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Introduction

= Processing is driven by the optimisation of
recovery, closure liability is an unintended
but unavoidable consequence

= Processing affects geochemical and
geotechnical properties of tailings

_balance??

= Processing directly impacts on the short
and long-term liability from tailings BUT e e B,
rarely considered in detail when process
flow sheets are developed

= Take holistic (balanced) approach to
consideration of the geochemical and
geotechnical properties of tailings

Notes: The process is focused to optimise recovery of targeted metals. Many of us
may have experience at sites where short term recovery rates are measured as
KPls that can in many cases affects the employees' quarterly or annual pay
bonuses. The processing steps directly affects sulfur and metals within the
tailings, including secondary minerals, which can pose long term AMD risks, such
as gypsum, produced during processing result in long term AMD leaching. The
resulting solutions include highly engineered and expensive cover systems. The
physical properties of the tailings can also increase costs as engineering
complexity increases with finer texture and lower strength tailings.

As the controls and cost increase, an opportunity exists when designing the
processing flow sheet, to balance maximising recovery on the one hand and
creating tailings with properties that do not hinder geotechnically or
geochemically their disposal and long-term stability. Thus, Optimisation of Process
Flow and Metallurgy to Reduce Risks from AMD in Tailings and recover critical
metals offers several opportunities.
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Overview of processing steps

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

oxidation
o CHEMICAL: Addition of chemicals, pH changes, re-
distribution of metals from primary to secondary
Flotation/oxidation mineral phases.

Leaching e.g. CIL process

Solids with properties resulting from processing.
Entrained process water (including in filtered
and de-watered tailings)

TAILINGS

This process is optimised on the basis
of recovery value

Notes: 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.
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Grinding size and “integrated” cost curve

» Particle size affects hydrological and geotechnical properties Schematic recovery
including plasticity, strength, permeability, density provement vs particle

Sl

3

(linear)

» Operational management and closure engineering can be very
challenging if the tailings are “soft”

Rate of recovery

Particle size (log scale)

Clay Silt Sand |

» Size is a physical property, but has impact on geochemistry

Schematic cost of
» Finer grainsize in many cases increases risk/liability/cost of management and closure...

management and therefore requires conS|der|ng alongside

ranauAn e A oy matric ne ngrt o Scoce
Relative cost (log scale)

Liabilities/costs
(linear)

Increases in Recovery improved by

Optimal . e
recovery likely grilnd finer grinding, cost of
lower than e closure won't be
increases in cost significantly different

Notes: 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 tailings, a
relatively small change in particle size of the tailings can have a very significant
impact on the cost of managing this waste.
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Particle size and geophysical properties

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 =L LT
pigoting ps greg prop! p  Total slurry |

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 Mass

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
3000

Od ,; 10.00

5-10 20 Flush time, yrs ° R

\4

Notes: 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 permeability 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.

Since 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.
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Particle size and mineralogy

Abbr Mineral

_Nged to be c;areful with the term “locked cpy Chalcopyrite

it is processing term not meant for )
mag Magnetite
pn Pentlandite
po Pyrrhotite

“locked” Ni and Cu sulfides >0.25mm

Petrolab

Mineralogy - Petrography

+ Cubanite
+ Pymhotite=

s A2 A \
. 5
ch1 SIS NI ! e
EEooE
K_079 1 3 .
~Ch 1 MAG: 206X, HV:20 KV WD: 10.0 mm . : oo T T < o EEETTEE

Notes: These two images show the 250 micron sized fraction material. At this size
the sulfides (shown in this figure) remain locked or partially locked, while the
carbonates are liberated.

The charts show that the liberation profile for the carbonates is relatively evenly
distributed across the particle size range but for the sulfides the size fractions
>100 um are much less well liberated and are described as “locked”.

BC MEND ML/ARD 2022 Workshop - Vancouver, BC, November 30 - December 1, 2022



Presentation by Steven Pearce and Julia Dent (Mine Environment Management), Hanna Kaasalainen,
(SWECO) and Seth Mueller (Boliden)

Case Study A: Overview

= Ore minerals: chalcopyrite
(Cu ore) and pentlandite (Ni
ore) = process in two steps

Process A

= Two types of tailings; lower —
risk (main); and high-risk [LGeingina = AG mil

sulfide tails [ Grnuin pebibie il |+ 1 ¥drecycons  flash fotation_|

¥
i Copper flotation H Thickener H Pressure filter m

Re-arindina — pebble mill

= Low risk tailings: neutral pH,
nickel, cobalt and copper
present

[ Nickel fiotation _+] Thickener
(;

Scavenaina flotation

. Drainage quality is affected e

by Ni, Co and sulfate as they
are mobile in circum-neutral pH

Low risk tailings

Notes: For the geoscientist out there, Case study A is a base metal, nickel-copper-
platinum group element in ultramafic rock.

The economic mineralisation occurs as disseminated Cu and Ni sulfides. The ore
sulfides mainly ehalcepyrite (kal-ka-pyrite) and pentlandite (pent-lan-dite) are
targeted by processing as shown on the right. Some residual iron, nickel and
copper sulfides remain in the low sulfur tailings.

Geochemical analysis such as kinetic testing has shown that sufficient buffering
from primary carbonates is available to produce near-neutral drainage from the
low sulfur tailings. 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.
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
lime to increase the pH to ~11 or 12. The nickel recovery is conducted at lower pH
by gradually lowering with the addition of acid 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, although Ni remains highlight mobile in
both.
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Cumulative grain size distribution and liberation
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PSD effect on S and Ni release from tailings,
investigating difference between beach and pond tailings
Sulfate loads o Nickel loads
1000
= Comparable sulfate release
3 rates per day from mixed and >
< coarse tailings ks
% 1.00 w1
£ small < small
] Ni release is higher from the Ei c |
£ Coarse small mixed compared to coarse oarsesma
2010 tailings
300 200 700 1200 01
) 0 500 1000 1500
Days since start .
Days sinse start
Cumulative sulfate loads Cumulative Nickel loads
140000
hese Over the first 1,000 days of o
® 1000.00 ‘ testing this reflects 20% lower soo.oo
E sulfate load released from the 2 ’
£ 80000 » ' < 60000
T 60000 Small coarse tailings, but 75% lower Ni 5 40000 Small
kS ) load released relative to mixed !
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Case Study B: Overview

= Gold mainly bound inside As and sulfides

Process Case Study B

= 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.

= Results in two tailings products, a low sulfur
tailings from flotation and a low sulfide tailings
from the CIL

= Sufficient buffering from primary carbonates
available to produce near-neutral drainage from
the low sulfur flotation tailings, but releases Mg
and sulfate

= AMD risks associated with CIL tailings is mobile
arsenic associated with sulfates and high pH

Notes: Case study B is a gold mine in a greenstone belt with significant carbonates
present in the host mineralogy.

The ore is floated to concentrate the gold followed by pressure oxidation to
destroy sulfides and carbon in leach cyanide extraction to recover the gold. This
results in two tailings products that are: a low sulfur tailings from flotation; and a
low sulfide tailings from the CIL.

Kinetic testing indicates that sufficient buffering from primary carbonates is
available to produce near-neutral drainage from the low sulfur flotation tailings.
AMD risks associated with this ore relate to the relatively high mobile arsenic
associated with sulfate in the CIL tails. Sulfides are oxidised during pressure
oxidation step giving rise to low pH process water before lime dosing to increase
the pH to over 9 to maintain cyanide in solution required for the gold extraction
steps. However, this configuration also gives rise to significant gypsum formation
in the tailings and contributes to arsenic mobility.
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Gypsum Case Study B

Grinding Slurry, fine grain size <500um

Change ABA properties and metal concentration

Flotation

Autoclave Acid production, metal mobilisation, jarosite precipitation

Cyanide complexing and sulfate precipitation

Cyanide destruction Cyanide decreased (but residual remains)

CIL leach + pH adjustment

Notes: The process flow chart of the gold ore following these main steps is shown
in the figure on the right and shows the two products: the neutralised tailings,
and the CIL tailings. These two materials have differing mineral profiles and
resulting challenges.

The neutralised tailings are produced after the initial carbon and suflur flotation
and therefore contain low sulfide sulfur, but high carbonates, such a dolomite.
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 in the adding the
acidic process water from the sulfur concentrate pressure oxidation to the sulfur
flotation tailings, adds sulfate ions to the otherwise relative sulfur-free neutralised
tailings. The acidity dissolves some of the carbonates within these tailings,
neutralising the acid, and releasing Magnesium cations in solution. As the pH is
increased with the aid of the neutralisation step, the Magnesium and Sulfate react
to form epsomite and gypsum.

After the autoclave, the washed residue feeds into the 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, alkaline conditions leads to
high arsenic mobility through the processing and into the final tailings. With a
final pH of the CIL tailings at the spigot of ~8.5.
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Secondary mineral precipitation considerations
(recovery)
25 Secondary mineral formation results in some gold
Ayred = 218/t 22g/t 18g/t 16g/t becoming entrapped in:
Aliaies =20 8/t 21g/t 17g/t 16g/t ”
2 Efﬁfﬁedmg' «  Gypsum: precipitates due to lime addition to acid
z T produced in autoclave B .
b « Jarosite and hematite: precipitates in autoclave
T s 1 T due to oxidisation of sulfides in acid conditions
& 1
g - B Hematite trapped
R ,
] ! MEyitelisagped Gold trapped in residual primary phases that are
E S resistant to processing
5 — . Eee « lron oxides
v ¥ Silicates trapped \ + Silicates
! *  Primary sulfides
0
Teil-17 Tail-19 Tail-2 Tail-25
Edahbi et al 2019. CIL gold loss characterisation with
oxidised leach tails (Minerals, 9)
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|dentifying secondary minerals

Electionimage 1500 = + SEM image showing a Fe oxide coating of a

secondary mineral over the primary mica-group
rain.

. ghe coating has high Fe content and is interpreted
as an amorphous Fe oxy-hydroxide

* The coating seems of relatively uniform composition
and is ~5um thick

_ « The coating has elevated arsenic content

composition of bulk vs ~ ®A
r - - uF
.

N T S S S S S
P X & F P PP
Domain

Elemental

I%I’
mTi
uC
K
u Cl

Notes: Here is another image showing a larger mica group grain with a well-
developed coating around it. This coating appears more crystalline than the
coatings on the previous slide. As before, the coating has high iron and arsenic
content.
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As

0
s> Sample

44.72
0.53
0.22
1.15
3.48

20.27
0.27

25.28
3.53
0.53

Amorphous and crystalline gypsum

Coarser
Sample fraction
100-200

49.59

0.15
0.39
22.16

26.84
0.84

No As and low Fe is reported for the gypsum grain in the size-separated samples
The 'Undifferentiated’, cloudy-looking grey mass visible has gypsum chemistry containing Fe and As

Electron Image 1505

Notes: Interestingly, gypsum could be seen in two forms — as grains, for example,
in the separated coarser fraction of the sample, and as amorphous material as in
the figure on the left. Both phases contained similar amounts of calcium, sulfur
and oxygen supporting the identification of the phase Notably, however, the well-
formed grain contained only ~one quarter of the iron that was associated with the
amorphous calcium sulfate, and no detectable arsenic, while the amorphous mass
contained arsenic at ~0.5%. These results further support the arsenic release
mechanism observed in the upflow being related to sulfate release, which is
interpreted as resulting from the dissolution of the relatively abundant
amorphous calcium sulfate phases such as the one in the left figure.

BC MEND ML/ARD 2022 Workshop - Vancouver, BC, November 30 - December 1, 2022

15



Presentation by Steven Pearce and Julia Dent (Mine Environment Management), Hanna Kaasalainen,
(SWECO) and Seth Mueller (Boliden)

Arsenic Mobility

As relatively low, highly mobile in alkaline conditions - the . As/scizm .
addition of lime in the CIL processing adds Ca ions into the
process, which combine with sulfate ions to form As-containing gom e ——

gypsum —§ 0.0025

Controlling cyanide in the process (detox) requires high pH —

cyanide management designed to meeting compliance (cyanide 1S rtio of upflow test
code and regulations), not connected to ARDML consideration

As/Fe ratio
As levels correlate to sulfate levels - amount of gypsum created " R
in the tailings and its solubility means that Arsenic trapped within . *
this secondary mineral S
Elevated pH and presence of arsenic trapped in gypsum means . o M/{

relatively mobile source of arsenic in final tailings o s 1 15 0 25 %

L/S ratio of upflow test

Notes: Arsenic mobility is a compliance parameter of concern.

The addition of lime in the CIL processing steps contributes Calcium ions into the
process, which combine with sulfate ions to form Arsenic-containing gypsum.
While the percentage of Arsenic within gypsum is relatively low compared to
Arsenic within metal oxides or metal sulfates, such as 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.

Concentration of arsenic in testing correlated to that of sulfate, and not that of
iron. This gypsum source will continue to leach arsenic at elevated concentrations
as long as the gypsum source persists. Given the low net percolation rates
expected in field conditions, this process will likely dominate seepage geochemical
composition over the long term. 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 arsenic 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.

Chasing cyanide in the process with high pH offers a downstream challenge in
controlling arsenic concentrations in percolation-generated leachate. High pH is
required to keep arsenic in solution in high concentrations and becomes trapped
in other minerals that form.
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Duration of flushing of secondary sulfates

16000

Time [years] required to wash out process water and

14000 salts from pore water
B 12000 Thickness Net Percolation [mm]
31 Lo Under field conditions [m] 500 300 150 50
s flushing to this point takes
g 8o ~500 years... One pore volume (replaces initial decant)
5
% 6000 5 4 7 13 40
g a000 10 8 13 27 80
" 200 20 16 27 53 160
o Ten pore volumes
0 10 20 30 40 50 60 70 5 40 67 133 400
Cumulative Liquid To Solid Ratio (L/kg) 10 80 133 267 800
GCL0108-UPT 20 160 267 533 1600
Twenty pore volumes
5 80 133 267 800
. . P 1 1 267 1
L/S ratio of >50 required to remove gypsum.....effective infinity timescale 0 60 6 533 600
20 320 533 1067 3200
Consideration of not creating gypsum in the first place e.g. use sodium hydroxide instead of calcium
hydroxide Assume 20m thick tailings profile and
300mm/yr NP
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Case study C: copper leaching linked to unstable
acid sulfates (oxidation of sulfides)

Sulfate concentration Cu concentration vs Step

25000

e GOLO

? Acid sulfates ab 10
10000 / B0
60
5000 _Gypsum 40
A// 20

*h | i e,

a 5 3 0 1
Step Step

In this case absence of suitable carbonate buffering minerals means that mobile acid salts are main source of metal release upon oxidation of
residual sulfides
Gypsum less significant source of metals

Notes: 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.
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Case study D: pH dependant nickel leaching linked
to de-sorption from iron hydroxides

Svs Ni
400
350 e 100
300 o
% 250 ° e o o 10 3 * Nickel release related to pH not sulfate during leach tests,
€ 200 £ indicates that nickel source is semi stable fraction likely
3 150 = within hydroxide coatings.
o I 1 « Nickel release will occur irrespective of sulfide oxidation if
100 ° pH drops after material placement
50 ® «  Note that very acid pH not required, @ pH 4.5 >100mg/I Ni
0 0.1
3 4 5 6 7 8 9 «  Opportunity for metal recovery? Very weak acid leach
pH needed only to recover mobile nickel
®504 ®Ni

pH dependant leach test carried out on fresh tailings sample obtained direct
from process plant at nickel mine
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management

pH vs Cu
100 »
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Case study E: Implications for future tailings

Co-disposal of waste rock and tailings

« Filtered tailings from CIL process

« Tailings from process pH~8 and low metal mobility, gypsum + iron oxides from
processing present + residual cyanide

«  pH dependant leach of tailings indicates metals released when pH drops below 5 (i.e.
semi stable)

» Reactive waste rock variable acidity, some acid from exposure during mining

*  When mixed together metal release is pH dependant (log) indicating that semi stable
metals in tailings are mobilised when mixture is moderately acidic

Production of semi stable minerals during processing thus significant source of ARDML
risk when co-disposing waste rock and tailings
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Conclusion

» Recovery drives the process design, management of tailings treated as downstream activity leading to practice
of “management of what is produced” rather than informing the process design to produce “what is required” for
optimal tailings risk management. Why otherwise have slurry tailings been the dominant tailings product?

»  With respect to specification of grinding circuits, consideration of the cost benefit of grind size with respect to
geochemical and geotechnical stability of tailings as well as recovery is required

*  Quick lime most commonly used modifier, relatedly cheap, but downstream risk from tails may not fully be
considered. The precipitation of gypsum which produces a long term source of sulfate and co-precipitated
metals release.

» Consideration of the quasi stability of metal phases and the ease of the de-sorption process related to changes
in pH post deposition, especially considering filtered tailings and co-disposal options

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

Tailings design and risk management process starts with the process flow sheet

Notes: 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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Presentation by Steven Pearce and Julia Dent (Mine Environment Management), Hanna Kaasalainen,
(SWECO) and Seth Mueller (Boliden)

Thank you
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