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EXECUTIVE SUMMARY

Since the promulgation of the Waste Classification Act in 2013 and the subsequent cost implications of
installing liners to disposal sites, research on techniques to obtain accurate source terms for disposal sites has
become more relevant than ever. A study conducted for the Water Research Commission outlines a strategy
for developing a geochemical model for the purposes of predicting potential acidic leachate qualities emanating
from a disposal site. The strategy incorporates various well-documented static and kinetic laboratory
procedures. There is, however, a knowledge gap when the results obtained from these procedures must be
incorporated in a geochemical model and the model must be calibrated to field conditions.

It is accepted that the rate of pyrite oxidation in backfilled pits and waste storage facilities is governed by the
rate of oxygen ingress. Several mathematical models to describe the kinetics of a heterogeneous reaction
have been developed over the years. These models all describe in-situ leaching behaviour by focusing on the
leaching behaviour of the individual particles in the tailings. All three these modelling approaches assume the
particle is spherical and that the reaction front moves radially towards the centre of the particle. However it is
important to note that by understanding the oxygen transport behaviour in tailings material and accurately
tracking the extent of pyrite oxidation and quantifying the redox controls with depth, a more accurate
geochemical model can be constructed.

The aims of this project with the focus on tailings storage facilities were therefore to:

1. Develop field techniques to measure oxygen concentration and redox profiles. The data obtained from
these procedures will aid in determining the source term of a tailings storage facility.

2. Determine the influence of governing factors such as migration rate of phreatic head, oxygen ingress
and particle size distribution on the accuracy of geochemical models following current geochemical
investigation strategies.

3. Comment on shortcoming of current geochemical investigation strategies and help improve and
update these strategies

In order to achieve these aims eight boreholes were drilled in a gold tailings dam. The borehole depth was
determined by visually observing a colour change in the tailings and by assessing pH and oxidation reduction
potential (ORP) readings that were done during the drilling of the boreholes. The boreholes were equipped
with sets of small chambers covered with a membrane and tube bundles leading up to the surface in order to
measure the oxygen concentration of each installed chamber. Profiles were recorder for oxygen concentration,
redox, electrical conductivity, pH and moisture content. Samples were taken for geochemical classification and
particle size distribution. It is important to note that it would have been ideal if a much larger array of boreholes
were drilled to obtain a better understanding of the special variation of the measured parameters. It is also
recommended for future work to plan for long term monitoring of these boreholes to get a sense of the temporal
variation.

A conceptual model was developed based on the assumption that the total sulphur represents the initial pyrite
content in the tailings material, and the conversion of pyrite can be calculated from the sulphur speciation data.
The conversion represents the extent to which pyrite has been oxidized with depth. The pyrite conversion
shows an almost an inverse profile of the moisture profile with depth. This trend was observed in all the
boreholes. The conversion of pyrite with depths profiles shows that, in horizons that have a high volumetric
moisture percentage, oxidation rates of pyrite are significantly lower compared to sample points in the depth
profile that were drier. The results suggest that points in the depth profiles of the boreholes that show a higher
degree of saturation will have a lower oxidation rate. It is assumed that the degree of saturation of the material
will be a rate determining step in the oxidation of pyrite.




The modelling software Geostudio SEEP/W was used to model the unsaturated flow in the tailings material
over time. The Gas Consumption and Exothermic Reaction add-in in SEEP/W was used to account for the
oxygen sink due to pyrite oxidation. The results obtained from this model was only used to calculate the
possible variance in the soil moisture over time as a function of seasonality. The output of the SEEP/W model
was further used as input for the geochemical model.

PYROX was used to model the oxygen transport in the tailings material. The model numerically solves Fick’s
law of mass transport that contains an oxygen sink that represents the oxygen consumed by pyrite oxidation.
The results of this study indicate that the unsaturated flow regime of a tailings storage facility may govern the
rate of oxidation of pyrite though controlling the rate of oxygen ingress into the tailings. Several uncertainties
such as the depth and downward migration rate of the phreatic head made calibrating the PYROX model
challenging. Variation in soil moisture at the respective nodes of the PYROX model were calculated with
SEEP/W by assuming that the phreatic head was static for the timespan of the model. This is a limitation of
the modelling approach and it is accepted that is may not be representative of the physical process.
Furthermore, horizons of very fine particles (can be seen as nodes with a high moisture content in the moisture
profiles) were observed. It was also noted that these horizons acted like barriers and shielded material
underneath it from oxidation. The geochemical model assumes that the material in the unoxidized zone is
homogeneous and did not compensate for this shielding effect or the possible existence of preferential flow
paths like the fissures.

It was concluded that the data requirements to better understand the global behaviour of the geochemical
evolution of the tailings are primarily hydrological in nature. This implies better understanding of parameters
such as particle size distribution, influence of preferential flow paths, downward migration the phreatic head
and the spatial and temporal variation of soil moisture as a function of the aforementioned parameters.

In order to address the uncertainties identified, a larger array of boreholes with greater depths (intercept the
saturated zone in the tailings storage facility) will be required to get a sense of the spatial variability the
parameters governing the unsaturated material moisture content. By better comprehending the unsaturated
flow regime of tailings storage facilities, more accurate field scale geochemical models can be constructed to
model potential risks that may be associated with these sites.
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GLOSSARY

Acid mine drainage: The outflow of acidic water from for example a mining site. In most cases, this acid
comes primarily from oxidation of iron sulphide.

Diffusion coefficient: The quantity of a substance that in diffusing from one region to another passes through
each unit of cross section per unit of time when the volume-concentration gradient is unity

Geochemistry: This is the study of the origin, evolution and distribution of chemical elements on earth which
are contained in the rock-forming minerals and the products derived from it, as well as water and atmosphere.

Geochemical model: Geochemical modelling is the practice of using chemical thermodynamics, chemical
kinetics, or both, to analyse the chemical reactions that affect geologic systems, commonly with the aid of a

computer.

Leaching: This is a process of extracting a substance from a material such as tailings normally by means of
a liquid. This process is also referred to as extraction

Moisture content: This is the quantity of water contained in a material such as soil or tailings
Neutron Depth Probe: This is a probe that measures the moisture content in soil, tailings etc.

Oxidation reduction potential: The oxidation reduction potential (ORP) is a water quality parameter and it is
provides an indication of the amount of oxygen in the water

Oxidation: This occurs when an atom, molecule, or ion loses one or more electrons in a chemical reaction.
When oxidation occurs, the oxidation state of the chemical species increases.

Oxygen diffusion: The oxygen diffusion rate (ODR) is a measure of the mobility of oxygen in a medium such
as sulphidic tailings which can lead to oxidation reactions.

Oxidized zone: A zone that forms as a result of chemical decomposition of unstable minerals under the action
of surface waters and groundwater, as well as the oxygen and carbon dioxide present in the air and dissolved
in these waters.

Particle size distribution: The particle-size distribution (PSD) of a granular material, is a list of values or a
mathematical function that defines the relative amount, typically by mass, of particles present according to

size.

Pyrite: The mineral pyrite, or iron pyrite, also known as fool's gold, is an iron sulphide with the chemical formula
FeS,. Pyrite is considered the most common form of sulphide minerals.

Pyrite oxidation: The weathering of pyrite includes the oxidation of pyrite by oxygen. Sulphur is oxidized to
sulphate and ferrous iron is released.

Redox: This is a type of chemical reaction in which the oxidation states of atoms are changed.

Unsaturated zone: The unsaturated zone is the portion of the subsurface above the groundwater table. The
soil and rock in this zone contains air as well as water in its pores
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CHAPTER 1: BACKGROUND

1.1 INTRODUCTION

Since the promulgation of the Waste Classification Act in 2013 and the subsequent cost implications of
installing liners to waste disposal sites, research on techniques to obtain accurate source terms for disposal
sites has become more relevant than ever.

A study conducted for the Water Research Commission (WRC) by Usher et al. (2002) outlines a strategy for
developing a geochemical model for the purposes of predicting potential acidic leachate qualities emanating
from a disposal site. The strategy incorporates various well-documented static and kinetic laboratory
procedures. There is, however, a knowledge gap when the results obtained from these procedures must be
incorporated in a geochemical model and the model must be calibrated to field conditions.

It is accepted that the rate of pyrite oxidation in backfilled pits and waste storage facilities is governed by the
rate of oxygen ingress (Davis & Ritchie, 1986 (a, b &c); Mayer et al., 2002). Several mathematical models to
describe the kinetics of a heterogeneous reaction have been developed over the years. These models were
developed for describing leaching behaviour of copper tailings. Davis and Ritchie (1986b) refer to three primary
types that all describe in-situ leaching behaviour by focusing on the leaching behaviour of the individual
particles in the tailings. All three these modelling approaches assume the particle is spherical and that the
reaction front moves radially towards the centre of the particle (Davis & Ritchie, 1986b).

The best-known and widely used of these models is the Shrinking Core Model (SCM). This mathematical
model describes the kinetics for a solid-gas and solid-liquid system (Levenspiel, 1999). In the well-known work
done by Davis and Ritchie (1986b) and later also by Molson et al. (2005), the shrinking core model is used to
describe the reaction kinetics of pyrite oxidation in tailings material. In this approach it is assumed that the rate
of oxygen diffusion of the reaction sites is the rate limiting step. This is also discussed as an important factor
in the oxidation of pyrite soils by Appelo and Postma (2005). It is noted that oxygen transport is only important
in the unsaturated zone. In the saturated zone, the approximate amount of oxygen available for pyrite oxidation
is 0.33 mM O, suggesting that the unsaturated zone is the most reactive and the greatest source of sulphate
oxidation.

The bulk diffusion coefficient D1, governing the transport of oxygen through the pore space of the tailings
material is a function of void space, degree of saturation of the tailings material and temperature (Reardon &
Moddle, 1985). Thus, is important to understand the variability of moisture content with depth in these systems
and the migration of the phreatic head and the subsequent change in depth of the unsaturated zone with time.

In order to understand the equilibrium chemistry in the tailings material redox profiles are also required. In acid
mine drainage (AMD) it is fair to assume that the dominant redox couple would be Fe?* / Fe3*. The
concentrations of both ions will be a function of the extent of pyrite oxidation. Yibas et al. (2010) conducted a
study for the WRC focusing on kinetic development of oxidation zones. In the study by Yibas et al. (2010)
oxygen profiles were obtained for the various tailings storage facilities that formed part of the study. The profiles
were used to identify three distinct zones. The oxidized zone, the transition zone and the unoxidized zone. The
data obtained gives a good indication of the number of tailings that has not yet reacted. It does, however, not
address the transient behaviour that is expected from the tailings storage facilities.

The last step of the acid-base accounting technique and evaluation (ABATE) strategy (Usher et al., 2002)
consists of kinetic modelling. The data input up to this point includes acid base accounting (ABA), mineralogy,
particle size distribution, and static and kinetic tests. The strategy relies on kinetic tests to obtain acid
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generation rates. The rates obtained from these tests, however, do not accurately represent the acid
generation rates expected in the tailings material as the kinetic leach test do not account for physical
parameters influencing the rate of acid generation.

By understanding the oxygen transport behaviour in tailings material and accurately tracking the extent of
pyrite oxidation and quantifying the redox controls with depth, a more accurate geochemical model can be
constructed.

1.2 PROJECT AIMS

1. Develop field techniques to measure oxygen concentration-and redox profiles in tailings storage
facilities. The data obtained from these procedures will aid in determining the source term of a tailings
storage facility.

2. Determine the influence of governing factors such as migration rate of phreatic head, oxygen ingress
and particle size distribution have on the accuracy of geochemical models following current
geochemical investigation strategies.

3. Comment on shortcoming of current geochemical investigation strategies and help improve and
update these strategies with specific reference to the ABAT strategy (Usher et al., 2002).
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CHAPTER 2: LITERATURE SURVEY

2.1 INTRODUCTION

The consensus regarding the modelling of AMD in waste storage facilities is that oxygen transport in the waste
material is the rate determining step in the oxidation of pyrite. The first studies that looked at this behaviour
were conducted by Davis and Ritchie (1986a, b and c) and later also by Molson et al. (2005). In both these
mentioned studies, the shrinking core model was used to mathematically describe the reaction kinetics of pyrite
oxidation.

This approach is also discussed as an important factor in the oxidation of pyrite soils by Appelo and Postma
(2005). It is further noted that the oxygen transport is only important in the unsaturated zone. In the saturated
zone, the approximate amount of oxygen available for pyrite oxidation is 0.33 mM Oz, indicating that the
unsaturated zone is the most reactive and the greatest source of sulphate oxidation.

2.2 OXYGEN TRANSPORT

Davis and Ritchie (1986a) assume that the rate of unreacted core shrinkage is much slower than the oxygen
diffusion rate within the particle (Levenspiel, 1999). It is assumed that the reaction at the surface of the particle
is instantaneous and that ash layer diffusion is the rate determining step.

2.21 Fick’s second law

It is assumed that the oxygen transport in from the atmosphere to the reaction sites in the tailings material
occur by diffusion only. Davis and Ritchie (1986a) used Fick’s second law with a consumption term to describe
the diffusion process mathematically:

(U3t =D1x(2 Un)/(322 ) - q(2,8) [1]

The model describes a two-stage diffusion process to the reaction sites. The first stage consists of oxygen
diffusion through the air-filled pores. D1 is the diffusion coefficient for this stage. The term on the left, (6U)/0t,
represent the change in pore oxygen concentration. The consumption term in equation 1 (q(z,t)) represents
the change in volume due to the oxidation of pyrite, and can be expressed as follows (Molson et al., 2005):

q(z,t)=D2x((3(1-6))/R?)x(r/(R-r))x[O2 ]«/H [2]

In equation 2, H is Henry’s constant [kg/m3] and [O2]a represent the concentration of oxygen in the pore space.
D2 represents the diffusion coefficient for the forming ash layer shielding the shrinking particle. The parameter
0 represent the gas filled porosity of the material. R represent the particle radius and r represent the radius of
the core of the particle that has not yet reacted. The concentration of oxygen dissolving into the water film
surrounding the particle is calculated using Henry’s law, where H represents Henry’s constant for a given
temperature.

2.2.2 Pyrite oxidation

Younger (2000) suggests that a general reaction equation for the oxidation of pyrite can be written as follows:
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FeS, + 17502 + %HZO — Fe(OH); + 2503~ + 4H* [3]

In the reaction, iron disulfide is oxidized, causing the formation of acid and the release of sulfate in the water.
The ferrous iron (Fe?*) can further be oxidized to Ferric iron (Fe3*). The ferric iron can then either be hydrolysed
to form ferric hydroxide (Fe (OH)s), also known as yellow boy, or the ferric iron can act as a catalyst in oxidation
of iron disulfide (Skousen et al., 2002). There are several reactions contributing to a buffer effect to low pH due
to oxidation of pyrite. The most obvious of which is the dissolution of Calcite (CaCQ3) (Bain et al., 2001) and
other carbonate rock forming minerals (Dolomite and Aragonite) (Appelo and Postma, 2005). The presence of
buffering minerals affects the mobility of dissolved metals, for example the precipitation of gypsum may occur
due to the increase of Ca?* at the calcite dissolution front, thereby providing an upper limit on dissolved calcium

and SO4 concentrations (Bain et al., 2001).

2.2.3 Shrinking Core Model

A number of mathematical models to describe the kinetics of a heterogeneous reaction have developed over
the years. These models were developed for describing leaching behaviour of copper tailings material. Davis
and Richie (1986b) refer to three primary types that all describe in-situ leaching behaviour by focusing on the
leaching behaviour of the individual particles in the tailings material. According to Davis and Richie (1986c¢),
the three models differ in the assumptions made about the reaction rate compared to the reactant transport
rate to the reaction sites.

Stanford University New Mexico
model of Utah Bureau
model model
Unreacted core Reacted zone Leached shell

Cu%
Reactant

concentration

P

Figure 1: Schematic drawing of the three leach models discussed by Davis and Ritchie (1986)

All three these modelling approaches assume the particle is spherical and that the reaction front moves radially

towards the centre of the particle (Davis & Richie, 1986a, b & c).
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The most well-known and widely used of these models is the SCM. This mathematical model describes the
kinetics for a solid-gas and solid-liquid system (Levenspiel, 1999). The model finds it application in
geochemistry by describing the oxidation of pyrite in tailings leaching scenarios. For a heterogeneous reaction
in which a fluid reacts with a solid the following reaction applies:

A(fluid) + bB(solid) — solid products + fluid product [4]
The rate of reaction can be controlled by three mechanisms, the first of which is diffusion through the gas film.
This is not discussed further in this work as it is assumed that the reaction of the particles occurs at the water-
solid interface. The second rate-determining step is the diffusion of reactant through the ash layer and can

mathematically be described as follows:

dNa
dt

dc
— — 2 A
= I'mineral = 4mr D2 dr [5]

where r is the radius of the unreacted core [m] and D2 is the diffusion coefficient of the reactant through the
ash layer [m?/s]. The ash layer or alteration rim refers to the reacted crust that forms around the unreacted
core (Figure 1). The third rate determining step in chemical rate controls and can be mathematically expressed

as follows:

1 dNp — 7 _ —b dNgy
4mr? dt Mineral = 4p2 gt

= bk''Cyg4 [6]
where Kk” is the first order rate constant for the surface reaction and Cag is the gas phase concentration of the
reactant diffusing through the ash layer [moles/l]. Levenspiel (1999) shows that the abovementioned rate
controlling steps can be combined to account for the influence of all three rate-controlling steps:

dar
Tt = TMineral = ®R=pr 1 [7]

where R is the radius of the initial unreacted particle and the density of the particle is denoted by rB [kg/m?3].

Ardejani et al. (2008) used this approach to describe the kinetic oxidation of pyrite.

2.2.4 Modelling tailings storage facilities

Previously substantial work has been done on the importance of chemical, physical and microbiological factors
influencing the weathering of rate of pyrite (Linklater et al., 2005; Molson et al., 2005). Leaching of metals
contained in the constituents of either ores for the purpose of mining the leached product or spoils and tailings
dams relies on the oxidation of insoluble sulphide bearing minerals to soluble sulphates (Davis & Ritchie, 1986
a). Water transports the soluble oxidation products through the gangue where further oxidation, dissolution
and precipitation can take place (Brown et al., 1999). Therefore, the concentrations of chemical components
in the effluent of spoils and tailings material are space and time-dependent processes, which in turn depend

on the pyrite oxidation rate, water infiltration rate and chemical oxidation rates (Pantelis et al., 2002).

Several mathematical models that describe the leaching process in tailings storage facilities, have been
developed over the last couple of years (Davies & Ritchie, 1986 a, b & c; Molson et al., 2005; Linklater et al.,
2004; Pantelis et al., 2002). In the work done by Davies and Ritchie (1986a, b & c) it was assumed that oxygen
is transported into the tailings by means of diffusion. In the work done by Lefebvre et al. (2001) it is shown that
convective flow of oxygen caused by heat production of pyrite oxidation can also determine the rate of oxygen
supply. In the work done by Pantelis et al. (2002) the tailings storage facilities is modelled as a three-phase

system consisting of gas-and water phases flowing through a rigid solid porous phase. In the model it was
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assumed for simplicity that the sulphide containing minerals consist entirely of pyrite. There was also not

compensated for the temperature dependence of diffusion coefficients, viscosities and thermal conductivities.

This was done under the assumption that physical conditions in the spoils tailings material reach pseudo-

steady which can last in most cases for decades or longer.

Oxygen ingress

Position of reaction
front in particle

BUA 5 UA """""
scM =D e@n),
Reaction | Redox reactions
Interface X(t) Fully reacted particles

N Plant — and
"1 microorganism |
i respiration

Partially reacted particles

Phreatic head +

Figure 2: Show a schematic drawing of a tailings heap. The transport of oxygen into the heap and to
the reacting particles is mathematically described by Fick’s second law with an oxygen sink term (refer
to equation 1 & 2, section 2.2.1). The reaction kinetics of the reacting particles is mathematically

described by the shrinking core model (Molson et al., 2005).

In the conceptual model presented in Figure 2 it is shown that the rate at which a waste tailings heap is reacting

is a function of the oxygen ingress. The oxygen transport rate is in turn a function of both the gradient between

the atmospheric oxygen concentration and the pore oxygen concentration, the thickness and moisture content

of the unsaturated material.
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CHAPTER 3: METHODOLOGY

3.1 FIELD WORK

3.1.1  Oxygen concentration profiles

Four boreholes were drilled in the tailings storage facility. The borehole depth was determined by visually
observing a colour change in the tailings and by assessing pH and oxidation reduction potential (ORP)
readings that was done during the drilling of the boreholes. The boreholes were equipped with sets of small
chambers covered with a membrane and tube bundles leading up to the surface in order to measure the
oxygen concentration of each installed chamber.

Figure 3 below shows a schematic drawing of the installed chambers in the borehole. Between each chamber
a bentonite clay seal was installed to ensure that the reading obtained at a specific depth represent the oxygen
concentration in the tailings, and that there is no leakage of gases between various depth intervals.

Oxygen
Concentration
Measuring Point

Bentonite Clay Seal

Oxygen Chambers H

Figure 3: Schematic drawing of oxygen chamber installation in a monitoring borehole
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Figure 4: Location map of the monitoring/data boreholes
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Table 1 shows the depths of the four respective boreholes drilled with a hand auger. Borehole RF 1 was drilled
to a depth of 6 metres. It can be seen from Figure 4 that this borehole is located close to the side of the site.
The 3 remaining boreholes drilled were drilled to depths ranging from 3 to 4 metres.

Table 1: Monitoring borehole information

Borehole ID Depth Coordinates
X y
RF1 RF1-1 6 4.4 27.711275 | -26.130217
RF2 RF2-1 3 2.4 27.710175 | -26.128549
RF3 RF3-1 4 3.2 27.710443 | -26.126214
RF4 RF3-1 3 2 27.709427 -26.12502

After installation of the tube bundles and chambers, the boreholes were left for around two hours to obtain
equilibrium. The oxygen concentrations with depth were then measured with a PortaSens Il Portable Gas Leak
Detector. The probe is a hand-held device that measures oxygen displacement.

3.1.2 Moisture content profiles

Two sets of boreholes were drilled at each location, one set was used for the installation of the oxygen
chambers and the other set for moisture content measurements. The second set of boreholes at each location
were lined with a PVC casing. The boreholes were then used to obtain moisture content data with a Neutron
Depth Probe.

The Neutron Depth Probe comprises two main components: a) a probe, which is lowered into an access tube
located over the drilled hole which is inserted vertically into the tailings, and which contains a source of fast
neutrons in the form of radioactive material such as Americium-241, Beryllium and Caesium-137, and a
detector of slow neutrons; b) a ratemeter (battery powered and portable) to monitor the flux of slow neutrons
scattered by soil (Hillel, 1980).

The theory behind this instrument as described by numerous researchers (Long & French, 1967; Visvalingam
& Tandy, 1972; Gardner, 1986) is based on the principle that hydrogen, which has the same size and mass
as a neutron, has a marked property of scattering and slowing neutrons (thermalizing effect). When a fast
neutron is placed within the soil, it immediately becomes surrounded by a cloud of thermal neutrons. Using a
detector thermal neutron density can easily be measured, insensitive to fast neutrons, which is placed in the
vicinity of a fast source. Then the thermal neutron density can be converted to volumetric water content using
the calibration curve which is linear over the range of interest.

Samples were also taken at depth intervals of 20 cm for each borehole for determining the gravimetric moisture
content. These samples were weighed, dried in an oven for 24 hours at a 110°C and then re-weighed in order
to obtain the gravimetric water content. This was done to obtain the volumetric water content at each node
measurement for the neutron depth probe.

3.1.3 Oxidation reduction potential

Tailings samples were taken every 30 cm during the drilling of the boreholes for ORP measurements. The
oxidation-reduction potential (ORP) of each sample was measured using a platinum electrode ORP meter
(Eutech instrument). The ORP meter was calibrated to Standard Hydrogen Electrode potential using a 240-
mV reference solution.
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The measurements were taken as soon as the sample had been extracted via a hand auger. In order to
minimize the exposure to atmosphere and the potential subsequent oxidation of the extracted material, a
saturated paste was made by mixing 20 grams of sample material with 50 millilitres of deionized water. The
sample paste was left for 10 minutes in order to equilibrate after which the ORP readings were obtained with
the hand-held probe.

In addition to the ORP readings, pH and electrical conductivity were also measured for each sample in order
to obtain depth profiles for the respective parameters.

3.2 LABORATORY WORK

3.2.1 Static tests

ABA is generally used as a first order classification procedure in acid rock drainage (ARD) prediction
methodologies. ABA results provide information about the potential of a sample to generate ARD (Price, 1997);
it is a valuable and widely used test that determines both the acid-generating and acid neutralizing potential of
a sample (Skousen et al., 2002). Net Acid Generating (NAG) tests are also performed to aid in a better
interpretation of the ABA results (Miller et al., 1997). The test procedure is not time consuming, is low cost and
the analytical procedure is relatively simple (Usher et al., 2002)

There are however limitations to this test procedure. The most important of which is the fact that ABA does not
address the transient behaviour of acid drainage, and this is also the case for all the static type tests. Usher et
al. (2002) notes that the ABA test procedure assumes instant availability of reactants, simple reaction
stoichiometry and account for size effects of solid reactants.

ABA and the other static tests listed in Table 2 where conducted in order to show how much of the data
obtained from these tests helps to understand the field scale transient behaviour of tailings material.

3.2.2 Kinetic tests

In order to address the shortfalls of static testing Usher et al. (2002) recommends a kinetic leach test
methodology adapted from the D5744-96 Standard Test Method (ASTM, 2001). The minimum suggested
duration of this leach test is twenty weeks and is in some cases not enough time for sulphate production to
stabilize. Humidity cell tests (HCT) supplement static tests in this regard and can assist in obtaining reaction
rates and an indication of the potential mineral leaching behaviour of rock samples (Price, 1997). Currently
one of the biggest challenges faced by environmental practitioners is to integrate site specific data obtained
from HCT’s into predictive geochemical models (Sunkavalli, 2014).

In this study the humidity leach cells where only run for a duration of 5 weeks. This was done in order to
determine only to assess the leachability of secondary minerals in the material. It was assumed from the start
from the study that that the oxidation rates obtained from the HLC’s would not be scalable to field conditions
as the HLC’s do not account for the rate limiting effects of oxygen diffusion.

3.2.3 Additional analysis

Additionally, to the static- and kinetic tests that where performed, sulphur speciation was performed in order
to assess the extent of conversion of pyrite. X-ray diffraction (XRD) and X-ray fluorescence (XRF) was also
performed on the tailings material.

10
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Table 2 Summation of laboratory test work

Laboratory test

Comment

Sample Information

Acid base accounting

Total S at 2200°C.

AP (acid potential) determined from
sulphide-S content (SAP) and total-S
content (TAP)

BH RF 4 (samples were taken
every 30 cm for the total depth
of the borehole)

Sulphur speciation

Sulphide-S vs Sulphate-S vs del-S

BH RF 1, RF 2, RF 3 and RF 4
(30 cm sample increments for
the whole depth of the
borehole)

NAG Test

Net Acid Generation

BH RF 2 (samples were taken
every 30 cm for the total depth
of the borehole)

X-ray fluorescence (XRF) and
X-ray diffraction (XRD)

XRF (major and trace) and XRD were
performed in order to obtain a vertical
profile of major and trace elements
and mineral phases present

BH RF 2 (samples were taken
every 30 cm for the total depth
of the borehole)

Humidity leach test (5 weeks)

Columns were set up of composite
samples of the oxidized zone,
transition zone and unoxidized zone.
ICP-MS was used to analyse the
weekly leachate.

Five columns were set up;

1) RF 1 Ox (a composite
sample of the oxidized
zone of BH RF 1

2) RF 1 TRANS (a composite
sample of the transition
zone of BH RF 1)

3) RF 1 UNOX (a composite
sample of the unoxidized
zone of BH RF 1)

4) RF 3 OX (a composite
sample of the oxidized
zone of BH RF 3)

5) RF 3 UNOX (a composite
sample of the unoxidized
zone of BH RF 3)

Static leach tests

1:20 leach

BH RF 2 (samples were taken
every 30 cm for the total depth
of the borehole)

11
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CHAPTER 4: NUMERICAL MODELS

41 CONCEPTUAL MODEL

41.1 Pyrite conversion

If it is assumed that the total sulphur represents the initial pyrite content in the tailings material, and the
conversion of pyrite can be calculated from the sulphur speciation data presented in Section 5.1.2.1. The
conversion represents the extent to which pyrite has been oxidized with depth.

Total Sulphur — Sulphide Sulphur
Total Sulpur

conversion =

4.1.2 Influence of volumetric moisture percentage

It can be seen in from the figures below that the pyrite conversion shows an almost an inverse profile of the
moisture profile with depth. This trend was observed in all four the boreholes. The conversion of pyrite with
depths profiles shows that in horizons that have a high volumetric moisture percentage oxidation rates of pyrite
are significantly lower compared to sample points in the depth profile that were drier.

The profiles would suggest that points in the depth profiles of the four boreholes that show a higher degree of

saturation will have a lower oxidation rate and it may be fair to assume that the degree of saturation of the
material will be a rate determining step in the oxidation of pyrite in the tailings material.
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Figure 5: Chemical and physical parameter profiles of Borehole RF1
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Figure 6: Chemical and physical parameter profiles of Borehole RF2
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4.1.3 Unsaturated flow model

4.1.3.1 Geostudio

The modelling software Geostudio SEEP/W was used to model the unsaturated flow in the tailings material
with time. The Gas Consumption and Exothermic Reaction add-in in SEEP/W was used to also account for
the oxygen sink due to pyrite oxidation.

The depth of the phreatic head in the tailings storage facility was unknown. Therefore, it was assumed the
migration of the phreatic head is very slow and to be static for the time period of the model. The results obtained
from this model only served to calculate the possible variance in the soil moisture over time as a function of
seasonality. The output of the SEEP/W model was used as input for the geochemical model.

4.1.3.2 Model setup

A 1D unsaturated flow model was constructed in Geostudio’s SEEP/W package (Geoslope International Ltd.,
2019). The following boundary conditions were assigned to the model:

1) No-flow boundary condition in the bottom boundary of the model;

2) Land-Climate interaction boundary (LCI)

4.1.3.3 Model calibration

Gas conc vs ime:

Gas Concentration

O=0-20gm?
[ 20 - 40 g/m?
[0 40 - 60 g/m*
[ 60 - 80 g/m?
[ 80 - 100 g/m?
[ 100 - 120 g/m?
[ 120 - 140 g/m*
[ 140 - 160 g/m?
1 160 - 180 g/m?
[ 180 - 200 g/m*
[0 200 - 220 g/m?
[0 220 - 240 g/m®
O 240 - 260 g/m?
@ = 260 g/m?

Gos Conertrmen (g

Length (m)

1 1
] 1000 20 2000 4000

ol

Tioe (4]

Figure 9: Results obtained from SEEP/W showing gas concentration variation as a function of time.
The model accounted for wet and dry periods.
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4.1.4 Oxygen transport modelling

4.1.4.1 PYROX

PYROX was used to model the oxygen transport in the tailings material. The model was developed by the
Institute for Groundwater Research, University of Waterloo (Wunderley & Blowes, 1997). The model
numerically solves Fick’s law of mass transport that contains an oxygen sink that represents the oxygen
consumed by pyrite oxidation.

Figure 10: DEM of the tailings heap indicating where the boreholes was drilled and where the cross
section was selected for the numerical model.

4.2 MODEL SETUP

The PYROX model requires for each node the data listed in Table 3. Each sample point with depth in the
boreholes was modelled as a node in the programme. The software assumes that the material is an infinite
slab and only considers diffusion for the means of transport of oxygen into the tailings heap as depicted in the
schematic drawing in Figure 11. The diagram shows conceptually how the PYROX software calculate sulphate
loads. The software calculates the sulphate load in kilogram per year for a defined depth L and a surface area
of 1 m2. Furthermore, the programme assumes a steady state moisture profile for the whole simulation time.

The following details pertain to the parameters briefly explained in Table 3:

1) L —the depth of the profile that is being modelled. This value is equal to the depth of the borehole that
is being modelled. The depth is divided into n number of nodes corresponding to the depth intervals
sampled during the fieldwork campaign;

2) p - the bulk density of the tailings material was obtained from the study by Yibas et al. (2010). This
study included the study site as part of a larger geochemical survey of tailings material of several
tailings heaps in the Witwatersrand;

16
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3) D4- this parameter represents the bulk diffusion coefficient. This parameter is estimated by fitting the
model to the oxygen concentration measurements made during the fieldwork campaign;

4) D2 — Is calculated by the PYROX code and is a function of the volumetric moister content of the
material;

5) a-is the particle size defined at each node and this values where obtained by determining the particle
size distribution of the material at each depth increment for each respective borehole;

6) 0 — The volumetric moister content was obtained from the unsaturated flow model;

7) & — The porosity was obtained from the study by Yibas et al. (2010);

8) pyrite(wt%) — The pyrite content was obtained from performing a sulphur speciation laboratory
analysis (section 5.1.2.1).

Table 3 Input parameters for the model

Parameter Unit Description
m Depth of borehole

p kg/m3 | Bulk density of the tailings material

D1 m?/s | Diffusion Coefficient of oxygen in pore space of dump calculated by
PYROX

D2 m?/s | Diffusion Coefficient of oxygen in water — fitting parameter

a D50 m Radius of particle obtained from the D50 values for each sampled
depth

0 Volumetric moisture content

O] Porosity

pyrite(wt%) This value is usually obtained from the ABA analysis, in the study

the percentage unreacted pyrite was obtained from performing a
laboratory sulphur speciation analysis.

:'Water and : ’

—— —— —

Leachate

Figure 11: Schematic of the PYROX model
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CHAPTER 5:

RESULTS AND DISCUSSION

5.1 FIELD MEASUREMENTS

It can be seen from the figures below that that the pH and ORP profiles are almost mirror images of each other.

Furthermore, the inflexion point of these two profiles closely coincides where a colour change in the tailings
material was observed (yellow to grey). It can also be seen from the oxygen profiles that this point is at a

position between the transition zone and the unoxidised zone.

Borehole RF1 is located close to the side of the tailings dump and therefore explains the depth difference of
the unoxidized zone compared to the other three boreholes that showed a reaction front depth of around 1.5

metres. Oxygen can diffuse into the dump from the sides of dump explaining the difference.

Depth below surface (m)

Figure 12: Data obtained from RF1
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Figure 14: Data obtained from RF3
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Figure 15: Data obtained from RF4

5.1.1 Particle size distribution

The data presented below is only that measured using the hydrometer method. The data shows a typical
narrow range of fine sand and silt fractions that would have been the aim of milling and metallurgical
processing. The fine fractions as presented below will include the main chemically reactive fractions of the
tailings material whilst the coarse fractions will dominate/regulate the oxidative flux of the tailings.

Table 4: D50 values with depth for BH RF 1

Sample

no. Depth (cm) | D50 (mm)
RF 1.1 30 | 0.027695667
RF 1.2 60 | -

RF 1.3 90 | 0.009810667
RF 1.4 120 | 0.010158923
RF 1.5 150

RF 1.6 180 0.038616
RF 1.7 210 | -

RF 1.8 240 | -

RF 1.9 270 0.0179075
RF 1.10 300 | 0.012592375
RF 1.11 330 | 0.03100675
RF 1.12 360 0.0144449
RF 1.13 390 0.0123203
RF 1.14 410 0.015582
RF 1.15 440 | 0.03408275
RF 1.16 470 0.015582
RF 1.17 500 0.0119015
RF 1.18 530 | 0.056643625
RF 1.19 570 | 0.058759125
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Table 5: D50 values with depth for BH RF 2

Sample no. Depth (cm) | D50 (mm)
RF 2.1 30 | -

RF 2.2 60 0.055791
RF 2.3 90 0.021974
RF 2.4 120 | 0.0092918
RF 2.5 150 | -

RF 2.6 180 | -

RF 2.7 210 | -

RF 2.8 240 | 0.0126246
RF 2.9 270 | -

Table 6: D50 values with depth for BH RF 3

Sample no. Depth (cm) | D50 (mm)
RF 3.1 30

RF 3.2 60 | 0.0316039
RF 3.3 90 | 0.0248991
RF 3.4 120 | 0.0248991
RF 3.5 150 | 0.0532312
RF 3.6 180 | 0.0429944
RF 3.7 210 | 0.047886
RF 3.8 240

RF 3.9 270 | 0.0614522
RF 3.10 300 | 0.0428809
RF 3.11 330 | 0.036158

Table 7: D50 values with depth for BH RF 4

Sample no. Depth (cm) | D50 (mm)

RF 4.1 30 0.0078508
RF 4.2 60 0.012829
RF 4.3 90 0.012829
RF 4.4 120 0.0127415
RF 4.5 150 0.0125257
RF 4.6 180 0.0132964
RF 4.7 210 0.012818
RF 4.8 240 0.0218985
RF 4.9 270 0.0588146
RF 4.10 300 0.0476106

5.1.2 Laboratory analysis

5.1.2.1  Sulphide content

The figures below show the total weight percentage of total sulphur, weight percentage of sulphide and the
weight percentage of sulphate. For this data, the percentage conversion of pyrite (extent of pyrite oxidation
with depth was calculated). This was shown in section 4.1. The variation in conversion correlated well with
change in particle size and also moisture content, with wetter horizons in the tailings showing less conversion
opposed to dryer horizons showing a greater conversion of pyrite.
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Figure 16: Sulphur speciation results for BH RF 1
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Figure 17: Sulphur speciation results for BH RF 2
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Figure 18: Sulphur speciation results for BH RF 3
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Figure 19: Sulphur speciation results for BH RF 4
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5.1.2.2 Acid Base Accounting

Table 8: Acid Base Accounting for Borehole RF 4

. Neutralizin
Total Acid Neutralizatio Net Potential
Sample | Paste | Sulphur | Potentia . Neutralizatio | & . NAG Rock
o n Potential . Ratio
Number pH (%) I (AP) (NP) n Potential (NPR) (NP: pH Type
(LECO) (kglt) (NNP) AP) '
RF 4.1 7.44 0.3 9.22 31.3 22.08 3.40 4.46 Il
RF 4.2 7.76 0.17 5.45 23 17.55 4.22 5.01 11
RF 4.3 7.06 0.64 20.06 27.55 7.49 1.37 3.02 Il
RF 4.4 4.22 0.64 20.05 324 12.35 1.62 2.37 Il
RF 4.5 3.29 1.03 32.11 39.45 7.34 1.23 2.06 Il
RF 4.6 2.65 1.08 33.63 60 26.38 1.78 2.29 Il
RF 4.7 2.55 1.28 40.09 56.7 16.61 1.41 2.4 Il
RF 4.8 7.53 0.9 28.21 22.5 -5.71 0.80 2.36 I
RF 4.9 7.59 0.82 25.76 28.15 2.39 1.09 25 Il
RF 4.10 7.65 1.01 31.57 25.45 -6.12 0.81 242 I
RF 4.11 7.02 1.37 42.67 30.8 -11.87 0.72 2.28 I

5.1.2.3 X-ray diffraction results

Rietveld refinement was used to identify individual mineral phases from tailings samples as a bulk
mineralogical investigation. The main phase, quartz, as presented in Table 10, occurs in all samples and
ranges between 73.2 and 90.7%. Pyrite was only identified in samples RF2.13 and RF3 UNOX; however,
mineral phases resulting from pyrite oxidation have been detected in all samples, but this does not mean that
pyrite is not present in the samples, but that detection wasn’t possible as the peak intensity of quartz and Fe
containing minerals like biotite tends to overshadow pyrite. Both jarosite and gypsum as pyrite oxidation
products were detected in all samples except ones where pyrite was directly identified suggesting that these
samples have been oxidised to a well-developed stage. Mineral phases of pyrophyllite, illite and kaolinite
represent mineral phases of mica transformation to clay minerals either as hydrothermal relic minerals in the
original ore body or as secondary minerals that developed through the breakdown phyllosilicates under low
pH conditions. The presence of calcite needs to be related to sample pH original ore mineralogy and site-
specific interventions as a relative decrease is observed with depth, that may suggest amelioration or process

alteration if for example uranium was extracted which would have needed high pH metallurgical processes.
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Table 9: XRD results

Mineral wt%

S,\?;nrﬁlee Quartz | Pyrite | Pyrophyllite | Jarosite | liminite | lllite | Calcite | Kaolinite | Biotite | Gypsum | Phengite
RF 2.1 83.5% - 4.8% - 0.6% | 3.8% | 6.3% 1.5% 0.2% -
RF 2.2 83.0% - 4.3% - - 4.2% | 5.9% 1.4% 1.1% 0.1% -
RF 2.3 87.7% - 2.5% - - 2.5% | 5.9% 0.8% 0.6% 0.1% -
RF 2.4 82.9% - 0.3% 0.9% - 3.6% | 7.7% 0.9% 1.1% - -
RF 2.5 88.0% - 2.5% 1.0% - 27% | 4.9% 0.5% 0.5% - -
RF 2.6 73.2% - 15.9% 0.6% - 0.4% | 8.4% 0.4% 1.0% - -
RF 2.7 83.0% - 11.5% 0.6% - 1.2% | 2.8% 0.7% 0.2% - -
RF 2.8 90.7% - 4.7% 0.4% - 1.9% | 1.9% - 0.4% - -
RF 2.9 83.8% - 11.0% 0.3% - 1.2% | 2.8% 0.4% 0.5% - -
RF 2.10 86.4% - 8.9% 0.4% - 11% | 2.6% 0.3% 0.1% - -
RF 2.11 83.8% - 10.5% 0.2% - 1.4% | 3.5% 0.3% 0.3% - -
RF 2.12 84.8% - 9.8% 0.5% - 1.5% | 2.3% 0.6% 0.6% - -
RF 2.13 78.4% | 0.7% 18.4% 1.1% - - 0.2% 1.0% - - 0.2%
RF 3 UNOX | 82.4% | 1.8% 13.1% 0.7% - 0.6% | 0.7% 0.7% - - -
RF 1 UNOX | 82.0% - 12.4% 0.7% - 0.3% | 3.9% 0.2% 0.4% - -
RF 1 OX 83.8% - 10.1% 0.6% - 0.6% | 4.2% 0.3% 0.4% - -
TF 2 OX 86.8% - 8.8% 0.4% - 0.7% | 2.8% 0.3% 0.2% - -
TN | 875% | - 8.5% 0.4% - [ 11% | 2.3% - 0.2% - -
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Table 10: XRF results

RF 3 RFI RF 1 RF 3 RF 1 RF RF RF RF
Sample name UNOX UNOX OoX OoX TRANS RF21 | RF22 | RF23 | RF24 | RF25 | RF26 | RF27 | RF28 | RF2.9 | 2.10 2.1 2.12 2.13
Sum of
Concentration | (%) 96.15 95.141 | 97.159 96.21 94.482 | 99.307 | 99.621 | 94.616 | 98.711 | 95.042 | 97.218 | 95.997 | 94.465 99.65 | 99.461 | 94.705 | 98.688 | 95.974
PbO (%) 0.007 0.005 0.007 0.006 0.01 0.006 0.005 0.007 0.01 0.008 0.007 0.006 0.009 0.006 0.007 0.003 0.012 0.007
HfO2 (%) nd nd Nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
Zn0O (%) 0.004 0.006 0.007 0.003 0.002 | nd nd nd nd 0.006 0.007 0.003 0.002 | nd nd nd nd 0.004
CuO (%) 0.004 0 | Nd nd nd nd nd nd nd 0.001 | nd nd nd nd nd nd nd 0.004
NiO (%) 0.009 0.01 0.007 0.003 0.003 0.007 0.003 0.002 | nd 0.009 0.008 0.004 0.002 0.007 0.003 0.002 | nd 0.008
Fe203 (%) 4.609 3.336 2.483 2.294 2.79 2.962 2.787 2.595 3.13 3.319 2.481 2.299 2.783 2.954 2.795 2.579 3.119 4.617
Mn304 (%) 0.029 0.038 0.025 0.017 0.018 0.038 0.02 0.023 0.019 0.035 0.028 0.013 0.018 0.039 0.023 0.021 0.019 0.03
Cr203 (%) 0.03 0.032 0.032 0.024 0.026 0.027 0.024 0.022 0.03 0.031 0.031 0.025 0.025 0.026 0.025 0.023 0.032 0.03
V205 (%) 0.015 0.013 0.013 0.014 0.012 0.018 0.015 0.01 0.016 0.014 0.014 0.014 0.013 0.016 0.015 0.012 0.016 0.016
BaO (%) 0.002 0.005 0.015 0.006 0.004 0.001 0.006 0.014 0.011 0.006 0.017 0.008 0.015 0.005 0.007 | nd 0.011 0.007
TiO2 (%) 0.344 0.298 0.288 0.264 0.277 0.318 0.271 0.247 0.276 0.309 0.29 0.256 0.273 0.307 0.267 0.253 0.276 0.346
CaO (%) 0.41 0.594 0.639 0.396 0.613 0.063 0.654 1.271 1.548 0.577 0.635 0.403 0.616 0.052 0.642 1.291 1.53 0.413
K20 (%) 0.198 0.248 0.302 0.245 0.236 0.261 0.215 0.246 0.407 0.244 0.311 0.249 0.237 0.259 0.23 0.232 0.401 0.185
S03 (%) 1.747 1.235 0.734 0.884 1.042 | nd 0.491 1.188 1.706 1.235 0.733 0.886 1.065 | nd 0.496 1.194 1.699 1.74
Zr02 (%) 0.035 0.02 0.019 0.019 0.015 0.019 0.016 0.036 0.021 0.018 0.023 0.02 0.014 0.027 0.024 0.031 0.025 0.035
P205 (%) 0.016 0.023 0.025 0.02 0.023 0.03 0.026 0.021 0.026 0.018 0.022 0.018 0.023 0.016 0.023 0.024 0.029 0.017
SrO (%) nd nd Nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
Sio2 (%) 84.429 83.163 | 85.914 | 87.051 84.732 | 89.533 | 89.367 | 83.561 | 83.778 | 83.135 | 85.945 | 86.838 | 84.686 | 89.872 | 89.189 | 83.637 | 83.769 | 84.285
AI203 (%) 4.248 6.11 6.646 4.952 4.654 6.024 5.721 5.373 7.698 6.072 6.659 4.946 4.667 6.062 5.715 5.403 7.73 4.221
MgO (%) 0.001 0.001 0.001 0.001 0.001 0 0 0 0 0.001 0.001 0.001 0.001 0 0 0 0 0.001
Na20 (%) 0.013 0.004 0.002 0.011 0.024 | nd nd nd 0.035 0.004 0.006 0.008 0.016 0.002 | nd nd 0.02 0.008
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5.1.3 Model results

5.1.3.1 Moister profiles

The results obtained from the two numerical steps (SEEP/W and Pyrox) are presented below. The output
obtained from SEEP/W was used to calculate a range for the moister content values with depth in the tailings
material. In the figures below show the range- and median moister content compared to the values measured
in the field. The modelled moister content was lower than the field values for all 4 boreholes. This shift was
caused by the upper limitation of the degree of saturation that can be defined in the PYROX model. The
PYROX code experience numerical problems when the pore saturation is more than 94%, so the medium can
never be fully saturated.
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Figure 20: Modelled volumetric moister percentage curve compared to the measured volumetric
moister curve for BH RF1
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Figure 21: Modelled volumetric moister percentage curve compared to the measured volumetric
moister curve for BH RF2
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Figure 22: Modelled volumetric moister percentage curve compared to the measured volumetric
moister curve for BH RF3
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Figure 23: Modelled volumetric moister percentage curve compared to the measured volumetric
moister curve for BH RF4

5.1.3.2 Oxygen profiles (PYROX)

The figures below show the modelled oxygen concentration compared to the measured concentration profiles
for the study site. The predicted oxygen concentrations do not exactly match the measured concentrations;
the model does, however, predict the profile well.

The rate of pyrite oxidation in in tailings material can be expressed as discussed in chapter 1 as:
(0Ua)/0t =D1x(0? Un)/(023) - q(z,1) [7]

The term on the left, (JUA)/dt, represent the change in pore oxygen concentration, q(z,t) represents the change
in volume due to the oxidation of pyrite. By determining the following main parameters from field — and
laboratory measurements;

1) a-isthe particle size defined at each node and this values where obtained by determining the particle
size distribution of the material at each depth increment for each respective borehole;

2) 8- The volumetric moister content was obtained from the unsaturated flow model;

3) pyrite(wt%) — The pyrite content was obtained from performing a sulphur speciation laboratory
analysis (section 5.1.2.1);

The PYROX model calculate the rate of oxidation of pyrite based on the parameters discussed above. Based
on this calculated rates, the software then calculate q(z,t) for each time step and then solves equation 7. The
pyrite oxidation rate could be predicted with moderate accuracy as the modelled oxygen concentration profiles
match the general trend observed in the field observations. It can be clearly seen from the model results that
the pyrite oxidation in the material is primarily a function of the degree of saturation of the material.

There where some uncertainties in the pyrite weight percentage and the porosity with depth. This difference
in calculated versus measured oxygen concentrations are attributed to these uncertainties. In order to address
this, a Monte Carlo modelling approach was followed where a log-normal distribution for both pyrite and
porosity where assumed, the mode and standard deviation was approximated from the laboratory measured
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data. The darker shaded areas in the graphs show the most likely scenario. It was also observed from the
simulations that the model is more sensitive to porosity variance compared to variance in pyrite at each node.
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Figure 24: Modelled oxygen concentration curve (PYROX) compared to the measured oxygen
concentration curve for BH RF1

In Figure 24 above, it can be seen that the predicted oxygen concentrations deviate from the measured values
at depths between 1 and 2.5 metres and again at a depth of 3.5 metres and deeper. Borehole RF1 was located
at the edge of the site and the assumption that oxygen only diffuses in from the surface is not completely valid
for borehole. This may explain the differences between modelled and measured values. The model results do
however show the significance of the influence of porosity and saturation on the rate of oxidation at this site
and the change in gradient of the oxygen concentration profile could be predicted by the model.
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Figure 25: Modelled oxygen concentration curve (PYROX) compared to the measured oxygen
concentration curve for BH RF2

30



Updating current strategies for estimating a source term for a tailings storage facility

In Figure 25 above it can be seen that the predicted oxygen concentration curve closely follows the field
measured values. There where however convergence problems at a depth of 1.9 metre. From Figure 26 below
it can be seen that the general trend of the measured oxygen curve was predicted adequately. The difference
in measured versus modelled values with depth can be attributed to uncertainties regarding the porosity with
depth. The same comments are valid for Figure 27.
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Figure 26: Modelled oxygen concentration curve (PYROX) compared to the measured oxygen
concentration curve for BH RF3
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Figure 27: Modelled oxygen concentration curve (PYROX) compared to the measured oxygen
concentration curve for BH RF4
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CHAPTER 6: CONCLUSION

6.1 FIELD WORK

Due to difficulties in accessing the site, only drilling equipment that could be carried to the top of the tailings
could be used. Only 8 boreholes could be drilled during the field campaign of the project. It would have been
ideal if a much larger array of boreholes could be drilled to obtain a better understanding of the special variation
of the measured parameters. It is also recommended for future work to plan for long term monitoring of these
boreholes to also get a sense of the temporal variation.

6.2 LABORATORY ANALYSIS

In this study both static and kinetic geochemical laboratory analyses were performed. The results that were
not directly utilized in the numerical modelling and were reported in appendices accompanying the report. It
was observed that the data requirements to better understand the global behaviour of the geochemical
evolution of the tailings are primarily hydrological in nature (parameters governing the volumetric moister
content of the material). This implies better understanding parameters such as particle size distribution,
influence of preferential flow paths, downward migration the phreatic head and the spatial and temporal
variation of soil moisture as a function of these parameters.

6.3 MODEL RESULTS

In this study it was shown that the unsaturated flow regime of a tailings storage facility may govern the rate of
oxidation of pyrite though controlling the rate of oxygen ingress into the tailings. Several uncertainties such as
the depth and downward migration rate of the phreatic head made calibrating the PYROX model problematic.
Variance in soil moisture at the respective nodes of the PYROX model were calculated with SEEP/W by
assuming that the phreatic head was static for the timespan of the model. This is a limitation of the model and
it is accepted that is may very well not be the case. Furthermore, horizons of very fine particles (can be seen
as nodes with a high moisture content in the moisture profiles) were observed. It was also observed that these
horizons acted like barriers and shielded material underneath it from oxidation. The geochemical model
assumed that the material in the unoxidized zone is homogeneous and did not compensate for this shielding
effect or the possible existence of preferential flow paths like the fissures observed by Yibas et al. (2010).

In order to address the uncertainties mentioned above, a larger array of boreholes with greater depth (intercept
the saturated zone in the tailings storage facility) will be required to get a sense of the spatial variability the
parameters governing the unsaturated material moisture content. By fully understanding the unsaturated flow
regime of tailings storage facilities more accurate field scale geochemical models can be constructed to model
potential risks that may be associated with these sites.
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The research conducted in this study was aimed to show that with the incorporation of physical parameters
related to the hydrological functioning of a tailings storage facility, the global oxidation rate of pyrite can be
determined. This rate is very important to understand the release of sulphates from the material as it was seen
that factors such as stratification of the material may cause horizons that completely shield material below it
from oxidation, effectively encapsulating it. Physical behaviour like this and the influence it has on the release
of sulphates due to pyrite oxidation could never be determined from the data obtained from current strategies.
The aim of this work was furthermore to show what parameters are important and should be considered when
designing a fieldwork campaign for the purposes of determining a sulphate source term for a tailings storage
facility.
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APPENDIX A:

Table 11: 1:20 Leach test laboratory results

ICP MS RESULTS

1:20 LEACH
Sample: RF2.1 RF2.2 RF2.3 RF2.4 RF2.5 RF2.6 RF2.7 RF2.8 RF2.9 RF2.10 RF2.11 RF2.12 RF2.13
mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l

Be 9 4.09E-05 7.81E-05 ND 0.001825 0.001803 0.004086 0.003993 0.003811 0.0004276 | 0.0001488 ND ND ND
B 11 0.03126 0.02824 0.02193 0.02627 0.02233 0.0356 0.02075 0.02509 0.03993 0.03783 0.0733 0.1429 0.02745
Na 23 1.612 1.4 1.566 1.824 1.45 1.273 1.169 1.343 1.723 1.757 1.995 1.774 2.578
Mg 24 0.5252 0.9606 1.698 12.58 7.805 17.57 12.83 12.18 31 16.43 11.3 6.272 9.517
Al 27 0.07605 0.09076 0.1079 9.233 14.96 43.85 32.23 20.49 0.8756 0.3008 0.06474 0.0672 0.055
P 31 ND ND ND ND ND ND ND ND ND ND ND ND ND
K 39 0.6053 0.4568 0.2824 0.214 0.03366 ND ND 0.09058 0.3024 0.3516 0.6945 0.7707 0.8664
Ca43 3.261 238.6 340.8 458.4 307.5 184.6 112.8 107 180.4 125.6 164 233.2 195.3
Ti 47 0.001143 0.003841 0.001222 0.001867 0.009376 0.004319 0.00279 0.001107 | 0.0009477 0.001296 | 0.0008278 0.001325 | 0.0008165
V 51 0.0001385 ND ND ND ND | 0.0009608 ND ND ND ND ND ND ND
Cr53 0.001171 0.0007831 0.0006396 0.004621 0.02897 0.438 0.1012 0.005723 ND ND ND ND ND
Mn 55 0.1397 0.4982 0.02679 2.988 1.791 4.58 3.531 3.332 7.885 2.164 0.2388 0.09348 1.752
Fe 57 0.09529 0.2185 0.3768 1.458 3.055 82.12 20.71 7.567 2.285 0.6067 0.176 0.3085 0.1942
Co 59 0.0207 0.06573 0.01817 0.629 0.4962 1.614 1.126 1.031 1.091 0.3428 0.006478 0.01181 0.06785
Ni 60 0.05707 0.2184 0.008768 1.461 1.142 3.743 2.73 2.426 2.127 0.7852 0.008693 0.00543 0.2333
Cu 63 0.06666 0.1211 0.03848 0.3699 0.5286 1.958 1.214 0.9669 0.3305 0.1873 0.02343 0.02554 0.04769
Zn 66 0.1049 0.2047 0.01509 1.874 1.669 5.524 4.382 3.948 2.875 1.342 0.02296 0.01645 0.08446
As 75 0.00075 0.001564 0.003111 0.005059 0.008114 0.07991 0.0282 0.0392 0.0393 0.02572 0.006702 0.006175 0.01034
Se 82 0.0005257 0.001374 0.001859 0.003233 0.003596 0.007192 0.004728 0.005374 0.003031 0.002344 0.001738 0.002829 0.001576
Rb 85 0.001246 | 0.0008592 | 0.0006148 0.002364 0.001421 0.0007565 0.001037 0.001238 0.001365 0.001196 0.001309 0.001325 0.002117
Sr 88 0.004126 0.084 0.1052 0.1434 0.0891 0.05016 0.05168 0.0708 0.1589 0.124 0.1843 0.1835 0.06849
Mo 95 0.0003948 | 0.0001206 | 0.0005076 | 0.0001267 9.32E-05 0.000145 8.71E-05 | 0.0002014 | 0.0001374 | 0.0001404 0.002289 0.002715 | 0.0001358
Pd 105 ND | 0.0001069 9.21E-05 0.001031 0.0008032 0.002188 0.001647 0.001626 0.00103 | 0.0002877 | 0.0001379 | 0.0001514 5.83E-05
Ag 107 ND ND ND ND ND ND ND ND ND ND ND ND ND
Cd 111 0.001449 0.002202 0.001244 0.00866 0.007334 0.02236 0.01759 0.01895 0.0164 0.00681 0.00131 0.001331 0.002497
Sb 121 7.58E-05 9.73E-05 | 0.0007104 | 0.0002056 | 0.0005152 | 0.0004676 | 0.0001211 0.000148 | 0.0002202 | 0.0002863 0.001197 0.001111 0.0003078
Ba 137 0.08897 0.1036 0.09855 0.1048 0.1029 0.09975 0.102 0.1158 0.1122 0.1057 0.09483 0.09151 0.09329
Pt 195 ND ND ND ND ND ND 3.19E-05 ND ND ND ND ND ND
Au 197 0.0001452 | 0.0001995 | 0.0007072 | 0.0001671 6.60E-05 3.64E-05 1.16E-05 3.83E-05 | 0.0001051 0.0002816 | 0.0004724 0.001654 | 0.0002902
Hg 202 9.71E-05 | 0.0001457 | 0.0001857 | 0.0001343 | 0.0001286 9.71E-05 | 0.0001428 5.71E-05 | 0.0001028 6.86E-05 | 0.0002685 | 0.0001028 8.00E-05
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TI 205 ND ND ND ND 8.51E-07 ND ND ND ND ND ND ND ND
Pb 208 0.001205 0.001849 0.001272 0.00962 0.004868 0.002788 0.002134 0.002903 0.002359 0.001456 0.001397 0.001204 0.001164
Bi 209 5.98E-06 7.65E-05 5.39E-05 3.30E-06 2.75E-05 | 0.0000079 ND ND ND 3.30E-06 | 0.0001191 7.52E-06 2.92E-06
Th 232 ND ND ND 0.000239 2.91E-05 0.1671 0.005638 7.64E-05 5.64E-06 ND ND ND ND
U 238 ND 0.002353 0.02506 0.2738 0.3486 1.41 1.268 1.167 0.1967 0.04302 0.01809 0.03007 | 0.0004291
S04 2.58 601.05 873.76 1508.02 1123.78 1477.79 808.38 697.12 694.67 540.03 587.58 609.85 721.19
NO3 0.01 2.34 2.31 1.46 3.14 2.9 1.81 0.34 3.56 0.27 0.31 2.88 0.43
NH4 0.180386 | 0.1443088 | 0.0541158 | 0.6493896 | 0.3246948 | 0.3066562 | 0.2345018 | 0.3246948 | 0.2886176 | 0.3066562 | 0.2886176 | 0.6854668 | 0.7936984
Cl 0.46 1.78 1.04 1.07 1.13 5.21 1.61 0.69 2.02 0.41 0.98 4.62 1
pH 4.81 4.48 7.63 3.88 3.49 2.81 3.16 3.7 4.34 4.48 6.75 7.06 4.74
EC 0.04 1.03 1.38 1.99 1.61 2.28 1.27 0.9 1.12 0.78 0.85 1.05 0.99
TAL 1 0 37.5 0 0 0 0 0 0 0 17.5 40 25
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Table 12: Humidity leach cell week 1 results

Sample: RF1 OX RF1 UNOX | RF1TRANS RF3 OX RF3 UNOX H.O
mg/l mg/l mg/l mg/l mg/l mg/l

Be 9 0.000134 0.07627 0.02355 0.01737 ND ND
B 11 0.1825 0.2776 0.03944 0.02272 0.016 ND
Na 23 18.36 53.19 5.527 5.228 7.079 1.838
Mg 24 273.1 451.4 129.9 41.26 48.08 0.2075
Al 27 0.05661 601.8 2541 59.73 0.0155 ND
P 31 ND ND ND ND ND ND
K 39 5.811 12.54 0.3055 1.777 4.101 ND
Ca43 431.4 509.3 5141 345.2 330.4 0.2454
Ti 47 0.001693 0.006877 0.002949 0.002929 0.0002986 ND
V 51 0.002338 0.001762 4.89E-08 ND ND ND
Cr 53 0.01247 2.416 2.653 0.2954 ND ND
Mn 55 39 315.1 23.53 28.61 2.871 0.001344
Fe 57 0.6754 181.6 39.07 42.36 0.6047 ND
Co 59 4.169 41.55 7112 7.055 0.3692 | 0.0001033
Ni 60 8.616 88.69 15.7 11.63 0.1281 ND
Cu 63 0.06648 17.89 3.691 3.667 0.01552 0.01279
Zn 66 1.803 116.3 374 23 0.06338 0.008066
As 75 0.006301 0.08588 0.01477 0.03473 0.01631 ND
Se 82 0.008894 0.1164 0.03229 0.02272 0.01144 ND
Rb 85 0.007979 0.02439 0.002902 0.0132 0.006382 | 0.0003555
Sr 88 0.1687 0.5137 0.3341 0.3324 0.4109 | 0.0003496
Mo 95 0.0007881 0.002909 0.0002251 0.0001312 0.0006727 ND
Pd 105 0.000616 0.04686 0.01077 0.008921 0.001041 ND
Ag 107 ND ND 0.0002827 ND ND ND
Cd 111 0.008344 0.5488 0.0938 0.1003 0.001144 | 0.0009313
Sb 121 0.001858 0.001413 0.000888 0.001494 0.003116 ND
Ba 137 0.1566 0.134 0.1173 0.1195 0.1196 0.03552
Pt 195 0.0001988 8.69E-05 ND ND 0.0003225 ND
Au 197 0.02252 0.001636 0.0000928 0.003823 0.01995 2.86E-05
Hg 202 0.005502 0.002102 0.001074 | 0.0009459 0.0006255 0.00036
Tl 205 ND 0.0002858 ND ND ND ND
Pb 208 0.002254 0.264 0.1528 0.1772 0.001516 | 0.0009196
Bi 209 ND ND ND ND ND ND
Th 232 ND 0.1474 0.1079 0.02224 ND ND
U 238 0.356 20.56 6.153 5.598 0.3125 | 0.0003034
SO, 2132.30 10678.20 6377.37 3499.70 1929.11 0.29
NO; 3.10 14.37 5.26 7.85 242 0.38
NH, 2.04 9.15 0.43 3.36 6.67 0.05
Cl 13.20 49.55 13.56 7.49 8.00 2.76
pH 6.77 3.39 3.44 3.37 6.45 6.57
EC 3.01 7.37 4.78 3.44 2.74 0.03
TAL 150 0 0 0 67.5 22.5
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Table 13: Humidity leach cell week 2 results

Sample: RF1 OX RF1 UNOX | RF1TRANS RF3 OX RF3 UNOX H.0
mg/l mg/l mg/l mg/l mg/l mg/l

Be 9 ND 0.00403 0.004595 0.002259 ND ND
B 11 0.009613 0.05735 0.0003289 0.01666 0.004477 ND
Na 23 5.33 4.625 2.924 2.923 3.279 1.4
Mg 24 29.76 23.9 19.29 4.649 11.44 0.5064
Al 27 ND 12.98 4417 4.438 0.01245 ND
P31 ND ND ND ND ND ND
K 39 1.027 0.6437 ND 0.104 0.9071 ND
Ca43 277.6 2413 104.1 224 1 265.4 0.9532
Ti 47 0.0002058 0.001713 0.0003118 0.001597 ND 0.00174
V 51 ND ND ND ND ND ND
Cr 53 ND 0.01285 0.1368 ND ND ND
Mn 55 1.855 20.64 5.719 6.101 0.751 0.001232
Fe 57 0.3124 0.7304 1.06 0.3233 0.3732 0.007962
Co 59 0.1443 3.134 1.412 1.627 0.2946 6.30E-05
Ni 60 0.07897 7.795 3.757 4.118 0.02914 ND
Cu 63 0.02313 1.266 0.5909 0.3525 0.0147 0.007336
Zn 66 0.05803 15.25 9.861 7.958 0.04467 0.2788
As 75 0.0035 0.0334 0.003909 0.01611 0.0178 ND
Se 82 0.003448 0.008249 0.004737 0.004254 0.003577 ND
Rb 85 0.002688 0.003301 0.001535 0.001999 0.001349 0.001546
Sr 88 0.1171 0.251 0.1022 0.1642 0.3 0.002087
Mo 95 0.001032 ND ND ND 0.002788 ND
Pd 105 7.19E-05 0.003721 0.002357 0.001531 0.0002447 ND
Ag 107 ND ND ND ND 0.01003 ND
Cd 111 0.001463 0.06557 0.02825 0.02589 0.001309 0.002276
Sb 121 0.001626 2.73E-05 5.61E-05 | 0.0001638 0.004032 3.52E-05
Ba 137 0.1407 0.1264 0.1118 0.1161 0.1085 0.03611
Pt 195 4.42E-06 ND ND ND 4.42E-06 ND
Au 197 0.01147 0.0001024 2.28E-05 | 0.0005884 0.006227 8.45E-06
Hg 202 0.0003753 0.0005769 0.0003967 | 0.0002929 0.0002563 | 0.0002044
Tl 205 ND ND ND ND ND ND
Pb 208 0.001451 0.1522 0.03881 0.158 0.001291 0.001738
Bi 209 ND ND ND ND ND ND
Th 232 ND ND 0.0004197 ND ND ND
U 238 0.3477 1.639 1.457 0.4929 0.188 | 0.0001798
SO, 1565.19 2074.82 905.02 745.18 1561.60 1.87
NO; 5.28 3.79 1.99 2.68 3.55 0.21
NH, 0.32 1.05 0.11 0.29 0.63 0.07
Cl 9.21 7.43 8.69 3.50 6.73 3.48
pH 6.58 3.76 3.45 3.84 6.37 6.59
EC 2.26 2.31 1.93 1.90 2.26 0.04
TAL 65 0 0 0 37.5 15
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Table 14: Humidity leach cell week 3 results

Sample: RF1 OX RF1 UNOX | RF1TRANS RF3 OX RF3 UNOX H.0
mg/l mg/l mg/l mg/l mg/l mg/l

Be 9 ND 0.003228 0.001769 0.001752 ND ND
B 11 ND 0.005531 0.004016 0.002173 0.01284 ND
Na 23 3.282 2.416 2412 2.088 2.292 1.415
Mg 24 9.05 6.864 8.247 1.914 413 0.5483
Al 27 ND 11.9 17.87 4.141 ND ND
P31 ND ND ND ND ND ND
K 39 0.434 ND ND ND 0.2472 ND
Ca43 165.1 118.6 48.09 120.2 169.3 3.316
Ti 47 0.0002228 0.0005404 ND 0.000865 ND ND
V 51 ND ND ND ND ND ND
Cr 53 ND 0.02397 0.04382 ND ND ND
Mn 55 0.3543 5.526 2.524 1.97 0.2833 0.001049
Fe 57 0.177 0.3229 0.1498 0.1675 0.1928 ND
Co 59 0.0382 1.142 0.5983 0.6638 0.09836 4.98E-05
Ni 60 0.02337 3.158 1.79 1.926 0.01078 ND
Cu 63 0.01357 1.102 0.3238 0.2762 0.02248 0.01181
Zn 66 0.02261 5.436 5.899 2.94 0.03087 0.07476
As 75 0.001266 0.03403 0.002386 0.01163 0.007642 ND
Se 82 0.001064 0.004093 0.001096 0.001901 0.001579 ND
Rb 85 0.002308 0.001111 0.001348 | 0.0008361 0.0007883 0.0016
Sr 88 0.07124 0.1118 0.05414 0.07478 0.1599 0.005259
Mo 95 0.0007348 ND ND ND 0.001402 ND
Pd 105 ND 0.001718 0.0009919 | 0.0009826 7.66E-05 ND
Ag 107 ND ND ND ND ND ND
Cd 111 0.001121 0.02087 0.01378 0.01231 0.001127 0.001356
Sb 121 9.86E-04 0.0001559 8.55E-05 | 0.0001667 0.001407 8.98E-05
Ba 137 0.1008 0.08459 0.0918 0.08065 0.08212 0.03614
Pt 195 ND ND ND ND ND ND
Au 197 0.0006267 3.62E-05 0.0000257 6.69E-05 0.002538 ND
Hg 202 0.0002838 0.0002594 0.0002105 | 0.0001953 0.0001129 | 0.0001892
Tl 205 ND ND ND ND ND ND
Pb 208 0.001055 0.232 0.08321 0.08614 0.001123 0.001211
Bi 209 ND ND ND ND ND ND
Th 232 ND ND ND ND ND ND
U 238 0.07078 1.194 0.5566 0.3899 0.06345 | 0.0001315
SO, 972.73 1116.85 906.91 857.81 998.24 1.43
NO; 2.41 2.75 0.37 2.98 3.66 0.10
NH, 0.25 0.04 0.04 0.02 0.29 0.09
Cl 6.71 5.05 5.75 5.39 6.65 3.35
pH 7.54 3.83 3.90 4.26 7.35 7.37
EC 1.50 1.48 0.96 1.23 1.54 0.07
TAL 37.5 0 0 0 30 30
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Table 15: Humidity leach cell week 4 results

Sample: RF1 OX RF1 UNOX | RF1TRANS RF3 OX RF3 UNOX H.0
mg/l mg/l mg/l mg/l mg/l mg/l

Be 9 ND 0.002125 0.0004633 | 0.0002757 ND ND
B 11 ND ND ND ND ND ND
Na 23 2.818 2.817 2.658 2.505 3.043 1.512
Mg 24 1.975 4177 3.278 1.069 3.932 0.6147
Al 27 0.004593 8.791 3.883 0.1023 ND ND
P31 ND ND ND ND ND ND
K 39 0.01318 ND ND ND 0.1413 ND
Ca43 22.9 49.55 16 39.73 164.6 5.443
Ti 47 0.0001694 0.0002091 ND ND ND ND
V 51 ND ND ND ND ND ND
Cr 53 ND 0.03872 0.003814 ND ND ND
Mn 55 0.03528 3.24 0.7606 0.453 0.3346 0.001076
Fe 57 0.03329 0.2851 0.04162 0.0215 0.1713 ND
Co 59 0.006905 0.6842 0.2003 0.1792 0.09268 6.46E-05
Ni 60 0.001637 1.882 0.5971 0.5132 0.0109 ND
Cu 63 0.01601 0.7426 0.07478 0.07046 0.03857 0.0234
Zn 66 0.01436 4.975 2478 1.145 0.02289 0.1031
As 75 0.0002452 0.006196 0.0001285 0.001563 0.006738 ND
Se 82 ND 0.0009992 ND 9.69E-05 0.000967 ND
Rb 85 0.00145 0.001492 0.001512 0.001356 0.0006239 0.00164
Sr 88 0.0141 0.05364 0.02467 0.02694 0.151 0.007627
Mo 95 ND ND ND ND 0.002132 ND
Pd 105 ND 0.0009546 0.0001677 8.01E-05 4.51E-05 ND
Ag 107 ND ND ND ND ND ND
Cd 111 0.001055 0.01288 0.008094 0.004475 0.001102 0.001587
Sb 121 0.0002005 5.82E-05 3.81E-05 5.82E-05 0.001027 2.09E-05
Ba 137 0.09113 0.1003 0.1133 0.1041 0.1042 0.03814
Pt 195 ND ND ND ND ND 8.84E-05
Au 197 4.49E-05 2.67E-05 ND ND 0.0009948 4.61E-06
Hg 202 0.0001892 0.0001922 0.0001526 | 0.0001251 9.46E-05 6.71E-05
Tl 205 ND ND ND ND ND ND
Pb 208 0.001479 0.07751 0.02555 0.01514 0.001652 0.001728
Bi 209 ND ND ND ND ND ND
Th 232 ND ND ND ND ND ND
U 238 0.007512 0.7134 0.1195 0.03546 0.07736 | 0.0001267
SO, 125.36 666.62 260.75 288.15 932.18 1.77
NO; 0.40 0.32 0.25 0.34 249 0.24
NH, 0.05 0.07 0.07 0.04 0.20 0.04
Cl 4.56 4.57 4.75 4.15 6.41 3.30
pH 6.43 3.84 4.38 5.10 6.32 7.42
EC 0.31 0.82 0.39 0.49 1.45 0.08
TAL 37.5 0 0 25 35 40
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Table 16: Humidity leach cell week 5 results

Sample: RF1 OX RF1 UNOX | RF1TRANS RF3 OX RF3 UNOX H.O
mg/l mg/l mg/l mg/l mg/l mg/l

Be 9 ND 0.03763 0.01364 0.01617 ND ND
B 11 ND 0.1549 0.06542 0.07685 0.05136 0.02877
Na 23 4.802 9.52 8.227 6.787 7.616 2.954
Mg 24 11.09 48.32 58.96 7.066 11.42 1.101
Al 27 ND 230.8 166.1 68.05 0.08512 0.03263
P31 ND ND ND ND ND ND
K 39 0.7027 0.4036 0.7192 1.072 1.49 0.4281
Ca43 275.2 341.3 233.4 429.6 450.3 3.798
Ti 47 ND 0.006691 0.001678 | 0.004847 0.000862 | 0.000348
V 51 ND 0.000661 ND ND ND ND
Cr 53 ND 1.602 0.3081 0.0522 ND ND
Mn 55 0.5469 33.2 13.17 5.857 0.9516 | 0.001956
Fe 57 0.2907 60.95 0.9511 2.916 0.4625 0.0565
Co 59 0.07542 7.04 3.165 2.345 0.1414 ND
Ni 60 0.03722 20.64 9.117 7.462 0.03097 5.94E-06
Cu 63 0.02297 9.496 0.9969 2.064 0.02031 0.06987
Zn 66 0.08007 42.82 19.63 14.94 0.04817 0.3324
As 75 0.003489 0.08316 0.013 0.03963 0.01366 5.59E-05
Se 82 0.001289 0.02853 0.009414 0.01164 0.002748 ND
Rb 85 0.005132 0.001686 0.001378 | 0.001211 0.000754 | 0.001865
Sr 88 0.112 0.262 0.1588 0.1602 0.2713 | 0.003657
Mo 95 0.002054 0.000855 0.000238 7.19E-05 0.004619 1.24E-05
Pd 105 ND 0.009501 0.004119 | 0.004624 0.000263 2.19E-05
Ag 107 ND ND ND ND ND ND
Cd 111 0.001262 0.07731 0.04518 0.03302 0.001566 | 0.002108
Sb 121 0.001526 0.000747 0.000299 | 0.000314 0.001993 5.81E-05
Ba 137 0.1207 0.1097 0.1062 0.09656 0.1156 0.03898
Pt 195 ND 0.000134 ND ND ND ND
Au 197 0.000177 0.001005 0.000209 | 0.000151 0.001777 4.21E-05
Hg 202 0.000192 0.0073 0.003077 | 0.001734 0.001046 | 0.000894
Tl 205 ND 0.000144 7.02E-06 ND ND ND
Pb 208 0.001466 0.4316 0.1035 0.2521 0.001374 | 0.001192
Bi 209 ND 8.15E-05 8.04E-05 ND 0.000135 2.36E-05
Th 232 ND 0.1976 0.002832 | 0.002279 ND ND
U 238 0.1177 6.339 1.857 1.833 0.08834 7.07E-05
SO, 1474.46 3762.26 2526.14 2172.60 1367.84 1.61
NO; 4.59 5.51 7.97 3.10 3.62 0.14
NH, 0.88 0.09 0.05 0.05 0.45 0.13
Cl 10.39 10.05 14.69 7.60 7.87 3.27
pH 7.40 2.80 3.49 3.25 6.55 6.92
EC 2.06 3.49 2.40 2.50 2.03 0.05
TAL 30 0 0 0 25 225
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APPENDIX B: PARTICLE SIZE DISTRIBUTION

Particle size distribution curve

0,001 0,01
Particle diameter D (mm)

Figure 28: Particle size distribution curve for borehole RF 1
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Figure 29: Particle size distribution curve for borehole RF 2
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Particle size distribution curve
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Figure 30: Particle size distribution curve for borehole RF 3
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Figure 31: Particle size distribution curve for borehole RF 4
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APPENDIX C: XRD RESULTS
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Figure 32: XRD analysis results for RF 2.1
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Figure 33: XRD analysis results for RF 2.2
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Figure 34: XRD analysis results for RF 2.3
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Figure 35: XRD analysis results for RF 2.4
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Figure 36: XRD analysis results for RF 2.5
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Figure 37: XRD analysis results for RF 2.6
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Figure 38: XRD analysis results for RF 2.7
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Figure 39: XRD analysis results for RF 2.8
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Figure 40: XRD analysis results for RF 2.9
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Figure 41: XRD analysis results for RF 2.10
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Figure 42: XRD analysis results for RF 2.11
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Figure 43: XRD analysis results for RF 2.12
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Figure 44: XRD analysis results for RF 2.13
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Figure 45: XRD analysis results for RF 3 unoxidized composite sample
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Figure 46: XRD analysis results for RF 1 unoxidized composite sample

52



Updating current strategies for estimating a source term for a tailings storage facility

Counts
RF 1 OX
Mauartz 83.8 %
Calcite 4.2 %
Wsiotite 6A 0.4 %
M iiite 2M1 0.6 %
Kaolinite 1A 0.3 %
10000 — Bzrosite 0.6 %
WPy rophyllite 1A 10.1 %
2500 _\L “ J‘
0 T T T T T T T T T
10 20 30 40 50 60 70 80 90
Position [°26] (Cobalt (Co))
Figure 47: XRD analysis results for RF 1 oxidized composite sample
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Figure 48: XRD analysis results for RF 3 oxidized composite sample
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Figure 49: XRD analysis results for RF 1 transition zone sample
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APPENDIX D:

SULPHUR SPECIATION RESULTS

Table 17: RF 1 sulphur speciation data

Locality Geo — Total Sulphur | Geo — Sulphide Sulphur Geoszﬁ’)ﬂﬁpate
Y% % %
RF 1.1 0.07 0.023 0.047
RF 1.2 0.325 0.011 0.314
RF 1.3 0.5 0.02 0.48
RF 1.4 1.5 0.375 1.12
RF 1.5 0.905 0.321 0.583
RF 1.6 0.693 0.229 0.465
RF 1.7 1.07 0.423 0.648
RF 1.8 0.517 0.238 0.279
RF 1.9 1.14 0.719 0.418
RF 1.10 2.72 1.25 1.47
RF 1.11 1.43 0.916 0.517
RF 1.12 1.3 1.05 0.257
RF 1.13 1.14 0.677 0.46
RF 1.14 1.25 0.889 0.365
RF 1.15 1.08 0.897 0.185
RF 1.16 0.954 0.604 0.35
RF 1.17 1.15 0.747 0.398
RF 1.18 1.14 0.711 0.434
RF 1.19 1.03 0.843 0.192
Table 18: RF 2 sulphur speciation data
Locality Geo — Total Sulphur | Geo — Sulphide Sulphur | Geo — Sulphate Sulphur
% % %

RF 2.1 0.07 0 0.07
RF 2.2 0.664 0.037 0.627
RF 2.3 0.557 0.028 0.529
RF 2.4 1.18 0.501 0.675
RF 2.5 0.212 0.006 0.206
RF 2.6 0.844 0.574 0.27
RF 2.7 1.5 0.736 0.764
RF 2.8 1.6 1.03 0.571
RF 2.9 2.62 2.46 0.161
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Table 19: RF 3 sulphur speciation data

Locality Geo — Total Sulphur | Geo — Sulphide Sulphur | Geo — Sulphate Sulphur
% % %
RF 3.1 0.381 0.042 0.339
RF 3.2 0.439 0.026 0.413
RF 3.3 1.2 0.613 0.589
RF 3.4 1.42 1 0.423
RF 3.5 1.12 0.663 0.454
RF 3.6 1.65 1.02 0.636
RF 3.7 1.52 0.974 0.547
RF 3.8 1.65 1.4 0.253
RF 3.9 1.88 1.27 0.618
RF 3.10 1.57 0.839 0.734
RF 3.11 1.19 0.901 0.29

Table 20: RF 4 sulphur speciation data

Locality Geo — Total Sulphur | Geo — Sulphide Sulphur | Geo — Sulphate Sulphur
% % %
RF 4.1 0.07 0 0.07
RF 4.2 0.664 0.037 0.627
RF 4.3 0.557 0.028 0.529
RF 4.4 1.18 0.501 0.675
RF 4.5 0.212 0.006 0.206
RF 4.6 0.844 0.574 0.27
RF 4.7 1.5 0.736 0.764
RF 4.8 1.6 1.03 0.571
RF 4.9 2.62 2.46 0.161
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