapped with an EC range
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of between @ 70 mS/m which is describedfi@shwater, idefdr domestic usie terms of ECThe only
poorer aquifer qualisre elongated sections described by EC ranges betw@&r®800nS/m.

The groundwater quality of the area is influencesJgrafactors, including but not limited to, the
geological formatiorsf thearea, natural water chemistry, potertisiamination from nearby land use
and associated groundwater management prantieegter table fluctuations, among others.

> 1000 mS/m
7 300 - 1 000 mS/m
[ 70-300 mS/m
[10-70mS$/m

Groundwater
Quality Map

Co-ordinate system: UI'M
Zone 348

4

Figure3-12 Groundwatequality map of the study area

3.2.8Geochemistry
A geochemical study was undertaken by Company G {@@8XRF was conducted on the following

formations:

1 Ongeluk Formation
0 A debrite sample (lithologgpmprising lenticular and, in some cases, brecciated chert

deposits within a doleritgpe matrix) indicates low Silica Dioxide Si®latively high
Iron (111) Oxide (FeOs) indicating theebrite is mafic. Lo&n Ignition (LOI) is relatively
high also indicating the presence of calcareous minerals in the samples;
1 Hotazel Formation
0 A blast face sample waistainedrom the minevherea high manganese concentration
was observed, as the sample was taken from the manganese ore
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3.3Data collection

Most of the input dataesesourcedprior o t he research being undertaken

and complianceeeds. Thiweas in the form ofegulatonenvironmentaproceduresi.e., Environmental
Impact Assessments (EIAS), their associgiedalist scoping reposaisdregulatory compliande the
form of groundwater monitoringhe information used in this studgs obtained from the mine as well
as publicly available reporiscluding baseline hydrogeological informatioydrocensus and
hydrogeological reports, groundwateritadng reports as well as waste assessment fasadidition

to most of this information remang private and property of the mitige study is also underakwith

a nondisclosure agreement in plécesthere are ndirect references to the data and/or reports. used

The methodologies carried out followed scientifically sanddacceptegrotocols.The following
protocol was followed forgundwatetevel and water qualggmplingdf monitoring boreholes:

1 A groundwater level measurementtaken on arrival at the borehole, wideeontaminatedip
meter.

1 The borehole was then purdétree well volumesjfter calculating the appropriate volume of
water to be removed, based on the respective casing dimeéeptbresd water level.
A bailer was then lowered into the borehole and sample retrieved
Field parameters such as EC, pH, retemperature and TDS was then measured with a
multiparameter probe.

1 A water sample was then collected for laboratory analgdesding quality control samples.
Samples were taken quarterly as part of the routine compliance mémitibréngpine.

1 The time, datesampling locatioand all other relevant informatiorrecaptured on the field
sheet accordingly.

1 Allreusabléield equipment was thénsed withdeionized water before being temporarily stored
away and moving to the next borehole.

9 After all boreholes were sampled, the appropriate chain of custody was followed in terms of
sending in the groundwater samples to the laboratory.

3.4Conceptual model

A conceptual groundwater model $snaplified version of groundwater systewhere assumptions and
hypotheseare used tdevelop dydrogeological understanding of the studyTsigeconceptual model
was constructed using QGIS as well as Mici®soferPoinsoftware for datanalysis and presentation,

respectively.

3.4.1Hydrostratigraphy
As mentioned itvection3.2.7 minor and poor aquifer systems mostly comprisgtutig ared_ocally,

there are two groundwater zongss isrepresented by the upper unsaturated zone which encompasses
sand, clay and limestone of the Kalahari Formatitmial of 45 m thick and the lower saturated zone
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which encompasses the deeper stratigraphibefioite thdbasement. This lower saturated zamsists
mainly oflava iron ore, manganese ore and dolomiteeo©ngeluk Formatiorotazel Formation and
the Mooidraai Formatiohe respective units are display&@abie3-2.

3.4.2Zones of hydraulic conductivity
The hydraulic conductigsof the different geological uwere determinedsed on the hydrogeological
site characteristiasdsitespecificdata through pumping test analyses and groundwater monitoring data

I n |'ine with t he sHhydraal@ sonductivity zores weee tdelinpated ppper , t wo
unsaturated zone mainly constituteddng, clay and limestone of the Kalahari Formation, and the lower
saturated zonrmed by older units, characterized by lower hydraulic conducliratssnissivityT)

for each geolggayer was calculated based on the below equation:

T=Kb
Where:
K is the hydraulic conductivity
b is the aquifer thickness

Water level measurements from 2020, suggest that the waterstaiplproximately0¥8 mamsl, which

lies at the interface between the two zones.

3.4.3Recharge

As mentioned in Sectid2.4.1MAP for the area is estimated3#3 mm/a Aquifers in general are
commonly recharged pgrcolation of rainfall or precipitatibmough the subsurface to the groundwater
table. The mechanismof this actionare associated with direct rechargerandmission losses during
rainfall events.

Given that the study area lies within a-aeichiclimatic regioandis overlain by a relatively thick
unsaturated hydraulic zothe site is not conducive to active recharge. Chogany A (2018), calculated
rechargérom the MAP to be in the region of 1 % to 4. Based on this range average of 2 % was

selected for inclusion in the conceptual model.

3.4.4Evapotranspiration

Since the site experienbesveen 70 to 80 % of potential sunshine raysarround,arelatively high
averag@otentialevaporation ratef 2 276 mnoccurson average annually (Company A, 202igrms

of groundwater modelling, actual evapotranspiration is used as input to the model, as it represents the actual

amount of water that &aporated and transpired under current conditions
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Several factors influence the actual evapotranspiration of an area, namely: solar radiation, air temperature,
wind speed, humidity, soil moisture content, depth to water table, plant characteristics, soil properties and
land cover (Pour et al., 2020).

However, there is evidence thatthieed s f oot pr itmtar Baés ahydretdogic r
potentially, the catchmeiitie cevelopment of the mine and associated surface infrastnuetunghat

beneficial vegetationvas replaced by impervious surfaces, reducing the siteteveleped
evapotranspiration and infiltration raft@sther based on the site characteristics and information obtained

from (WaPOR, 2023nactual evapotranspiration1l@mm was applied to the model and only partially

acounts for system water losses.

3.4.5Conceptual nodel construction
Theconceptuainodel wasleveloped within Microsoft PowerPoint after the mining contoursafieesl
with GIS togenerate a 3D image of the miningupdt adjacent WRD.

Contour data (20 m) from year 2028, the stadf mining wereused togenerate a DEM of thaine
(Figure3-13. Given that the pit bottom forms the deepest mined layer at the time, and tlieMdRD
the highest elevation on site, it was deemed appropinatesecthese features for the conceptual mode
(see cross section lindBA

The profile obtained is illustrated Figure 3-14 showing a depth of 982 mamsl at pit bottom and
1 148mamsl athe top of the eastern WRThe profile provides insight into timningpit as well as the
scale of the WRD in relation to the pishould be noted that there is a vertical exaggeration factor of 1.5

in the conceptual model.

40



Legend A

Cross section line

Elevation at year 2020 .
Band 1 (Gray) Cross Section Map

1 148 mamsl
982 mamsl

Co-ordinate system:
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Figure3-13 DEM of mining year 2020, showing cross section line upon which the conceptual model is
based
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Figure3-14: Cut cross sectiarf the DEM used in the conceptual model
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Following the creation of the profile, ge®logical sequence as welkasiatedlepths wererdered and
appropriately represented within the modepectivelyAquifer units werethen defined based on

hydraulic properties of said unitalfle3-2) and represented within the model

Table3-2: Table of hydraulic propertessociated with the site geology
AyelrELie Transmissivity: |Specific Storage Hydraulic
Geolo Conductivity: : .
gy K (i) Y- | T (m2zday) SS(m-) unit
Kalahari Group Calcrete 0.005 0.1 0.001
Upper
Kalahari Group Sand 0.01 40 0.001 unconsolidate
aquifer
Kalahari Group Conglomerat 0.05 20 0.005
Dwyka GrougDiamictite 0.001 0.2 0.0001
Mooidraai Formation
Dolomite 0.009 2 0.001 Lower
fractured
Manganese Ore body 0.0008 0.2 0.0001 aquifer
Hotazel Formation Banded
Ironstone 0.008 0.2 0.0001
Ongeluk Formation Lava 0.0001 0.0025 0.0001 Basement

Other factorsliscussed previously, thatically affect the groundwater system were then included, namely:

ev@otranspiration, groundwater rechaggneral direction afurface water ruwif and groundwater

baseflowSurface water was accountedofoconsideringhe estimated recharge applied to the model

Baseflowis not explicitlycalculated within the conceptual mokelvever the model structure makes

allowancéor baseflow through the hydraulic parameter inputs.
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3.4.6Conceptual Model
Figure 3-15 presents the conceptual hydrogeological model developed for the site. As previously

mentioned, the model is based on the contour data of 2020, i.e., the start of mining for the purposes of the
model.

3.4.6.1Aquifer types and characteristics
The model consists of an upper unconsolidated aquifer made up of the younger Kalahari Group and a

lower fractured aquifer which overlies the basement. The local water table is approximately 1 078 mamsl,
at the interface between the Kalahari Group Sandadaltari Group Conglomerate, due to the higher
transmissivity of the upper unconsolidated layers. The conglomerate with a hydraulic conductivity of 0.05
m/day is the last geological unit of the upper unconsolidated aquifer, before water entersabeileder f

aquifer. The first unit of the lower aquifer is the Dwyka Group Diamictite with a lower hydraulic
conductivity of 0.001 m/day. Thus, seepage below this level in the pit is expected to be active and water

would be pumped out of the pit.

3.4.6.2Sources and sinks
Groundwater baseflow and surface water runoff is expected to enter the mine site from the higher elevation

in the soutkeast and exit the site at the lower elevation in thewesthSurface water was accounted for

through the estimated recharge apptiethe model. Baseflow is not explicitly calculated within the
conceptual model, however the model structure makes allowance for baseflow through the hydraulic
parameter inputs. Based on the low MAP for the region, recharge of groundwater is expgetgd to be

l ow in this respect (i.e. 2 %). Further, despite
the evapotranspiration is expected to be minimal at approximately 120 mm/a, according to the WaPOR
(2023) database.

Based on the above hydrogeological understanding of the study site, the conceptual model is deemed a

reasonable representation of the groundwater system
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Figure3-15 Groundwater conceptual model for the study site
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3.5Numerical model building methodology

3.5.1Selection of modelling code

FEM was selected for the modellindertakeyusingFEFLOW softwareversion 8.0 (updatel®) DHI-

WASY (Diesch, 204). The code is globakygceptedand an industry standard modellingwedély used

in mining and environmental applicatio®&-lFOW handles a broad variety of physical processes for
subsurface flow and transport modelling and simulates groundwater level behaviour indirectly by means of
a governing equation that represents the Darcy groundwater flow processes that occur in a groundwate
systemThe added advantage of using FEFLOM&lkws for a more agrate representation of complex
geology, mine pit geometriesl othefeatures

In the FEM, the problem domain is subdivided into elements that are defined by nodes. The dependent
variable (e.g., head) is defined as a continuous solution within elements in contRVitongthod

where head is defined only at the nodes and is considered piecewise constant betWeernHiddes.
solution is piecewise continuous, as individual elements are joined along edges.

FEFLOW providesnultiple iterative and two direct equation solvers. By default, the software uses iterative
solvers as they are suited for problems of arbitrary size. Separate iterative solver types can be selected for
the symmetric (flow) and unsymmetric (transpor&tieqsystems.

3.5.2Model Domain

The delineation of the model domain included a deep understanding of the hydrogeologic system and the
local topographyAs such, the model domain was selected given the local topography and the sub
catchments identified on the topographic data. The western model bourctaryesssa specified head

boundary, where groundwater flow amd out the model domain ipermittedduring predictive
simulations.

The otherboundaries ardeemed nfol o w6 b o ubrahdiyrepressntvaden divideslong the
higher elevation in the area. Theh-ea st er n boundary wAs$ owbsboundhuodge
delineates two swdatchments, to the north and south, where theisnioeated

The model domaidetermined far enough from the study amaers a complex mining area, with several

open pit mines being present in proximity. From a groundwater flow point of view, all thesmilthines
potentiallyhave a cumulative effect on groundwater However this is heavily dependent on the
individual activities taking place on each site. Due to a lack of permission in terms of data, the surrounding
mines and associated potential impacts have not been taken into consideration.

3.5.3Pre-processing of data

Topographigdwentymetercontourline data for the aremereanalysed in QGIS afater clipped to the
model domairfFigure3-16). Theseclipped contour dataerethen used to generaedigital elevation
model(DEM) for the model domaifirigure3-17). The DEM was interpolated usthgInverse Distance
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Weighting (IDW)method which uses a weightaderagdo determine elevatioralues for unknown
elevation points between known elevation pditits in turn provides a smooth elevation sutfete
aligns with the concept that closer points in the DEM likely share similar elévattonghat the
topographyonsisted afvendata distributioftwentymetercontour lines)DW was deemeappropriate
and provided a good visual representation sfthé¢ e s t opogr aphy.

Figure3-16 The use of a buffégreen}o clip contourgorangeithin themodel domaiitred)

Figure3-17: DEM of the model domain showing higher elevation in reldardelevation in patéue

Further processing was required in QGIS, in the forrdaditizing of the contours relating to thiaing
itself(Figure3-18). This isdue tothe original contours havingnyvertices which euldtranslate into an
excessiveumberof elements within tHeEM, therebyreating a large and unnecessary delay in processing

and simulation of the model. Tieadigitizationtherefore, simplifies the data and allowsffarientuse
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within FEFLOW.The simplification afontourswascompleted for the following years of mining: 2020,
2022, 2024, 2026, 2028, 2@832, 2034, 2036 and 2037.

Rl
o) v

Figure3-18 Reduced vertices visible on a corgbaping the pih year 2024 of mining

From elevation data, thening operations, i.e., deepening of the piegmahsionf the WRD is evident
between 2020 and 20B1gure3-19). Thepit, at thdlowest elevatigprogresses in the north, deepening
over time in the norttvest area of the mifgeen in blue). While the WRD (in red), ladgsiglopso the
south of the minandto a lesser exterib the eastAs the pit deepens, the water télgleomes further

exposedThus,the pit should infilland pumping water out of the pit becomes necessary to secure dry
mining operations within the pit.
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Figure3-19 Changes ithe pit areand deptland WRDfrom 2020 to 287 as miningrogresses

48



3.5.4Model construction

The various componerpsrt ofthe miningoperationsi.e. WRD, elevation of thenining pitevery two

years, boreholes, atere digitized withiREFLOW. The digitizedomponents wetdenused to create
a2-D supermesltwhich is a finitelement mesim FEFLOW. Themesh was generateging thdriangle

meshing metho¢Figure3-20). Triangles were selected for the meshing dtgestatabilityfor complex

geometrieas well agpeed at which it generates the niHsis.is especially usaéfutasesvherehere are

many nodes at this stage of the model which generates anteamentesh.

Iml

Figure3-20 Digitized features and mining contours by year (lefdoanged irsupermesh geneeatin
FEFLOW (right)

Based on the geological strapywithin the open pifTable3-3), a thirteedayemodel was constructed

(i.e., fourteen slices in FEFLOWh)e elevations ranged frd@20mamsl at the highest elevaiiothe
north-eastand550 mamsl at the lowest elevatiothe wesfFigure3-21). In terms of the geologayer 1

to 8 are overburden lay€t980 to 940 mamslyhile layer 400 920 mamsiontains the manganese

ore layer. Laydi0 to 13(9200 650 mamslrepresent nomining layers, with the Ongeluk lava forming
the basemenConsiderindoth horizontal and vertical discretization, the model consisted of a total of
368662 mesh nodes a683410 mesh elements.
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Figure3-21 Vertical discretization showing elevatitiarences with layer depths

Appropriate quiferparameterssuch as hydraulic conduc#ivii), were assigned to each of the model
layersWhile tydraulic conductivityariesbetween geological units, it also vamiedirections ands

influenced by a combination of factaramelygrain sizesorting, porosity and viscositydraulic
conductivity in the horizontal direction (Kh), vertical direction (Kv) as well as specific storage (Ss) were
determined through pumping tasialysepreviously undertaken when boreholes drlted andyield

testedn accordance witBANS0299: Part d Testpumping of water boreholes (SAN®3®Pumping
testsprovide insight into how the wifer responds to pumpinthereby providing insigimto the way
watermoveshrough the geological lagta set deptandat a predetermined rate and duration.

TheK determined fathegeological formationgere calculated withimespecialised softwakguiferTest
(Waterloo Hydrogeologi2P20) The software usestatistical methods and mathematical formulas to
determine aquifer parametbesed on the yield telstta Kx was determined as. Ss isa measure of the

aquifer's ability to release water due to the compressibility of the water and the aquifee aratlyses
wereundertaken as part of a previous s{GdynpanyD, 2022)and not discussed in further ddtaile
Thelongitudinal dispersivitysed wa$ m,andtransverse dispersivity 0.5imline with the geological

characteristics of the site.
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Table3-3: Aquifer parameters based on stratigriiphymodel construction at respective depths

Colour per Aquifer parameters
conceptual
model
L%er Layer (m) Stratigraphy (Error! Kh Ky S
: Reference| (m/day) | (m/day) (m-Y
source not
found)
1 0.5 0.05 0.001
10800 1060 Kalahard Sands
2 0.01 0.001 0.001
3 10608 1040 Kalaharid Calcrete 0.005 0.0005 | 0.001
4 104081020 Kalahard Sands 0.01 0.001 0.001
Kalaharo Clay,

5 10208 1000 Conglomerate 0.05 0.005 0.005
6 10006980 Dwykad Diamictite 0.001 0.0001 | 0.0001
7 9800 960 Mooidraad Dolomite 0.009 0.0009 | 0.001
8 9600 940 Hotazelo BIF 0.008 0.0008 | 0.0001
9 9400 920 Mn ore layer, UG 0.0008 | 0.00008| 0.0001
10 9200 900 Hotazeld BIF 0.008 0.0008 | 0.0001
11 9000 800 Ongeluk Lava 0.0001 | 0.00001| 0.0001
12 8000 750 Ongeluk Lava 0.0001 | 0.00001| 0.0001
13 7500 650 Ongeluk Lava 0.0001 | 0.00001| 0.0001

Kh: Hydraulic conductivity in the horizontal direction, Kv: Hydraulic conductivity in the vertical direction, Ss: Specific storag

Figure3-22presents a view of the model in FEFLOW, showingaiires assignedeach of the model
layerskFrom the imagé,is apparent th#th decreases with deptthichcorresponds with thiecreasingly

competent nature of the geological units deeper down in the sequence.
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Figure3-22 A 3-D view of the model showing various\alues (i.e., Kiby layer

Nodes in slice one were selected and then brought into GIS, where elevation from FigUDEM.T)

was merged with the nodes to create an elevation shapefile. This shapefile was applied to the model on slice
one, forming the surface of the model. Further elevation shapefiles which account for the elevation change
every two years from 2020 were alseldped and brought into FEFLOW. These elevation shapefiles
formed the basis of the tiraeries layers that were assigned thereafter.

Hydraulichead boundary conditions were assigneddes in the p#t the respectivaining yearand
seepage nodes wtrenassignedseepage nodes in the model are nodes that beconferazbpecified
time in thesimulation andllow water to be removed through theAsitmining takes plaamore of the
ground surface area and depth, become exposed to the surfacesendettsuseepagathwaysSince

the miningprogression available for the study was iryéap interval(see contours ifigure3-20),
seepage nodes were assigmthe model slices accordingiythis waythe timeseries was built, i.e., for
the seepage nodes assignaing slicei 2020 it was active from dé@yto day3650Q and so forth.
Figure3-23shows the seepage nodes assigned to the m@jiglam view for slice one and (b) in section
view showing seepage nodes with depth in the mining pit.
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Figure3-23 Hydraulic head boundary conditions assigned to mining pit layers and associated seepage nodes

(a) showing plan vieaf seepage nodes in plan view; and (b) showing seepage nodes in section view

(northwestsoutheast)

Assigning a timgeries to aumericamodel ismportant in understanding groundwater system dynamics
within a hydrogeological settiAg suchtime-series files were prepared, for each of the mining yaars an
assigned to the model, essentially relsyhieg nodes are active and inactive in, tamedescribed

previously

3.5.5Geochemicalprocess
The geochemical component was incorporatenh WistFEFLOW software, througtiefining chenical

speciesnd reaction.

At the early stages of the researetas expected that a FEFL@Mgin called gthemwould be used
to simulate thexpected geochemical procesBls piChemplugin acts as amterface version of
PHREEQC as a reaction engine, which furthers
geochemical reactions within PHREEQeochemical modelling through piChem would have been able
to calculate equilibrium conditions, based on input concentrations and the defined chemiadl system

simulate geoemical reactions.

However, as the research progressed it was understood that the use of piChenbw/guithbt# based

on a few reassnnamely: the phig requires a highly discretized madgteat numbeaf boreholes and
associated dataneededs well aa complicated reaction calibration prostésh isdatadependaniis

such, this method is suitable where large amounts afrela@@ailable, as the softwaileattempt to
calculate reactions for each of the elemeéttis the model domaiBased on the infmation available

for the study, it would ndtavebeen possible to successfully run the geochemical analysis through this

means

Water quality data from quarterly water monitoring regfuotg elevated Feand low $ within the

FE

system. In the absence of DO or Eh, it was determined that the groundwater system was most likely an
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oxidizing oneWith a closer look at the/o chemicals of concern (iB.andNO3z) in an oxidizing
environment, the constitue e not expected to be highly reastifiieh negates the need éomplex
geochemicakactions to be predicted

Therefore, wthin FEFLOW, transient mass transport was ofiiechnd chemical species were specified
with respective reactions assigféglre3-24). In addition to transport mechanisms such as advection,
dispersion, molecular diffusion pdimm, etc.FEFLOW can simulate simpler reactions such as degradation
(i.e., biodegradatiohis is undertaken by defining kineticbiodegradation reactignghich involves
specifying the rate at which contaminants dedoade&ample firstrder decay where ttlegradation rate

is proportional to the contaminant concentrafidwis is the simplesnethod andften used when the
limiting factors are not well understood

Biodegradatiois especially relevant in the caddf in an oxidizing environment. However, due to the

data not being able to confirm the degree of biodegradation experienced in the system, two scenarios were
simulated foNO3, i.e., with and without biodegradat®is also not considered highly reactive within

t he st graugpdwateconditionsthus,no specific reactions were added to what the mass transport
simulation would already consider.

<% FEFLOW Problem Settings X
Problem Summary Chemical species
~ Problem Cl
[UF:WS‘:‘SS Each species is assodated with either the fluid or the solid phase: [/

_EE u acc’. flwd - Species is dissolved in a mobile fluid phase 4
Simulation-Time Control (subject to diffusion, dispersion, and advection) J
Chemical Species solid - Species is bound to an immobile solid phase
Numerical Parameters (not subject to any transport mechanism)

Gravity Settings
! g ) « Import.. | ™ Export. X »
Anisotropy Settings
Transport Settings Name Phase Reaction
Other Settings 1 NO3 Fluid Degradation
Equation-System Solver
B Fluid N
Particle-Tracking Computation 2 4 one
Meta Information
Parameter Lookup Table
File IfO Settings
Map Settings
Editor Settings
< >

Associate all species with...

Fluid phase | Solid phase

OK Cancel

Figure3-24 Chemical species settings window in FEFLOW shewéwes with respective chemical
reactions assignedthe scenario wheNO 3 undergoes biodegradation

3.5.6Model calibration
Model calibratiols a process whereby input parameters of the incstelady statere continuously
adjusted o I mprove the modeTheprocess is itetativa ang theaeamfdvwidetyl i a b i |
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used method$ he traditional method is a manual process, aftera single value change is matteto

modelit is run and results compared with the observedTd&tgrocessontinues in this manner with

various parameters being altered, until an error of < 10 % or a reasonably small error percentage is achieved.
In the case of the groundwater modemputed hydraulic head valaescompared with observed

hydraulic head valug$is method can be drawn out depending on the nature and compllesitgade!.

The rewermethodis PEST, orFePEST(i.e., FEFLOW Parameter Estimatiariich is a FEFLOW
specificsoftwardool thatstreamlinesiodel calibratiof:ePEST serves as a user interface for PEST which

is modeindependenand the prediction made is only onenaftiple outcome® ESTO s go al is t
these uncertaintiaad gives an indication of the model confiddimigiscarried ouby directly uag the

modelFEM file and automatically criegtconfiguration file. Given that thisnethodreduces the time of

manual calibration andk of human erroit, was preferred over thraditional model calibratiomethod.

In FePESTihe parameter type could be any-torestant material and in this case hydraulic conductivities
in all three dimensiongre selected atitk assignment method wizesde to be zonally constalmterms

of regularizationTikhonov Regularization was seleftedPEST toproduce numerous information
equations whiclestablishes thmitial value of each parameter as the preferred Vaisetype of
regularizatiotessens the amount of possible parameter sets which make up a calibratedameade|

only parameters that influence the results are varied during calibration

The FePEST resulkbowed a suitable fit between the computed and measured hydraulic hdablalues
34 presents theuantified calibration considering computed and measuresl \fdeaerelationship
between computed head and observed head is shown graphRigaitg3r25 Although the Normalised
Root Mean Square Error (NRM3&)14.15 %, i.e., higher thandkeerally accept&@ %, it is deemed
appropriate given the data and the(8i 85 M D549603(2014))The NRMSEis auniversallyaccepad
metric used to assess ramgurate a model is, based ompthdictions verse the actual observed data.

While there could s=verateasons for an elevated N8#in this case i$é confinedo a fewThe first

reason can be attributéal limited and spars#ata points (i.e., boreholesigking robust calibration
difficult. Another reason is attributed to model complexity and the possible oversimplification of the
groundwater system and site based on data provided. Furthéremerepuld be missing processes
brought on byotential groundwater interference fiaier mines within the model doméfipumping

was taking placeaten one of these sites, it could possibly influence the calibration for the study site mine.
Due to permissions, these mines were not incorporated in any way into theastiydspatial variability

in terms of aquifer parametarsd boundary conditions have the potential to hinder calibEai®mo

the limited amount of data available for the study, it is not possibl#itm how significant spatial

variation could be within the model domain.

55



Table3-4: Summary of model errors for the simulated and observed hydraulic heads

N Observed Head Computed Head Head Head difference
ame .
(mamsl) (mamsl) difference squared
BH4 1087.83 1086.3 1.2 2.3
BH5 1084.99 1085.50 -0.5. 0.26
BH6 1083.79 1084.67 -0.88 0.78
BH7 1077.55 1081.2 4.7 18.24
BH19 1092.54 109350 -0.% 0.2
RMSE 2.12%
NRMSE 14.1%%
1100
1095
. BH19
&
[x1
£ 10%
e
g
T
T BH5 o
£ 1085 Bflc
)
=]
© BH7
1080
1075
1075 1080 1085 1090 1095 1100
Observed Head (mamsl)

Figure3-25 Steady state calibration computed head vs observed head.

Based on theesults from BPEST threedistinctrecharge classegre also discovered in the calibration

procesgFigure3-26). Recharge igreatesin the higheelevation aresituatedn the soutkeast section of

the domain (5.@8° m/day), withan intermediate zone of approximatélge?> m/day and most of the

domain is assigned a much lower recharge ef’f8ay. The three recharge zones are further displayed
monthly over the period of 1 yaarigure3-27. The modetherefore used these recharge zones cyclically

in the 100yearsimulation periodyhich werassignethroughtime series.
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Figure3-26. FePEST determined recharge cldssesy)overlayed with the mine pye(lowy and WRD
(blue)
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Figure3-27: Graphical representation afie year ofechargdor the three recharge classes determined
through FEPEST
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Groundwater qualityould not be calibratenainlydue tothe unfavourable borehole locati@sswell as

alack ofsufficient data to make calibration meaninifiel current network of boreholes on the study site

is largely concentrated in the seatiterrareas of the site, thereby reflective of upgradient pit and WRD
conditions. There is a lack of borehalethe northwestern areas, i.e., downgradient of the mining pit.
whichmakes groundwatquality calibratioohallengingAdditionally, only a few boreholes form part of
the mineds monitoring network, with beshhbleforol es

frequent monitoring.

To this endthe model relied on the groundwater flow calibratidrassumes that the advection transport
mechanismeasonablgccoundfor the groundwater chemistfis approacts deemed appropriate given
that the groundwater flow component of the modetwaldwataindersteady state conditioosly (see
Figure3-25 andthat the contaminantgeresimulated in noneactive moddhus,chemical reactionsah

have the potential &dter the form and mobility of contaminatitbnot form part of the simulatian

3.5.7Predictive scenarios

Two predictive scenarios were simulated for the nunflesicahd mass transponiodel. In Scenario 1,
together with groundwater fladiandNO s were simulated for 100 years with no biodegradation occurring
with respect to thdO4. The simulation period started at year 2020 and ended t8c2h20io llowed

the same structure; howeW s was simulated with biodegradation occurring.

According tothe geochemical stydione for the sit¢dCompany B, 2019he modelled source term
concentratiomof B andNOs were 1.6 mg/l and8.55mg/l, respectivelyThus, these were the initial
concentrations input into the modeld applied to the WRDB the absence gfroundwater quality

calibration, the model relied on tmechanism such as advection HFIFOW to account for the

movement of chemical constituents within the groundwater s@tem.that the groundwater flow
component was calibrated, this appreastdeemed reasonable.

The preferred closuoption for bothscenarisis the formation of a pit lake terms of the mining piAt
the end of mining.e., 2037, there will be no further pumping of water tha pft, and it will be allowed

to naturally fill witlgroundwater andirect precipitatian

The model wasonverted taransient at this point aadime series assigrieceach mining layer per year.
Time series were developedlicee aspectsnamelyd seepage nodes within the pigj(re3-28) assigned

to pit nodes recharge zones per the calibration reaskigned to corresponding elemess]
contaminant concentratioassigned to the WRD as it progresesl1.6 mg/l oB and 18.55 mg/l of
NOz). Seepage and contaminemmcentrations weseen as continuous sources of contamination and
assignedsingooundary conditionB the case of seepade hodes of these boundary condittensove

waterfrom the model durinthe specified period in the time serasmentioned previously

Likethewaythe seepage nodes were assigned in the pantaminant concentratioiodiowed suitvith
the WRD The contaminantime series was builased on thelevation changes in the WRD every two
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years, from 2020 to 202%& mining progresseand the pithangesso does the WRDhus,the WRD
was made active from day 0 to day0®or nodes in slice onghereafter, the additional section of WRD
represented by a change in elevation, was assigned adtdm meite time series, i.e., active from day
730 to 36600, and so fortlkigure3-28 (a)shows the contaminant time series on slicarahé) shows

the area in red zoomedTine different numbsirepresent periods when nodes are active in the time series.

v Shce 1, Layer 1

o,

-z

(@) N\ (b)

—
P

o 1m ol L]

-

Figure3-28 Nodes representative aintaminantoundary conditiongithin theWRD to which time
series were assignéplan viewn slice onavith red indicating the zoomeddrea shown ifb). time
series numbeshown on eachodeassociated with the boundary condition
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Chapter 4 Results

The results of the numerioabdelare presented in this chapt€hechapter focuses on the flow anass
transport components of themericaimodel inrelation to the scenarios simulalda tvo chemicals of
concernwhichwere assigned to the WRDtgsogressed with miningereB andNOs. TheNO3z plume
was simulated both with and withoutghechemical process ofdegradatioim two different scenarios.

4.1Hydraulic head response to mining

Figure4-1 shows the hydraulic head across the domain prior to the start of Hydiaglic head is
highest in theaserncorner of the model domdire., 1218 mamsBind lowesin the north (984 mamsl).
At this pointhydraulic head is nioifluenced bynining operationas this would be the startopferations,
and no pumping has yet taken place

Hydraulic head Hydraulic he: Slice 1, Layer 1
- Continuous - - Isolines -
Im]
W 1218
M 11946
11712
11478
M 11244
1101
M 10776
M 10542
I 10308
W 1007 4
M 984

\
%91,

OrLy

0 2000 4000
——

FEFLOW (R) 0l ml

Figured-1: Hydraulic head atart ofmining in202Q i.e., 0 years of minjngith general groundwater flow
direction indicated by the arrow
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At the end ominingd 17 years after the stdd significant change occuiig(red-2). The hydraulic head
in the pit goes from@70mamsto 1020mamsl, indicatings® mdrawdownModel results indicate that
thearea of influence is confined to the immediate area outside the mining area.

Hydraulc head Hydraulic head Slice 1, Layer 1
- Conlinuous - - Isolines -
Im] Im]
W 1218 In-line labels
W 11946
11712
11478
M 11244
1101
M 10776
W 10542
W 10308
W 1007 4
. 934

( i'

FEFLOW (R) 62016 [d] Imi

Figured-2: Hydraulic head and of mining in 2037.e., 17 years of mining

In year 2070 which is 50 years after the start of mining and 33 years aftewitend®dlsave started
to recover howeveesidual drawdowof approximately 10 wan still be seearound the mining area
(Figure4-3).
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Figure4-3: Hydraulic heath 2070, i.e., 50 years after mining starte83apears after it ended

In year 2120, i.e., 100 years after the start of mining and 83 years aftealthendgdthere is some
recovery soutbast of the pithe approximate 10 m residirawdown remairier the mining arg@igure
4-4).
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Figured-4: Hydraulic head 120, 10§ears after mining started 83gears afteaminingended

The changes in the hydraulic head from year 0, year 17 andareaorfaredn section view ifigure
4-5. A marked drop in hydraulic head around the miningsadestinct at year 17. The residual effects at
100 years on, can still be seen. It will thus take more than 100 treasy$tem to fully recover (if at all).
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Figure4-5: Visual depiction dfydraulic head changes between 0, 17 ayed@0
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4.2B contamination plume

The mass transposas simulated fdi7 years from the startagerations, in terms Bfat concentration

of 1.6 mg/l.The concentration boundary conditions apmiedo the WRD and a timeseries applied.
Theconcentration of 1.6 mg/l was determined through geochemical modelling which formed part of the
geochemicassessmefdr the WRD and sitfCompany B, 2019)heB has been linkadlith geological
material from which the waste rock and tailings are constithteld is assumed to higher thanhe
background® concentration of the surrounding geoledlin the model domain

The resulting plume f& after17 yearss presented iRigure4-6. The plume moves outwards from the
WRD in alldirections and enters the pit at the highest concentrationg(l).6The plume does not
transgress the centre of the mininglpé to active seepage inside the pit, where water esiystdm.

The reason for theopncentrated plume migration beyond the WRD sites may be attributed to a number of
factors, including but not limited itesufficient resolution, inaccurate dispersiviig vdhta quality issues,

etc.

In the time step of 50 years after the start of mining operation, the plume is expected to travel further
(Figure4d-7). The plume is seen extended further south as well as further west intét th@Quytears, the

plume is shown to move further north and further east, which follows the groundwater flow direction
(Figure4-8). At this point the plume moves just beyond the mining pit, but not anywhere close to the river
in the far east or tthe model domain boundanyany direction
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Figured-6: B contamination plume after 17 yeaith general groundwater flow direction indicated by the
arrow
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Legend
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Figure4-7: B contamination plume afté@years
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Figured-8: B contamination plume aftedQyears
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4.3NO 3 contamination plume without biodegradation
NOz at a concentration of 18.55 mg/l was simulated in the model for Figeaed-9). As withB, the

NO3 concentration was applied to the WRD as part of the time series for the mass transport component
of the modehndwas determined through geochemical modelling carried out by Compa8y B (201

TheNOs plume is different tB as it has dispersed further in allatiivasafter the same amount of time
and at higher concentratioffis can be attributed to tfect thatB is a relatively stahleonservative
element and less susceptible to transformations in groundwater, as opyWOsed acthe north, east

and southwest the highesNO3 concentration emanating from the WRD is 18.55 mg/l, with lower
concentrations following closely. Whi@s appears to be relatively mobile in the groundwater system,
the plume still does not extend beyond the pit at this stage, due to active seepage nodes within the pit.
50 years after theast of operations, the plume migrates outwards in all dir¢etgpned-10). This again
alludes tchow mobileNOz is in this groundwater environmefit.this point, the plumeould have
moved through most of the pit 100 yeard~{gure4-11), like at 50 years, the plume extends out in all
directions Howeverjt now also moves past the pit, even at the highest concerirasioite the more
mobile nature dllOz in comparison t®, the plume is still relatively within the vicinity of the mine site
and does not extend close to the mddelain boundaries.

Figure4-9: NO3z contamination plume after 17 years (no biodegradation)
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