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ABSTRACT

Improvements to the physical stability of tailings storage facilities have been of increasing focus
in recent times. Meanwhile, studies into the opportunities to increase the chemical stability of
tailings has had less focus. As operators increasingly look to utilise technology such as “dry stack”,
the nature of geochemical stability in future tailings facilities will be inherently different to historical
experience using slurry tailings.

Ultimately the physical and geochemical properties of tailings produced from ore processing are
directly impacted by the process flow selected. Metallurgical studies for the processing of hard
rock ores rarely consider the full downstream impacts of the selected process flows, in particular
the effect on the geochemical properties of tailings and resulting acid and metalliferous (AMD)
impacts. The industry-accepted practice is to select a process that provides optimum recovery
targets with limited consideration for optimisation of any of the processing stages to reduce
downstream AMD risks.

Through two case studies we review the key steps in two widely-used process flows for recovery
of metals, and their effect on the AMD risk associated with the final output. We identify
opportunities within the processing of ore to optimise and improve the chemical stability of the
tailings while maintaining metal recovery. The presented case studies show that processing
designed holistically can create a cleaner tailings product, decreasing AMD risk and environmental
impact while minimising the need for costly mitigation measures.

Keywords: Process flow, Extractive metallurgy, tailings,

1.0 INTRODUCTION

Metals recovery from ore is the central aim of metals mining operations, and as such processes
are highly optimised to maximise recovery. Enhanced recoveries are in most cases seen as the
main driver of metals production and hence of mining profits which leads to process development
and optimisation being focused with the sole purpose of metal recovery. However, responsible
mining requires management of all the outputs of the processing noting that in many cases the
saleable product comprises only a small fraction of the volume of material processed, with the
majority of processing output being non-economic “waste” dominated by tailings. Waste
management and closure costs for long term storage of tailings can be vast, relating to long term
consideration of both geotechnical and geochemical risks, for example if there are on-going
treatment liabilities or requirements for highly engineered cover systems associated with the
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facilities. Despite the fact that the processing method directly impacts the ultimate physical and
geochemical properties of the tailings, the life of mine environmental and cost implications of
relating to the characteristics of the ‘end waste product’ are generally not considered when
planning or optimising the ore processing. That is to say, the revenue generated from the outputs
of the processing plant (metals) and the costs associated with managing tailings, from the short
through to the long-term are rarely, if ever, considered together in any integrated manner during
development of process flow sheets. This should be viewed as a missed opportunity as it is at the
processing stage that the operator has significant influence on the properties of the end waste
product, and so this approach can be viewed as limiting the realisation of the benefit of changes
made to the processing that will decrease the AMD ‘burden’ of the tailings.

Closure of mine tailings facilities in many cases poses significant geotechnical and geochemical
challenges, which themselves are directly linked to the physical, chemical and mineralogical
properties of the tailings. For example, in many cases residual sulfides remain in tailings as a
result of processing activities which aim to preferentially remove ore sulfide minerals but retain
iron sulfides. As such, production of tailings that retain residual iron sulfides entails acceptance of
long term AMD risks and requirement for typical risk management measures, for example, highly
engineered cover systems to limit oxygen ingress to control the long term ongoing oxidation of
remaining sulfides. In addition, in many cases entrained process water and secondary minerals
(such as gypsum) produced during processing result in long term AMD leaching risks, which may
then necessitate a cover system that limits net percolation. However, acceptance of the
geochemical risk (AMD) and requirement for management measures such as cover systems then
requires consideration of the physical properties of the tailings as cost, engineering complexity,
feasibility and thus risk escalates where finer texture and/or lower strength tailings are produced.
For example, obvious long term risks can be envisaged where placement of an engineered barrier
required to function for decades or centuries is required over large areas of very soft tailings. As
such it is obvious that where grind sizes are reduced for enhanced recovery as part of process
flow optimisation at sites where residual sulfides are passed into the tailings stream, that decisions
made to develop the processing flow sheet have direct knock-on implications for cost, risk and
engineering complexity for managing AMD.

The paper examines the processes at two sites as an example of the effects of base metal
processing, and another operation as an example of cyanide-leach processing circuit to recover
gold.

2.0 PHYSICAL AND GEOCHMEICAL PROPERTIES OF TAILINGS

The initial stages of ore processing involve grinding the rock to a fine particle size. This enhances
recovery as it releases the ore-containing minerals and increases the surface area of the particles,
improving rates and efficiencies of reactions with flotation chemicals. Therefore, generally, the
grinding and milling of the rock aims to achieve as fine a product as possible to achieve maximum
ore recovery, often producing fine to ultra-fine tailings at <95 pm size, with the majority of the
particles being <75 ym. When deposited, these materials have typically low strength, especially
when placed as a slurry or paste, and together with little dissipation of the pore water pressure,
present significant geotechnical difficulties (Liu et al 2020) that require additional and often costly
measures to overcome. Because of the geotechnical risk related to long term storage of fine
texture tailings, increasing attention has been given to both the filtering of tailings and co-disposal
with waste rock to be placed as a solid rather than a slurry or paste. However, the underlying
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assumption is that the physical properties e.g. grain size and geochemical properties of the tailings
produced in the process are “as given” and depend entirely on the requirements of economic
extraction.

With respect to geochemical behaviour tailings contain original minerals found within the deposit
(for example quartz), some of which may be geochemically unstable at ambient conditions (such
as residual sulfides), mixed with secondary minerals formed as a direct result of the steps,
chemicals and conditions during processing. Common secondary minerals produced in
processing of base metal and gold ores are the sulfates gypsum and epsomite. Under conditions
where no further oxidation of primary sulfides is occurring, the dissolution of gypsum (or where
present epsomite) will control the long term sulfate release rate at a relatively constant
concentration until those secondary minerals are spent. This effect could impact closure costs
through need for lining the tailings facilities or installing lower permeability cover, or long term
water treatment. In addition, the properties of the fine particles produced from fine grind size
(which are beneficial to metal recovery), also affect the environmental weathering of the remaining
reactive minerals where exposure to ambient conditions or oxygen occurs. The large surface area
increases the rates of reaction for both oxidation of sulfides and dissolution of carbonates, reactive
silicates and secondary minerals.

At a basic level it is clear that a holistic approach to consideration of the geochemical and
geotechnical properties of the tailings end product as part of the development of processing flow
sheet is worthy of consideration. A balance may be achieved in the grind and pulp size of the
tailings, choice of processing chemicals and processing techniques used where recovery rates
remain high and close to maximum, but coarser texture, and/or less reactive material is produced.
Thus, the opportunity/cost benefit of creating end-of-process tailings that are better from a
geotechnical and geochemical perspective can be quantitatively assessed against the pure
economics of extraction.

This paper considers the processing steps at two sites to identify steps that impact the
geochemical properties of the tailings. Amendments to identified key stages of the processing
have the potential to reduce both the management of AMD and closure liability and therefore
deliver potential long term gains.

3.0 CASE STUDIES BACKGROUND

3.1 General description of the processing flow sheets

Case study A is a base metal nickel-copper-platinum group element (PGE) deposit hosted in
ultramafic rock. The economic mineralisation occurs as disseminated Cu and Ni sulfides. The ore
sulfides (mainly chalcopyrite (CuFeS2) and pentlandite (Fe,Ni)sSg) are targeted by processing
(Figure 1) to recover into saleable concentrate products. Iron sulfides, mainly pyrrhotite (Fe-xS),
are targeted by sulfide removal step such that the main waste product is a low sulfide tailings. Due
to <100% processing efficiency residual iron, nickel and copper sulfides remain in the low sulfur
tailings. Detailed geochemical analysis including customised kinetic testing indicates that sufficient
buffering from primary carbonates is available to produce near-neutral drainage from the low sulfur
tailings. AMD risks associated with the primary mineralogy at the site relate to the relatively high
mobility of Ni and Co along with sulfate in circum-neutral pH.
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The Case A site employs typical two-stage flotation process (Figure 1) for the recovery of the base
metals copper and nickel from the same ore. Other metals contained within the nickel concentrate
are cobalt and platinum, and in the copper concentrate are palladium and gold. Changes in pH
are used to allow selectivity of the process towards the target metal in the different flotation steps.
The initial flotation is performed at high pH to recover copper, with the addition of base, lime
(calcium hydroxide, Ca(OH),), used to increase the pH to ~11 or 12. The nickel recovery is
conducted at lower pH by gradually lowering with the addition of acid (HCI) for the nickel flotation.
Thereafter, the scavenging flotation step separates the sulfides to produce the lower risk Tailings
A, and the high sulfide Tailings B.
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Figure 1. The processing overview of Case Study A

Case study B is a gold deposited in a greenstone belt. The ore deposit is hosted in a shear zone
in a mafic graphite tuff with gold mainly bound inside arsenic and sulfur chips with 4% of the ore
being free gold. Significant carbonates are present in the host mineralogy. Gold in the ore is
targeted by processing which involves flotation to concentrate the gold (and sulfides) followed by
pressure oxidation to destroy sulfides and carbon in leach (CIL) cyanide extraction to recover the
gold. This results in two tailings products to include a low sulfur tailings from flotation and a low
sulfide tailings from the CIL. Detailed geochemical analysis including customised kinetic testing
(results not shown) indicates that sufficient buffering from primary carbonates is available to
produce near-neutral drainage from the low sulfur flotation tailings. AMD risks associated with the
primary mineralogy at the site relate to the relatively high mobility of Mn along with sulfate in
circum-neutral pH in the flotation tailings, and mobile arsenic associated with sulfate in the cyanide
tailings.

The process flow in Case study B (for gold ore) differs in that sulfides are oxidised during pressure
oxidation step giving rise to low pH process water before modifying to increase the pH to over 9
by lime addition to maintain cyanide in solution for the gold extraction steps. However, this
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configuration also gives rise to significant gypsum formation in the tailings and contributes to
arsenic mobility.

The process flow chart of the gold ore following these main steps is shown in Figure 2 below.
Carbon and sulfur flotation are followed by pressure oxidation of the resultant sulfur concentrate
before the residue is pumped to the counter current decantation (CCD) circuit. The oxidation in
the pressurised autoclave releases sulfate and acidity as well as metals (including arsenic) into
the process water. This acid water is decanted and added to the sulfur flotation tailings and is
followed by neutralisation.

After the autoclave, the washed residue from the CCD circuit feeds into the carbon-in-leach (CIL)
circuit. Here, cyanide is dosed as needed. Loaded carbon is used for stripping. A high pH is used
through these stages to keep the cyanide dissolved. However, this leads to high arsenic, which
is highly mobile in alkaline conditions. The final pH of the CIL tailings at the spigot is ~8.5.

B

The sulfur flotation tailings
contain natural buffering
minerals (calcite, dolomite)
,,,,,,,,,,,,,,,, and low sulfides. pH is
concentrate neutral
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concentration
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further ensuring pH~8, which leads to
CIL tailings gypsum (or epsomite) formation.

Figure 2. Case Study B: Schematic process flow

Neutralised
tailings

This process flow produces two products: sulfate flotation tailings, an intermediate step to the
production of neutralised tailings, and carbon in leach (CIL) tailings. These two materials have
differing mineral profiles and challenges and different aspects of the ore processing scheme
contribute to their AMD risk profile at deposition. The neutralised tailings are produced after the
initial carbon and suflur flotation and therefore contain low sulfide sulfur, typically <0.02% (as
minerals containing sulfide sulfur are separated as the sulfur concentrate), but high carbonates
(resulting in inorganic carbon over 3%), in this case dolomite (MgCa(COs).). The neutralised
tailings also contain approximately 2% sulfur, which equates to ~10% gypsum content; however,
gypsum is not present in the primary rock, and is instead created during the processing. It is
interpreted that the step in the process, adding the acidic process water from the sulfur
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concentrate pressure oxidation to the sulfur flotation tailings, adds the sulfate ions to the otherwise
relative sulfur free neutralised tailings. The acidity dissolves some of the carbonates (dolomite,
ankerite and calcite) within these tailings, neutralising the acid, and concurrently releasing Mg
cations in solution. As the pH is increased with the aid of the neutralisation step, the Mg and
Sulfate react to form epsomite and gypsum.

3.2 Laboratory methods

The effects of the two process flows on the geochemical properties of the tailings are discussed
based on results of the following laboratory testing.

Case A — long term bespoke downflow percolation kinetic testing of mixed tailings and coarse
tailings. Mixed homogenised tailings were recovered from site A’s processing facility and coarse
tailings from the beach area of the tailings facility. The tailings were loaded into customised
Perspex columns with a base of 10 cm diameter. They are kept in air and no attempt is made to
de-oxygenate the inflowing water. The columns are irrigated weekly, at a rate that reflects long
term net percolation rate of ~240 mm/yr. Tedlar bags are used for collection of the seepage to
ensure redox conditions within the experiment are represented by the samples taken for analysis
and samples analysed for dissolved species by ICP-MS.

Case B - the presented results were obtained using upflow testing method with liquid to solid
ratios of 0.2-30. The methodology followed that described in Standard 14405:2004.

4.0 RESULTS
4.1 Case A

The key steps that affect the geochemistry of the tailings in the process flow sheet of Case A are
highlighted in the schematic process flow in Figure 3. The addition of lime to increase the pH adds
Ca?" ions to the system. Coupled with the high pH, the elevated Ca?* promotes the formation of
calcium sulfate and precipitation of gypsum. Oxidation of sulfides is inferred to occur during pre-
processing mining activities (e.g. blasting, storage and movement) and during the processing of
the ore which includes crushing, grinding and processing. Low levels of thiosalts have been
detected in the tailings slurry indicating that grinding to fine grain size is resulting in the
liberation/production of reactive sulfides that are able to undergo rapid reactions (oxidation
processes) during the processing steps.
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Lime adds Ca to the

tailings and can

Copper flotation faci IlFaFe gypsum
precipitation in the

presence of sulfate
pHis and at high pH
decreased
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Lime is added to the cleaner cells to maintain
selectivity

Figure 3 Schematic process flow (Case Study A)
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Gypsum is a relatively soluble mineral, which releases sulfate at a concentration of ~2,000-2,500
mg/L at saturation until the mineral is dissolved (Kimchouk 2000) and can release any metals
associated with it in the process. Since the processing of sulfide containing ore involves indirect
and direct oxidation steps, thiosalt generation and addition of reagents, the possibility exists that
gypsum will form.

Figure 4 shows results for customised low liquid solid ratio leach column testing carried out on a
sample of the tailings material which indicates that the release of sulfate and calcium occurs once
the tailings are flushed with fresh water which is linked to the presence of calcium sulfate in
entrained pore water and gypsum formed as a result of processing. It is noted that the dissolution
of the sulfate source as a result of leaching of the tailings is an important process to consider from
an environmental perspective as it has implications for long term water quality predictions for the
tailings product. Although sulfate produced from dissolution of calcium sulfate has theoretical
solubility of >2,000 mg/l, testing indicates that sulfate concentrations in leachate is sustained at
lower levels for a number of pore water exchanges indicating that even low level sulfate formation
in processing can result in long term sulfate release. In the column test sulfate release >100 mg/l
occurs to an L:S ratio of ~0.8 which assuming a porosity of ~0.4 and a starting L:S ratio of ~0.25
would be equal to at least 2 pore volume exchanges, reflecting a potentially very long-term control
on water quality, particularly when infiltration is low.

Case A :Tailings custom column results
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Figure 4 Column leaching results for tailings from Case A

It is also noted from the column leaching results that nickel release is correlated with sulfate. Nickel
is mobile in circumneutral pH conditions which explains why it is found >100 ug/l in leachates even
when pH is >8. It is further noted that the circum neutral pH is the main reason that copper which
is the other major target base metal sulfide is found at very low levels <5ug/l in the leachate as
copper is not very mobile where pH>7. Given that the main source of nickel is from nickel sulfides
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(pentlandite) and the circum neutral pH of the process, the relationship with sulfate further confirms
that sulfide oxidation during the mining and processing steps is the source of the leachable sulfate
and nickel.

The results of the leaching from column testing are worth relating back to the process flow shown
in Figure 3 as the process flow involves copper flotation at alkaline pH >10 (where nickel and
copper would not be mobile in solution) followed by pH reduction for nickel flotation where nickel
is more soluble. The order of the flotation steps therefore can be seen to have a direct influence
on the mobility of metals in the tailings pore water, if the copper flotation step were to occur as the
second step then nickel mobility in the final tailings pore water would likely be significantly lower
due to suppression of nickel solubility at alkaline pH.

The effects of grind size have also been reviewed as part of the testing completed for Case Study
A. Figure 5 shows the results of nickel and sulfate leaching from custom kinetic downflow column
testing carried out on a sample of tailings collected direct from the process plant and that from the
beach area of the tailings which is of slightly coarser texture.

The columns are open to ambient air, are free draining and are flushed at a site specific rate
consistent with expected net percolation rates at the site. Oxygen diffusion occurs across the full
depth profile of both columns. Compositional analysis indicates that the material in both columns
is very similar with the main difference being the particle size distribution. The sulfide content in
the two materials is similar which is confirmed by very similar sulfate release from the columns
which confirms that sulfide oxidation rates are broadly the same. The results of the two columns
clearly show that the slightly coarser texture of the material in the beach area results in significantly
lower nickel leaching rate: after ~600 days of testing nickel release in the tailings direct from the
process plant with finer grain size is ~500% higher than the coarse tailings.

The implication of the test results is that retaining larger grind size in the process would result in
tailings that have much lower nickel release potential. It is thought that exposure of reactive nickel
sulfide grain surfaces is more affected by grind size than iron sulfides, hence the coarser tailings
having similar sulfate release but much lower nickel release.
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Figure 5. Case Study A Ni and SO4 concentrations in mixed and coarse tailings

4.2 Case Study B

The mixture of Ca and Mg sulfates in the neutralised tailings of Case Study B, likely generated as
a result of the addition of acidic process water to the sulfide flotation tailings, exerts a solubility
control over sulfate release rates, as observed in upflow column testing of the tailings (Figure 6).
While the more soluble epsomite is present, sulfate concentrations were ~4,000 mg/L (orange
highlight in Figure 6, top). This was the case up to L/S ratio of ~0.7 (approximately 2 pore volumes).
Thereafter sulfate concentration decreased and stabilised around 2,000 mg/L. Mg was rapidly
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depleted over this part of the test (highlighted in blue) while Ca concentrations continued to be
around 500 mg/L, indicative of switch to gypsum-controlled sulfate release. This persisted to L/S
ratio of ~10, with sulfate and calcium concentrations decreasing slowly thereafter. In the CIL
tailings Mg concentration was very low and sulfate was around 2,500 mg/L or lower throughout
the test indicating lack of epsomite. However, sulfate and calcium concentrations indicative of
gypsum solubility, similar to those observed in the neutralised tailings, were evident to L/S ratio of
~10. The results indicate that most of the gypsum in the CIL tailings is formed from reaction of
lime added to the process rather than with host dolomitic carbonates which are mostly dissolved
during the acid forming pressure oxidation step.

Neutralised tailings up-flow testing ~ testing results
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Figure 6. Upflow test results of sulfate, magnesium and calcium concentrations vs
liquid to solid ratio (L/S ratio) for neutralised tailings (top) and CIL tailings
(bottom). Blue rectangles indicate water quality indicative of epsomite
solubility control

These results indicate that gypsum will control solubility over a long period of time in leaching from

both types of tailings in storage facilities, dependant on the rate of flushing by net percolation

allowed by any engineered cover placed over the tailings surface. The lower the cover

permeability, the longer the period of time over which gypsum will control the sulfate

concentrations in the leachate. However it must be noted that because a L:S ratio of >15 is
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required to reduce sulfate below 1,500 mg/l then flushing times of >500 years would be required
for facilities where tailing thickness are >10m and net percolation rates are <500mm/y.

What is of particular note with respect to sulfate release is that the magnesium sulfate (epsomite)
present in the neutralised tailings results in higher initial sulfate release than the CIL tailings
emanating from a more aggressive leaching process as they are dominated by calcium sulfate
(gypsum). As such it is evident that reaction of the host carbonates with acid during processing
produces a higher sulfate concentration in leachate than does the reaction of added calcium based
lime products. This result confirms that consideration of the host rock mineralogy is a key
interacting factor in the process flow sheet when making predictions about potential leaching
characteristics of tailings products.

In Case Study B arsenic mobility has also been studied, where the As compliance limits are a
parameter of concern. The addition of lime in the CIL processing steps contributes Ca ions into
the process, which combine with sulfate ions to form As containing gypsum. While the percentage
of As within gypsum is relatively low compared to As within metal oxides or metal sulfates (e.g.
jarosite), the amount of gypsum created in the tailings and its solubility mean that As trapped
within this secondary mineral is released at problematic concentrations.

CIL tailings analysed contain a significant amount of gypsum (~15%) and As-jarosite (~10%), and
amorphous material, a large proportion of which has a composition analogous to gypum (~10%).

e Gypsum and the amorphous equivalent will control the leachate quality for the time
required to flush at least 40 pore volumes of the CIL tailings. The amorphous phase will
likely dissolve quicker, with the longer term sulfate concentrations reflecting dissolution of
the more crystalline fraction. Gypsum-controlled system releases sulfate at ~1,800 mg/L,
as seen in the 20:1 leach and upflow results.

o Although a relatively small proportion of arsenic is hosted in the amorphous gypsum, this
phase is easily soluble, and is therefore a source of highly mobile arsenic. Arsenic in
leachate waters within laboratory tests is inferred to be originating from dissolution of
gypsum (as the concentration of arsenic is well correlated to that of sulfate, and not that
of iron, e.g. upflow testing results). This gypsum source will continue to leach arsenic at
elevated concentrations as long as the gypsum source persists which is estimated to be
at least L:S ratio of >10 based on the upflow test results and 20:1 leach testing. Given
the low net percolation rates expected in field conditions, this process will likely dominate
seepage geochemical composition over at least the short to medium term timeframes
and likely into the long term.

o The elevated arsenic concentration observed in weathered tailings with acidic decant
quality is likely due to desorption of arsenic from sorption sites, rather than release of
arsenic from primary sulfides, or acid-driven dissolution of the As-jarosite in the sample.
In high pH solutions As is also mobile, which reflects the potential risks of higher metal
release resulting from high pH conditions, such as in the CIL tanks where pH of >9 is
required for safe manipulation of cyanide.

The main steps in the processing of the ore are required and optimised to liberate and capture the
target metals; however, our examples are evidence that they also create or enhance challenges,
particularly post closure (long-term), for the environmentally risks in the disposal and management
of the resultant tailings at the end of the process.
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5.0 DISCUSSION

Review of the Case Studies of typical ore processing with consideration of the effect it has on the
characteristics of tailings products produced has allowed the identification of some key steps in
the processing where decisions made during process flow design can significantly influence the
AMD risk from the tailings.

For example grain size impacts both physical properties and geochemical reactivity of the tailings.
The finer the grain size, the greater the surface area and the more reactive the tailings. Whilst
coarser grind sizes are likely to lower recovery of the target metal, this should be considered
against the pros such as a more stable (geochemical and geotechnically) tails storage. Other
benefits could include:

e Lower energy and asset management costs
o Improved plant reliability (less infrastructure and machinery)
e Reduction in shut down times
o Tails with lower AMD risk:
o Improve reputation with stakeholders
o Lower operational AMD management
o Reduce closure liability
A cost-benefit evaluation of the grain size when factoring the full costs of disposal of the tailings
and their long-term management is needed to select a grain size that both allows sufficiently high
recovery and minimises down-stream cost implications. The geochemistry of the tailings is also
significantly impacted by the processing steps and reagents.

Consideration of gypsum formation is also identified as a key factor for AMD risk as part of process
flow design. To minimise the potential long term impact of gypsum-controlled sulfate
concentrations in seepage from tailings an alternative reagent to lime can be used to increase the
pH. Using a reagent other than lime or limestone would limit the amount of Ca added to the system
and therefore the potential for generating gypsum. For example, where Ca cations are resulting
in poor flotation, then soda ash maybe an alternative reagent to quick lime.

In our two case studies, and as with most plants around the world, quick lime (CaO) is used to
neutralise the slurry. As a pH modifier quick lime is readily available and considered most cost
effective. Alternative to quick lime include soda ash (Na>COs), caustic soda (NaOH) and calcium
carbonate (CaCOs3). Studies in the replacement of lime with soda ash in the flotation circuit in
complex sulphide Cu-Ni ores found the latter to be effective (M.Zanin et al., 2019).

In Case Study B the importance of host rock mineralogy to interactions with processing flow is
also highlighted. The presence of host magnesium carbonates results in production of higher
sulfate concentrations in the low sulfide neutralised tailings pore water when compared to the
tailings produced from the more aggressive CIL process.

In Case Study B significant quantities of arsenic are noted to be present in many forms in CIL
tailings including sorbed to available mineral surfaces and trapped within secondary minerals such
as As-jarosite and gypsum. These different pools (forms, states etc) of As can control As release
under different conditions and present a significant challenge in closure planning and
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management. The pH of the tailings at deposition, for example, is high enough that ~1-5 mg/L of
As is commonly encountered in the process water entrained in the tailings. A decrease of pH to
~7 or 7.5 by removing residual lime before deposition would likely keep As sorbed, and decrease
its mobility. In addition the As bound within gypsum is released through gypsum dissolution,
making the prevention of gypsum formation through the processing steps by using alternative non
calcium neutralising agents a potential mitigation strategy.

6.0 CONCLUSION

The processing of ore and tailings management are interdependent, however are generally
managed separately. This review of the ore processing with consideration of the effect it has on
the tailings has allowed the identification of some key steps in the processing where decisions
made during process flow design can significantly influence the AMD risk from the tailings.

Optimisation opportunities exist as part of process flow design to reduce AMD risks for example a
small increase in grind size to reduce metal release potential, the prevention of gypsum formation
to reduce long term sulfate release and consideration of gypsum formation and dissolution on
metal leaching risks, consideration of pH adjustment steps in the process and impact on metal
mobility, and the consideration of host rock carbonate mineralogy when assessing acid
neutralising steps.

When assessing the establishment or changes to the recovery processes the opportunity should
be taken to consider the recovery values against the potential AMD risk from the tails and the
opportunities to reduce the active and passive closure measures associated with the management
of the geochemical risks of tails through operations, active closure and passive closure phases.
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ABSTRACT

The mining at Morro do Ouro was initiated in 1987 and became part of the Kinross Brazil Mining
(KBM) business in 2005. The gold ore in the mine is found in quartz “boudins” embedded in
carbonaceous phyllite rocks rich in sulfide minerals such as pyrite and arsenopyrite. The exposure
of these minerals by operations are the main cause of metal leaching / acid mine drainage (ML-
ARD) generation at the site. This geological particularity, added to the KBM sustainability policy,
has led the Kinross team in Paracatu to be proactive in developing research since the beginning
of operation. These studies have focused on controlling ML-ARD to preserve the water quality
during mine operation and closure. Based on that, detailed characterization of the materials, static
and kinetic tests, and waste rock dump cover field trials have been developed and implemented
on site. These strategies lead KBM to an efficient waste segregation methodology using block
models; correct waste deposition in the dumps; and the establishment of a minimum 3 m thickness
cover layer. Aiming to optimize this cover layer thickness, geochemical and hydrological models
were developed to assess the contaminants in the waste rock dump, considering three different
cover thicknesses: 1.5, 2.0, and 3.0 m. It was confirmed that oxygen ingress through the cover,
and net percolation, are important parameters to predict the waste pile contaminant load over the
years. Therefore, the progressive closure strategy has been demonstrated as being a key strategy
to minimize the water and oxygen ingress. This study also showed that an optimization of the
cover layer thickness to 1.5 or 2.0 m could be possible, although it is necessary to perform
additional modeling refinements, which will give Kinross greater confidence on closure cost
estimation and decision making regarding the cover system strategy.

Keywords: mine closure, waste rock dump, cover systems

1.0 INTRODUCTION

The Central Pile waste rock dump (WRD) is a landform located at Morro do Ouro Mine, Paracatu,
Brazil. The Moro Du Ouro site is classified as tropical savannah or Aw under the Képpen-Geiger
climate classification system, with annual precipitation around 1350 mm. This facility stores waste
material from the gold ore mining process, which can be potential acidity forming (PAF) or non-
acidity forming (NAF) based on waste mineralogical and geochemical characteristics. Due to the
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presence of PAF material, this facility is a potential source of metalliferous leaching and acid rock
drainage (ML-ARD) to the surrounding environment. Aiming to guarantee a stable and sustainable
environment after closure, development of methodologies and studies focused on waste and ML-
ARD management are part of Kinross Brasil Mineragao’s (KBM) closure strategy.

This paper presents the outcomes from a study performed at Central Pile waste rock dump as part
of our efforts on controlling ML-ARD to preserve the water quality during mine operation and
closure.

2.0 METHODOLOGY

KBM closure strategy is part of the sustainable development plan, which comprises programs
focused on the social, economic and environmental development of the community during
operation, aiming to reduce the impacts of mining after the end of mine. Based on that premise,
KBM have initiated, since the beginning of operations, the development of research on ML-ARD,
aiming to mitigate and control the impacts of this process inherent to the sulfide-containing
deposits.

Research was completed on material characterization, kinetic tests and waste cover field trials
developed in partnership with universities, national and international consultants to anticipate the
strategies of closure with less impact in the ML-ARD generation, considering the short, medium
and long terms.

From the previous results, KBM developed two different strategies for the waste management and
ML-ARD mitigation, as follows:

- Waste segregation during operation: NAF and PAF material are segregated based on
a block models, by Net Acid Production Potential (NAPP) and the sulfur content (S%)
of samples. During operation, PAF material is deposited only at the Central Pile, which
is located in the pit area.

- Dry cover system: development of a cover system for the PAF material stored at
Central Pile WRD that will be detailed in this paper.

2.1 Central Pile WRD

Approximately 27 Mt of waste rock is produced annually at Moro Do Ouro. Currently the Central
Pile WRD is the primary storage facility for PAF waste rock. The Central Pile WRD is located
within the eastern extent of the mine pit area. The Central Pile WRD was formerly comprised of
two separate WRD landforms that were joined in 2021. At completion, the WRD will occupy two-
thirds of the mined-out pit area with a maximum length of 820 m.

The previous studies has shown that PAF material at Central Pile WRD is a potential source of
ML-ARD when exposed to atmospheric conditions. To limit the potential for ML-ARD generation
from PAF material within the dump, a store-and-release cover system has been considered the
best option to encapsulate the material in order to mitigate the risks of ML-ARD.
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2.2 Cover system trial

In 2018, a cover system field trial program was developed in order to undertake cover system
numerical modelling, to evaluate and define the minimum coverage thickness for the Central Pile
WRD.

Three cover system field trials (10 m width x 40 m length) were constructed adjacent in the north-
eastern portion of the pit:

- Trial A—5 m saprolite cover;
- Trial B — 3 m saprolite cover; and
- Trial C — 3 m clay/soil cover.

The trials were developed on an existing embankment of the Central Pile WRD. To replicate the
conditions of the Central Pile WRD as a whole, existing mine rock was excavated and PAF
material placed within the excavation on the slope bench. Respective cover system materials were
then pushed over the trial area in thicknesses in accordance with the planned trial scenarios.
Material was then traffic compacted during slope conformation.

Three perforated tubes were installed to provide drains at the toe of each trial to measure quantity
and quality of any resultant runoff from the trial. Instrumentation was then installed in the upper
(moisture sensors — 3 m depth), middle (moisture sensors — 6 m depth) and toe (moisture and
oxygen sensors — 9 m depth) of each trial area via excavation. The cover materials were then
shaped into a 2.5H:1V slope angle to reflect the angle of repose in the broader Central Pile WRD
design.

The Trial B option was considered the most preferred for Central Pile cover, due to the reduced
amount of material required (3 m) and to the higher availability of saprolite material when
compared to clay availability. For this reason, an infiltration model was calibrated with the data
collected to the Trial B, using a 3 m saprolite cover. Following the cover trial program, the
outcomes of the infiltration model calibration were used for the Contaminant Load study developed
to estimate seepage quantity and quality for the Central Pile WRD, considering the cover layer
over the PAF material.

It is important to highlight that, nowadays, the drainage underneath the WRD is all collected and
superficially diverted to tank C from where it is pumped to the plant in accordance with KBM mine
drainage plan. For the closure scenario, the water will be a source for a pit lake formation
considering, from the last model, that the runoff is more expressive than the seepage from piles.

2.3 Contaminant Load Model

A combination of one-dimensional (1D) Soil-Plant-Atmosphere models; two-dimensional
Oxidation Models (2D); and three-dimensional (3D) GoldSim Oxidation, Wetting-up & Draindown
Modesl; using geometry, material properties, and cover system design scenarios of the Central
Pile WRD were developed to model the water balance of the WRD, the distribution of oxygen (O>)
in the WRD, and the timing of seepage (Figure 01). Climate parameters where based on 31-year
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Paracatu historical climate database. The outputs of the hydrological model were used as inputs
for a reactive transport geochemical model, which simulated the evolution of water quality in
seepage from the Central Pile WRD for each cover system scenario, considering the cover cells
defined as per the progressive closure strategy adopted for the facility (Figure 02). In this paper,
special attention will be given to the oxidation and geochemical models, aiming to elucidate the
contribution of the cover layer on ML-ARD mitigation and control.

1D SPA Models

3D GoldSim
Oxidation

Wetting-Up &

Drain-down Mode| dalletisiiiic
o)

Seepage O, Consumption
(Oxic & Suboxic) (Model Validation)

Water Quality

HCT Modelling Mineralogy
Kinetics
Dissolution
Reactive Transport Precipitation
Model Redox

Mineralogy

Scale-Up Model Kinetics

Fig. 01: Flowchart of numerical modelling and modelling process used.



A 12thICARD Gasmn

International Conference on Acid Rock Drainage 2022 VIRTUAL

g :|‘| i
\ h'. !

i ) ; - g
il f==

b) SCALE 1:10000

15 —

895 [— | Materials

875 — | W Bedrock
— 855 — | L Saprolite
£ 35 |— | O Waste Rock
S 815 [—
i
o
w755 —

735 ==

715

6%0 100 200 300 400 500 400 700 800 900 1,000 1,100

Distance (m)
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simulated with 2D GeoStudio Oxidation model.
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3.0 RESULTS
3.1 GeoStudio Oxidation Model Results

Figure 03 shows the predicted development of the suboxic zone within the simulated Central Pile
WRD cross-section with time for the base case, 3 m cover system. The model indicates that the
long-term depths to suboxia are, on average, 5 m for the base case, 5 m for the 2 m cover system
design alternative and 5.5 m for the 1.5 m cover system design alternative. These results were
used to estimate the development of the suboxic zone within the 3D GoldSim model.
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Fig. 03 Development of suboxic zone (outlined by red dashed line in figures, which represents zone
at or below O, concentration of 13 g/m?® within Central Pile WRD) for the 3 m cover
system simulation at a) 2024; b) 2030; c) 2035; and d) 2050.
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3.2 Geochemical Modelling Results

Model results from both the reactive transport and geochemical scale-up models were combined
to develop a time-series of source terms from the Central Pile WRD during the bare surface and
covered periods for all three different scenarios. Overall, the bare surface conditions were
characterized by decreasing pH from slightly alkaline (7.8) to circum-neutral conditions (6.2 to 6.3),
with increasing concentrations of sulfate, major ions, and dissolved metals due to the oxidation of
metal-bearing sulfides. Acidity generation from sulfide oxidation is neutralized by carbonate
minerals present in the waste rock material, resulting in circum-neutral pH conditions and elevated
Ca and Mg concentrations.

Progressive reclamation of the Central Pile lasts approximately seven years, beginning in year
nine and ending in year 16. Once the Central Pile is fully covered, ML-ARD is limited to the reactive
zone in the shallow areas of the Central Pile as the majority of the Central Pile becomes suboxic
due to limited O ingress. Deployment of the saprolite covers result in approximately 90% of the
Central Pile becoming suboxic.

The improvements to seepage water quality upon cover construction result from two distinct
processes occurring within the Central Pile WRD:
- Once the cover is placed, oxidation is limited to the thin-reactive zone resulting in an
overall decrease of ML-ARD generation.
- Due to the high reactivity of the (arseno)pyrite, the remaining (arseno)pyrite after the
cover system has been placed is completely consumed within the reactive zone over
the post-closure monitoring timeframe resulting in decrease ML-ARD rates.

Modelled long-term water quality assumes that there will be no changes to the cover system
integrity and that the location of the SOZ does not change over time. Overall, the combination of
progressive reclamation of the Central Pile coupled with the implementation of a cover system to
limit O ingress and to decrease NP will result in long-term seepage water quality improvements
and decrease in the release of contaminant load from the Central Pile WRD.

3.3 Cover System Performance

Three different store-and-release cover system types (3 m, 2 m, and 1.5 m) were evaluated for
both hydrological and geochemical effects on the Central Pile. Application of a saprolite cover will
decrease the reactive zone thickness leading to lower acidity and metal loading production as less
percolating water (15% to 19% of precipitation) contacts waste rock and oxygen ingress is limited
to the reactive zone. The base case (or the 3 m saprolite cover) and the two alternatives (2 m and
1 m saprolite covers) successfully enable suboxic conditions, limiting the reactive zone to 10% to
12% of the Central Pile.

In general, implementation of the 2 m and 1.5 m saprolite cover will result in the decrease of
sulfate, Ni and TDS concentrations below COPAM 01/08 Class |l water quality guidelines, at the
toe of the dump, four years before the predicted time for the 3 m saprolite cover. Other parameters,
such as Cd, Cu, Pb, Zn, and Al, also show a decrease in concentration due to the decrease in
sulfide reactivity over time. In terms of suboxia development and seepage water quality
improvement, the model results suggest that all three cover systems will perform similarly.
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4.0 CONCLUSION

Based in the model, upon completion of progressive reclamation of the Central Pile WRD,
concentrations and loads of constituents of interest (COls; e.g., sulfate, arsenic, copper, etc.) in
the WRD seepage rapidly decreased over a timeframe of approximately five years due to the
decreased oxidation rates resulting from the saprolite cover system. Seepage water quality
continued to improve over the years as ML-ARD generating minerals became depleted in the
reactive oxic zone near the surface of the WRD.

Modelled concentrations of the majority of COls decreased below guidelines concentrations for all
cover system design scenarios suggesting that the reclamation plan will be suitable for meeting
long-term water quality guidelines. All cover system thicknesses resulted in similar water quality
outcomes, and the differences in water quality between the three thicknesses evaluated were
negligible within the uncertainty in the model. These results suggest that decreasing the thickness
of the saprolite cover system from 3 m to 1.5 m would not meaningfully change the long-term
water quality of seepage from the WRD and could represent large material- and cost-savings for
the progressive reclamation plan.

The model results indicate expected water quality trends for the cover system scenarios rather
than precise quantitative concentrations and timeframes. Additional work is needed to increase
model certainty, based on the monitoring data and refined geotechnical and geochemical
characteristics of the waste.





