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Introductions to talk and us, thank you to organisers for opportunity to present at this confierence


Overview 4:

Outline:
= Tailings are the product of processing
= Recovery ($) drives ore processing flow sheet development

= But processing will fundamentally control geotechnical and
geochemical properties of the tailings produced

= Physical properties

= Geochemical properties

= |eaching properties of tailings

= Geotechnical and geochemical properties have direct impact
on costs/risk/liability ($) for tailings management

= Opportunities for creating a lower risk tailings product via & ( bq(q.,ce??)
consideration of processing
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In this talk we will look at tailings as a product of the processing they have undergone. Tailings are an important waste product, because they can have a significant impact on the environment and human health, and role of processing in their properties is interesting because unlike waste rock, tailings are directly influenced by processing, and their properties can therefore be amended by considering this aspect when optimising process flow.

The processing of ore is carried out to recover the target metals. We mine to get ore out. So it is the amount of recovery relative to the cost to achieve it that drives ore process flow development, geotechnical and geochemical impacts and liabilities associated with these aspects are often disregarded to a large degree

Recovery of metals from ore requires breaking of the bonds that hold the metal within the ore including getting to the metal-bearing mineral and breaking this down or leaching the target metal from it. To do this, processing fundamentally alters the properties of the primary rock. 

And so we will consider the impact that processing steps have on the physical and geochemical properties of tailings and touch on the geochemical implications of formation of secondary minerals such as gypsum. 

Ultimately, when designing the processing flow sheet, balance needs to be achieved between maximising recovery on the one hand and creating tailings with properties that do not hinder geotechnically or geochemically their disposal and long-term stability.


Overview of processing steps

CHEMICAL:

Flotation/oxidation
Leaching e.g. CIL process

TAILINGS

the basis of recovery value

Impacts size, but also moisture-
retaining properties, reactivity,
leaching properties through
availability and solubility of existing
minerals and oxidation

Addition of chemicals, pH changes,
re-distribution of metals from
primary to secondary mineral
phases.

Solids with properties resulting from
processing.

Entrained process water (including
in filtered and de-watered tailings)
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So what are the common processing stages and what impacts can they have.

The processing will follow a set of steps, which can be complex and repeat stages or cycle until the required recovery is achieved. We have simplified the process here. Initially, the rock is crushed and ground to release the metal-bearing minerals and increase the surface area to maximise reaction rates. This physical processing step determines to a large degree the geotechnical properties of the tailings as well.

Particle size also affects the geochemical behaviour of the tailings, in terms of reactivity and leach properties. And at this stage oxidation of sulfides in the tailings is also occurring as grinding is carried out in the presence of air. We will discuss the change in geochemical properties with changing particle size in more detail later on. 

Following this, generally are flotation stages where chemicals are added to separate the ore-bearing particles. If the target metal is hosted in sulfides, processing could include oxidation. Leaching steps can include pH changes or addition of complexing agents such as cyanide. Once the concentrate is separated, the remaining material constitutes the tailings. The rock that becomes the tailings is the product of the recalcitrant part of the ore-bearing rock and the cumulative effect of all the processing steps, leading to potentially fundamental reorganisation of the minerals and metals. . The product will be site-specific in the same way that the process flows and ore rocks are,

Despite this vital role that processing plays in the end tailings product, processing is optimised on the basis of recovery value rather than cost to achieve closure objectives  
 



Grinding size and “integrated” cost curve

Schematic recovery improvement vs

 Particle size affects geotechnical properties = particle size
including plasticity and strength =
« Operational management and closure engineering E
can be very challenging if the tailings are “soft” i AN
Clay S|It Sand
* Size iS a phySiCaI property’ bUt haS impaCt on Schematic cost of management and
geOChemiStry closure vs particle size

* Finer grainsize in many cases increases
risk/liability/cost of management and therefore
requires considering alongside recovery as a key

metric as part of optimising process flow sheets Increases in oy o) RECOVery improved by
recovery are find finer grinding, cost of
lower than gsize closure won't be

increases in cost significantly different

Relative cost (log scale)

Liabilities/costs (linear)
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Let’s take particle size in the first instance.

As mentioned, ore is initially ground and milled. This increases the rates and efficiencies of reactions with flotation chemicals, therefore this step aims to achieve an optimally-fine product to maximise ore recovery. However, as grain size decreases and the tailings become silt- or clay-sized (also referred to as fine and ultrafine), their geotechnical properties become more challenging – for example, the strength of the materials decreases, particularly if they are placed as a slurry. 

The risks and costs associated with constructing safe tailings dams and closing them are not generally considered when grind size is decided, however, the gains in recovery can be relatively small when compared to the additional challenges that have to be overcome as the tailings size decreases. If we consider in a theoretical way the recovery increase that can be achieved as particle size decreases a plateau is reached, where improvements in recovery decrease as limitations in other parts of the process flow take over. Conversely, with the increasing geotechnical and geochemical challenges posed by fine tailins, a relatively small change in particle size of the tailings can have a very significant impact on the cost of managing this waste. 




Particle size and moisture content

We can observe the effects of particle size in slurry tailings because hydrodynamic
separation from spigoting causes particle segregation — different properties in beach vs
pond Total slur

» Beach areas = coarser particles (higher k, lower porosity)

» Pond area = finer particles (lower k, higher porosity)

Beach areas are prone to quicker draindown = improved geotechnical condition and faster
flush times for pore water but dry conditions and possibility for oxidation and weathering

Percent Finer By Muid

Pond areas may have slower draindown = challenging geotechnical condition and greater
flush times for entrained process water

A very long time may be required to exchange the pore water entrained in finer tailings due ——— -
to lower k and higher water content

Moisture content of each mat
type

30.00
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We can observe the effects of particle size in slurry tailings because hydrodynamic separation from spigoting causes particle segregation. This results in coarser tailings being deposited at the beach of the tailings facility compared to the pond. You can see this on the particle size distribution plot where in black is the total slurry result and in colour the results of samples recovered from the tailings facility beach during a drilling program. You can see that the majority of samples recovered from the tailings facility have a coarser texture than the slurry itself, owing to this segregation effect. 

This leads to different properties in the beach area of a tailings facility compared to the pond. At the beach the coarser particles lead to higher permability and lower porosity. This means that beach areas are prone to quicker draindown leading to improved geotechnical condition and faster flush times for pore water. Conversely, however, this means that tailings in the beach area are more at risk of experiencing oxidation  and weathering as they become unsaturated 

Snice pond areas tend to have finer particles, the hydraulic conductivity is lower leading to slower draindown. The higher porosity in the finer particles leads to higher moisture content. This creates challenging geotechnical conditions and greater flush times are required for the entrained process water. 




Particle size effect on leach quality

* Finer size = greater liberation of reactive mineral surfaces but highly site specific based on
mineral species and rock type.

« The plot shows liberation profile of pyrite in different size fractions of a tailings sample
« Coarser than 0.1 mm = mostly locked pyrite. Finer than 0.1 mm = mostly liberated pyrite
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As we noted earlier, in addition to geotechnical implications, the grind size impacts geochemical behaviour as well. 

Grinding and creating finer particles in effect exposes new minerals, which are otherwise locked within the rock. This is also termed liberation and we can consider how ‘liberated’ a particular mineral is at different particle sizes. This liberation effect is highly site-specific and depends on the mineral species and rock type. Here for example is a scanning microscope image that shows largely liberated sulfide grains. Compare this to the second image, where a similar-sized particle remains locked (the chalcopyrite is still encased in other minerals). Expressed as a percentage of the material that is liberated to a particular degree, we can see that there can be quite a sharp cut off, where a small change in particle size leads to almost complete liberation of the grains. 
This has implications for the leaching behaviour of the material as more liberated grains will weather and dissolve more readily.



Particle size effect on leach quality

Results from free draining tailings leaching columns

Tailings direct from the spigot (mixed) and coarse tailings (from beach)
have similar total sulfur content and thus sulfide oxidation rates (similar
sulfate loads)

However key difference is that nickel release from coarse tailings is
significantly lower than mixed tailings

Results suggest that
« Iron sulfides are equally distributed and liberated by the two particle sizes

« On the other hand, nickel sulfides are significantly more liberated in the
finer particles

Suggests that metal leaching potential is very sensitive and directly
related to grind size implying that:

« AMD risks may be reduced by slightly coarser grind size

« Ultra fine fraction may contain additional “recoverable” metal resource
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Here are results from customised kinetic free-draining leach columns, one containing mixed tailings  directly from the spigot and the other coarse tailings from the beach area of the tailings facility. Compositionally, the two samples are very similar, with the difference being the particle size. 
The similarity in sulfate release load indicates that oxidation and leaching of soluble sulfates (such as gypsum) is comparable in the two columns. Notably, however, the coarse tailings release approximately one order of magnitude less nickel than the finer tailings. 

This is likely the result of the nickel sulfides being more liberated in the finer particles, and therefore releasing significantly more nickel relative to sulfate compared to the coarse tailings.  These findings suggest that metal leaching potential is very sensitive and directly related to grind size, implying that metal leach risk may be reduced by slightly coarser grind size, but also that the ultra-fine fraction of the tailings may represent an additional ‘recoverable’ metal resource. 


Secondary minerals created through processing = -

LIME added to increase
pH to >pH11

Lime adds Ca to the
tailings and can
facilitate gypsum
precipitation in the
presence of sulfate
and at high pH

Copper flotation

pH is
decreased
gradually by
adding HCL.

Nickel flotation

Lime is added to the cleaner cells to maintain
selectivity



Presenter Notes
Presentation Notes
Ok, lets look at the transformations the minerals undergo through the chemical parts of the processing. Here is a typical process flow sheet for a copper/nickel process plant. Stages noted include the physical amendments (crushing, grinding), flotation steps and production of concentrate. we have put together this schematic diagram that picks out the pH adjustments required for optimal flotation. You can see that to facilitate the copper flotation, pH is increased to over 11 by addition of lime. This adds calcium ions to the solution. Coupled with the high pH and oxidation of the tailings in air as they are processed, this promotes the formation of gypsum. 
In fact there are a number of ways that conditions conducive to gypsum precipitation can exist in the tailings process. There is a second part of the processing where this could occur later in the process, when lime is added to the cleaner cells to maintain selectivity. 
�And keeping down the amount of secondary gypsum is important because this mineral is soluble and controls release rates of sulfate and any associated elements until the gypsum is dissolved. With low flush-through rates this could be in the order of hundreds of years. Lets take a closer look at some secondary minerals
 


Secondary minerals

Haematite " Goethite =~ Pyrite M Alunite = Quartz  Clay Minerals H Chlorite M Magnetite B Rutile I Accessory Phases M Anorthite M Gypsum

 Recalcitrant silicate minerals remain
in the tailings (quartz, feldspars) LR— — — — — —

 XRD or SEM can be used to pick up a
number of secondary phases

(gypsum, oxides, jarosite etc)
« XRD does not include the amorphous o . I — —
or poorly-crystalline phases, which

can contribute a significant weight %

and be the most reactive fraction Note the <38um fraction contains most of the clay,

sulfate and iron oxide phases which has implications for
geotechnical, geophysical and geochemical properties
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As described above, gypsum is a common secondary mineral formed during processing.

The majority of the tailings by weight will continue to reflect the original rock mineralogy (for example rock forming silicates such as quartz and feldspars), which are recalcitrant and difficult to alter significantly even through very aggressive processing steps. However, a potentially significant proportion of the tailings could be secondary minerals, which have been formed as part of the processing – this is typically calcium sulfates including gypsum or anhydrite, but can also include a variety of iron-bearing phases (for example jarosite), or mixed and amorphous phases, that include metals which were in solution when the secondary mineral formed.

On this plot you can see that the distribution of the minerals also differs by particle size, so this physical property continues to have an effect – for example the finest fraction contains most of the clay, sulfate and iron oxide phases which has implications for the properties of the tailings


Secondary minerals

« Secondary phases nucleate on existing grains, _'
forming rims around them. i

N

* They can also form amorphous clumps or
mixtures, which cannot be readily identified as a
specific mineral phase, making characterisation
and prediction difficult.
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« |t follows that they can be released when those “1 . B Bl s
minerals dissolve in the environment 0
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Figure T1. Diagnostic leach test results.

Edahbi et al 2019. CIL gold loss characterisation with
oxidised leach tails (Minerals, 9)
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Often, the secondary minerals will nucleate on existing grains (for example this SEM image from paper by Edahbi et al, considering gold tailings). Here Jarosite has nucleated onto hematite and formed a rim around this phase. This relationship between the jarosite and hematite confirms that the jarosite in this case is a secondary mineral formed during processing.

Secondary minerals can also form amorphous clumps or mixtures that cannot be readily identified as a particular mineral phase or quantified accurately, making characterisation and prediction of leaching behaviour difficult.

Understanding of these secondary phases is important, because Metals which are in solution when the secondary phases precipitate, get trapped within the structure. 

For example, the deportment of residual gold to the different mineral phases in the paper published by Edahbi et al, showed that about 1/3 was found within the secondary gypsum and jarosite phases 

We find that other metals similarly report to secondary phases. These secondary phases are meta-stable and the metals can be released if pH or REDOX conditions change during storage, or the host minerals dissolve


Secondary mineral generation

= Oxidation of some sulfides (e.g. pyrite) present
in ore can occur intentionally or unintentionally
as a result of mining and processing

= Formation of secondary minerals is dependent
on the pore water pH conditions at the time of
precipitation:

= Low pH conditions as a result of pH adjustment
can lead to precipitation of acid sulfate minerals
(e.g. melanterite and jarosite), which themselves
can release stored acidity upon dissolution

= Circum neutral conditions created by dissolution of
carbonates or neutralant as part of pH adjustment
releases Ca and Mg, leading to formation of
gypsum and epsomite as S-hosts, and Fe oxy-
hydroxides. Secondary Fe minerals sorb potentially
toxic metals that are released as part of the sulfide
oxidation (for example As).

FESE + 15‘{402 + ?12H20 - F'E(OH):;

pH<4.5 +
Melanterite/ Carbonates
Jarosite pH>4.5

Evolution and

geochemistn{ of these Gypsum/ Epsomite
secondary minerals

determines long term
leach properties from
the mine waste

After McElnea et al, (2002)
*DOIL: 10.1071/SR01100
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Which secondary mineral forms will in turn determine the long-term leach properties from the mine waste. 

Let’s consider the impact of sulfide oxidation for example. 

…



http://dx.doi.org/10.1071/SR01100

Metal leaching linked to sulfate

Sulfate concentration
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Gypsum and epsomite are both sulfate minerals that can form in tailings due to processing, and as we indicated on the previous slide, the neutralant used will influence mineral speciation and quantity. The leach behaviour of different sulfates differs, however. Epsomite (magnesium sulfate) is more soluble than gypsum and releases higher sulfate concentrations in the leachate compared to calcium sulfate. In this plot of upflow test results shown on the left, the dissolution of epsomite is evidenced by the high magnesium concentration alongside high sulfate. The decrease in Mg concentration indicates the switch to gypsum dissolution/precipitation controlled system. Gypsum Is often the dominant sulfate and present in high quantities, controlling leach quality over a long period of time (a liquid to solid ratio of over 17 can reflect time periods into hundreds of years depending on net percolation). 

We can also see that actually, the concentrations of metals (here copper) follow closely the concentration of sulfate, indicating a linked release mechanism. Since the release of sulfate is interpreted as relating to the dissolution of secondary sulfate-bearing phases, it is therefore inferred that the copper is also released from these secondary minerals. 


Metal leaching linked to pH

Leaching
linked to pH
Metals vs pH
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Here is another example of leching linked to sulfate dissolution, this time showing nickel concentrations from gold tailings trial pad. The concentrations of nickel and sulfate are strongly correlated up to a maximum threshold, which occurs at sulfate concentrations between 2500 and 3500 mg/L. 

The examples discussed so far had relatively stable pH conditions through the tests. However, it is important to highlight that pH will affect metal release rates. Decreasing pH enhances metal release, as can be seen in the data on the right, for example through the dissolution of the metal-hosting minerals or desorption of the metals from sorption sites. This means that amendment of the pH of the tailings and creating conditions that would maintain it at favourable levels can decrease the potential for metal leaching.

The effect of metal association with secondary phases and the mechanisms of release of these metals in different conditions warrant further consideration and research which would be particularly relevant to tailings and predictions of their long term properties. Understanding this aspect can also inform decisions of the process flow sheet which can limit amount of metals associated with secondary phases or perhaps the formation of those phases in the first place. 



Process flow optimisation opportunities

» Particle size decisions require balance between optimisation of recovery and
minimisation of geotechnical risks for disposal and closure, and impacts on
geochemistry such as reactivity (leading to requirements for less permeable cover
or water treatment)

 Process flow steps and reagents have the potential to cause formation of a
variety of secondary minerals with differing crystallinity and metal content, which
will have a long-term impact on water quality

« Minimising down-stream impacts of processing on tailings while optimising ore
recovery is a key area where mining sustainability can be increased
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We can see that opportunities exist to minimise the potential challenges in management of the tailings, environmental impact and associated costs

Particle size decisions require balance between optimisation of recovery and minimisation of geotechnical risks for disposal and closure, and impacts on geochemistry such as reactivity (leading to requirements for less permeable cover or water treatment)

We hope that through the relationships and examples presented here today we have shown that minimising down-stream impacts of processing on tailings while optimising ore recovery is a key area where mining sustainability can be increased. 


Thank you
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Thank you very much for listening, and we look forward to answering any questions you may have.
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