o =
== JAMES COOK

~~ UNIVERSITY

AUSTRALIA

1"#$

% & ' ()* + +,

01* * %



mailto:researchonline@jcu.edu.au?subject=ResearchOnline%20Thesis%20Incident%20

Assessment of Blended Waste Rock Material at Zinifex Century Mine

Consequences for Acid Drainage Generation

Thesis submitted by
Laura Maree Mcllwaine
in February 2007
for the degree of
Master of Science
in the
Department of Chemistry,
School of Pharmacy and Molecular Sciences,

James Cook University



STATEMENT OF ACCESS

I, the undersigned author of this work, understand that James Cook University will make this
thesis available for use within the University Library and, via the Australian Digital Theses
network, for use elsewhere.

| understand that, as an unpublished work, a thesis has significant protection under the
Copyright Act and;

| do not wish to place any further restriction on access to this work

Signature Date



Statement of Sources

| declare that this thesis is my own work and has not been submitted in any form for another degree or diploma
at any university or other institution of tertiary education. Information derived from published or unpublished

work of others has been acknowledged in the text and a list of references has been provided.

26 February 2007

Laura Maree Mcllwaine Date



Acknowledgements

I would firstly like to thank Zinifex Century Mine Limited (ZCML) for financing this project and providing me with
such a fantastic learning opportunity. Special thanks are extended to the Environmental Team (Greg Scanlan,
Gavin Lee, Gaylene Taylor and Glen Ware) for enabling me to complete the project after | ceased employment
with ZCML. In particular, thank you for sampling the heap leach pads and for promptly providing data and

information where requested.

To the ZCML Engineering and Site Services Department and in particular Hookey Contracting, Rydans
Construction and Transfield, Troy Boyles, lan Lewis, David Neilson and Tim Lane, thank you for your efforts in
constructing the heap leach pads and column leach test frame. Chongy — your precision on the backhoe and
excavator is exceptional. Any other operator would have punctured the HDPE liner for sure!

To my supervisor, Dr Michael Ridd, thank you for your enthusiasm, passion, professionalism, knowledge and
willingness to discuss the project, more often than not, outside work hours so you could fit in with my work

schedule. Your assistance, ideas and realistic approach have been more than appreciated.

I'd like to thank the Australian Centre for Tropical Freshwater Research and Advanced Analytical Centre for the
high quality of laboratory analysis they performed and the extra effort they often made in collecting samples
after I'd been in the laboratory at strange hours. Thank you John Faithfull for your ideas, interest in the project
and friendship and thanks to the “girls in the lab” for your friendly faces, helpful natures and putting up with the

inundation of samples every week or so.

Thank you very much Dawn Wood for completing the last few sampling runs of the column leach tests after |
moved to South Australia in 2005. | would not have been able to make the move without leaving the last of my
labwork in your reliable hands. Thanks also for your support, belief and encouragement throughout my project.

You are a true friend.

To my previous and current employer, Maunsell Australia and BHP Billiton Olympic Dam, thank you for

approving unpaid leave to enable me to complete my project.

Special thanks to my proofreaders — Paul, Sonya and Murray. Your time and suggestions are very much

appreciated. Thanks also Rox for your help with formatting and final compilation.

Thank you Scott “my physio” for working out the stiffness in my back, neck and wrist that was brought on by too
much computer work and thanks to the Roxby Downs Leisure Centre for providing an outlet for me to stay sane

during my write up!

Thank you Graeme Hawes for introducing me to the fascinating world of acid rock drainage when | was a 19
year old vacation student at the (then) Pasminco Rosebery Mine in Western Tasmania. You showed me the
ARD legacy of past mining operations and sparked my desire to understand the problem to enable me to one

day help manage and treat ARD and prevent similar stories from being re-told.

To my family for always being there and to my friends — near and far — for their support, belief and “study

break” emails and phone calls. | am fortunate to have such a strong support network.

And lastly, thank you Paul. You weren’t around when | started my MSc, but | can’t even imagine how the finish
would have been without you around. Thanks for putting up with my mess, late nights, neglect, unsociability
and inability to even watch your cricket games. The ongoing support you have shown me throughout this
project, particularly the write-up stage, has been next to none. Thank you.



Abstract

There is little doubt that acid rock drainage (ARD) is the largest and most testing long-term environmental issue
facing the global minerals industry (Lawrence and Day, 1997, Munchenberg, 1998, Olson et al. 2006). The aim
of this study was to assess leachate quality from different blends of waste rock at Zinifex Century Mine and
determine consequences for acid drainage generation. This thesis describes the results of research
undertaken to predict the risk of ARD associated with a possible change to waste rock disposal practices at the
Zinifex Century Mine.

Zinifex Century Mine Limited (ZCML) comprises a zinc, lead and silver mining and milling operation at Lawn
Hill in northwest Queensland, concentrate dewatering and shipping facilities at Karumba in the Gulf of
Carpentaria, and a 304km slurry pipeline connecting the two operations. Similar to other mines where sulfide
minerals are present, ARD may be generated at the ZCML mine site from exposed pit surfaces, ore stockpiles,
removed waste rock and deposited tailings (Bates et al. 2000). To minimise the generation of ARD in the
waste rock dumps, waste rock is classified into the following three classes based on competence and acid

forming / consuming capabilities:
x Class 1. Competent rock, non-acid forming or acid-consuming material.
x Class 2: Non-competent, non-acid forming or acid-consuming material
x Class 3: Acid-forming material.

The generalised waste rock dump design for current operations comprises an outer zone of class 1 material
and inner zone containing class 2 and 3 materials. Cambrian Limestone (CLS), a class 1 material, is used for
its structural and acid neutralising capabilities in waste rock dump construction.

Current mine waste rock placement procedures specify that class 1 rock with greater than 5% contamination of
class 3 material is to be placed within the inner zone of the waste rock dumps due to uncertainty surrounding
the long-term acid producing capabilities of this rock. This procedure, as well as additional restrictions on
waste rock dump design, has the potential to cause significant scheduling problems due to the limited reserve
of class 1 rock available for waste rock dump rehabilitation. This is particularly the case in the latter stages of

the mine life following movement of most of the waste rock to access the ore.

Due to finite reserves of CLS material and the need to develop strategies to maximise the beneficial use of
available limestone reserves, as well as the belief by mine personnel that the abovementioned contamination
percentage may be conservative, this project was commissioned to enable the leachate from different blends of
waste rock to be assessed. The objectives of the study were to:

X Quantify blending levels of acid consuming (Cambrian Limestone) and acid forming (Hanging Wall
Siltstone (HWD)) rock that will produce pH neutral leachate low in metal and salt concentrations;

x Determine the validity of current waste rock placement procedures;
X Investigate the influence of particle size on leachate quality; and

X Attempt to establish links between results from various ARD prediction tests.
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Various static (acid base accounting, net acid generation tests, acid buffering characteristic curves and cyclic

voltammetry) and kinetic (column leach tests (CLTs) and heap leach pads (HLPs)) ARD prediction tests were

conducted on blended waste rock material from ZCML. Twenty CLTs, representing five lithology blends and

three particle size distributions were assembled in a laboratory environment. Five replicate CLTs were

established. Three HLPs representing three lithology blends were constructed from run of mine material at

ZCML. The CLTs and HLPs were periodically watered to simulate rainfall events. In addition, the HLPs were

exposed to wet season rainfall events. Results from the static and kinetic tests were compared to address the

issue of scale-up.

Findings from the study were:

X

Static tests conducted on blended CLS and HWD samples classified each sample as non acid forming
(NAF). Results from kinetic testwork confirmed this finding, indicating that limestone blending may be
effective in controlling the pH of leachate generated from waste rock, however elevated sulfate

concentrations in leachate would ensue.
Results obtained from the column leach tests were repeatable.

Sulfate production rates were equivalent to neutralising potential depletion rates in most CLTs and
HLPs. This confirmed neutralisation of the sulfuric acid produced by pyrite oxidation by calcium and

magnesium carbonates.

The calculated time to NP depletion exceeded the time to sulfide depletion in all CLTs and HLPs,
however these times were misleading for columns containing armoured CLS material.

Despite first flush events, total metal concentrations in CLT and HLP leachate generally complied with

maximum limits specified in Environmental Authority No. MIM800020402 (Ecoaccess, 2004).

Dissolved zinc concentrations were significantly greater in CLT samples with low pH values, however
were not as high as thermodynamically predicted using the geochemical modelling program
MINTEQA2. Dissolved zinc concentrations in HLP leachate were also not as high as
thermodynamically predicted at pH values less than 7.8. This was due to the control of dissolved zinc
concentrations by the rate of sphalerite oxidation at low pH values and the solubility of Zn(OH), at high

pH values.

Dissolved lead concentrations in CLT and HLP samples were extremely small or undetectable (i.e.
less than 4.8x10™ mol L™) and less than those thermodynamically predicted using MINTEQA2 due to
low oxidation rates of galena resulting from surface passivation at lower pH values, and Pb(OH),

solubility controlling Pb®* concentrations at neutral-alkaline pH values.

Median dissolved zinc and copper production rates were comparable between the CLTs and HLPs,

however rates were greater in the HLPs during large wet season flushes.

Geochemical modelling confirmed the absence of gypsum precipitation in the CLT comprising the

most reactive waste rock blend and smallest particle size distribution and confirmed gypsum
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precipitation in HLP2 and HLP3. Sulfate production, neutralising potential depletion and oxygen

consumption rates were therefore underestimated in these HLPs.

The main conclusions of the study were:

1)

)

®3)

(4)

(5)

(6)

Results from CLTs comprising smaller particle size distributions were most comparable with results
from the HLPs. Anomalous behaviour was observed in CLTs comprising larger particle size
distributions.

There was no apparent benefit in leaving the HLPs unwatered for periods of time greater than one

week.

Oxygen consumption rates for CLT samples were significantly slower and consequently not directly
comparable to those for the HLPs, despite greater flushing of the CLTs.

Blending CLS and HWD material was effective in maintaining neutral pH values and regulatory-
compliant total metal concentrations in drainage from CLTs and HLPs comprising blends up to
75%CLS / 25%HWD. However, sulfate concentrations in drainage from all blended samples

exceeded current regulatory discharge limits.

Visual inspection of material comprising the HLPs after excavation highlighted the presence of

armouring layers on HWD material.

The effectiveness of CLS in neutralising sulfuric acid increased with decreasing patrticle size.

Corresponding recommendations were:

1)

)

®3)

(4)

®)

(6)

Construct CLTs from particle size distributions passing 10mm as a maximum to best emulate the

particle size distributions and residence times in waste rock dumps.

For future HLP testwork at ZCML, or sites of similar climatic conditions, accelerate the rate of pyrite
oxidation in the HLPs by watering at weekly intervals on a continual basis in the dry season (i.e. no

prolonged drought period).

For future CLT testwork for sites with distinct seasonal variations, locate the CLTs in field conditions
on the site under investigation, to ensure samples are exposed to similar ambient temperatures and
humidity. Alternatively, where this is not possible, site temperature and humidity conditions should be

simulated in a laboratory environment.

To prevent a potential increase in sulfate concentrations in WRD discharge, the current 5%

contamination limit of class 3 in class 1 material should not be reduced.

Where there is insufficient CLS material available to cover both the dump surface and batters, priority
should be given to the WRD surface, with other non-acid forming competent material used on the
batters.

Investigate the reduction in particle size of class 1 material placed within / on the WRDs.
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Glossary / Abbreviations

Term / Acronym

Description

AAC Advanced Analytical Centre

ABCC Acid Buffering Characteristic Curve

AC Acid Consuming

ACTFR Australian Centre for Freshwater Tropical Research

Adit Horizontal or near horizontal passage driven from the surface into the side of
a mountain or hill to access mine workings or to dewater the mine (INAP,
1999).

ANC Acid Neutralising Capacity

AP Acid Producing

ARD Acid Rock Drainage

Armouring The process where acidic solutions, highly concentrated in iron and sulfur,
interact with the carbonate-mineral surface forming an insoluble amorphous
ferric oxyhydroxide coating on the carbonate mineral surface (Simon et al.
2004).

CANMET Canadian National Science and Environment Research Council

CBX Carbonate Breccia

CLS Cambrian Limestone

CLT see Column Leach Test

Column Leach Test

A kinetic test designed to simulate the leaching and secondary mineral
precipitation and dissolution that determine drainage chemistry (INAP, 1999).

Competent

Relative to competent bed which is defined as a rock layer which, during
folding, flexes without appreciable flow or internal shear (Whitten and Brooks,
1987).

Cut-off grade

The lowest grade of mineralised material in a given deposit that qualifies as

ore. Used in the calculation of ore reserves.

Dissolved metal
concentration

Operationally defined as the metal concentration in the fraction of a water
sample passing through a 0.45um membrane.

EC

see Electrical Conductivity

Electrical Conductivity

A measure of the ability of a water or soil solution to conduct an electric
current (ANZECC and ARMCANZ, 2000).

Equilibrium Constant (K)

The equilibrium constant expresses the point of minimum free energy for a
chemical reaction (Benthke, 1996).

Fault A fracture or fracture zone in rock strata resulting from strain and with
observable displacement (INAP, 1999).
Footwall The wall or rock on the lower side of a vein, ore deposit or fault structure

(INAP, 1999).
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Term / Acronym

Description

Fracture 1. A crack, joint, fault or other break in rocks.
2. The breaking of a mineral other than along planes of cleavage (INAP,
1999).

Gangue The part of an orebody from which a metal or metals is not extracted.

Common gangue minerals include quartz, calcite, fluorite, siderite and pyrite
(Whitten and Brooks, 1987).

Geochemistry

Study of the distribution and abundance of elements in minerals, rocks, soils,
water and the atmosphere (INAP, 1999).

Hanging Wall The wall or rock on the upper side of a vein, ore deposit or fault structure
(INAP, 1999).
HLP see Heap Leach Pad

Heap Leach Pad

Test run to show progress of weathering and resulting drainage chemistry in

mine materials under the actual minesite conditions (INAP, 1999).

HWB Hanging Wall Sandstone - Interbedded Black Shale (HWB)
HWD Hanging Wall Siltstone

HWS Hanging Wall Sandstone

IAP see lon Activity Product

ICP-MS Inductively Coupled Plasma — Mass Spectrometry

INAP International Network for Acid Prevention

Intrinsic Oxidation Rate

A measure of the rate of consumption of oxygen by a material under a

particular set of conditions (Fague and Mostyn, 1997).

lon Activity Product

The product of the activities of the ions in a solubility product reaction.

lon-pairs lons that are strongly attracted to each other and act as if they are un-ionised
or of lesser or different charge than anticipated (Boyd, 2000), e.g. Ca** and
S0,* form the ion pair CaSO.,.

IOR see Intrinsic Oxidation Rate

JCuU James Cook University

Kinetic Test A procedure for characterising the physical, chemical, or biological status of a
sample through time during continued exposure to a known set of
environmental conditions (Morin and Hutt, 1997). Unlike static tests, kinetic
tests measure the performance of a sample over a prolonged period of time
(INAP, 1999).

Ksp see Solubility Product

Lag time Time period to the onset of acid generation.

LBV Lower Box Value

Leachate Solution obtained from a leaching process (INAP, 1999).
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Term / Acronym

Description

MEND Mine Environment Neutral Drainage

Mill A facility for milling ore in order to remove and concentrate economic metals
or minerals (Morin and Hutt, 1997). Milling processes include crushing,
grinding, screening, concentration and dewatering (INAP, 1999).

Mineral A naturally occurring inorganic element or compound having an orderly
internal structure and characteristic composition, crystal form and physical
properties (INAP, 1999).

MINTEQA2 A geochemical modelling program sponsored by the US Environmental
Protection Agency. Its primary purpose is speciation modelling, including
redox, ion-exchange, and several surface complexation models (Zhu and
Anderson, 2002).

MPA Maximum Potential Acidity

NAF Non Acid Forming

NAG Net Acid Generation

NAPP Net Acid Producing Potential

Neutralising Potential

The analytical bulk capacity of a sample for neutralising acidity, in units kg
H,S0, t* (Morin and Hutt, 1997).

NP see Neutralising Potential

Open Pit A surface depression created by the excavation of near surface ore, minerals
or coal. In open pit mining, overburden covering the deposit is removed,
exposed ore is blasted and moved to a mill, and waste rock is placed in one or
more waste rock dumps (INAP, 1999). Also known as open cut or mine void.

Ore Rock, sediments or soil that contains economically recoverable levels of

metals or minerals (Morin and Hutt, 1997).

Orebody or Ore Deposit

A continuous well-defined mass of material containing sufficient quantities of
the valuable material to make extraction economical (INAP, 1999).

Overburden A general term referring to soil and broken rock, lying above ore and waste
rock, that can usually be removed without blasting (Morin and Hutt, 1997).

PAF Potentially Acid Forming

pH The negative logarithm to the base 10 of the hydrogen ion activity [H+] in

solution (INAP, 1999).

Primary mineral

A mineral that came into existence at the time the rock was formed and that

retains its original composition and form (INAP, 1999)

Relative Standard

Deviation

A measure of how precise the median is, expressed as a percentage.
Relsd = 100*(standard deviation/ @Gnedian G

ROM

see Run of Mine
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Term / Acronym

Description

Run of Mine

Particle size of mined material (i.e. ore or waste rock) prior to crushing or

grinding.

Saturation Index (SI)

The logarithm of the ratio of ion activity product to solubility product (Zhu and
Anderson, 2002).

Scale-up

The linkages between ARD prediction tests made at increasing scales of

particle sizes.

Secondary mineral

A mineral formed by surface processes, usually at the expense of an earlier-
formed primary mineral (INAP, 1999).

Secondary mineralisation

The processes whereby secondary minerals are formed. May include

alteration, dissolution or precipitation.

SEM

Scanning Electron Microscopy

Solubility Product (Ksp)

Equilibrium constant for a solubility product reaction (Zhu and Anderson,
2002).

Solubility Product

Reaction

A reaction with a solid phase on one side and its constituent ions on the other
(Zhu and Anderson, 2002), eg:
CaCOg) = Ca” + CO5™

Static Tests

A procedure for characterising the physical, chemical, or biological status of a

sample at one point in time (Morin and Hutt, 1997).

Strip ratio Ratio of waste rock to ore mined.
TDS Total Dissolved Salts
Test piles see Heap Leach Pads

Total metal concentration

Operationally defined as the unfiltered metal concentration in a water sample.

uBv Upper Box Value

Waste Rock Rock with insufficient amounts of the economically valuable elements to
warrant its extraction, but which has to be removed to allow physical access to
the ore (INAP, 1999).

WRD see Waste Rock Dump

Waste Rock Dump

A mined rock pile containing waste rock (Morin and Hutt, 1997).

XRD X-ray Diffraction
XRF X-ray Fluorescence
ZCML Zinifex Century Mine Limited
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1 Chapter 1: Project Scope and Literature Review

1.1 Project Scope

1.1.1 Background

Zinifex Century Mine Limited (ZCML) comprises a zinc, lead and silver mining and milling operation at Lawn
Hill in northwest Queensland, concentrate dewatering and shipping facilities at Karumba in the Gulf of
Carpentaria, and a 304km slurry pipeline connecting the two operations. The ZCML mine site is located 250
kilometres north-north-west of Mount Isa within the North West Queensland minerals province. An open cut
method of mining using conventional drill and blast, load and haul techniques is used by ZCML from a single pit
(Bates et al. 2000). Waste rock is transported to one of three main waste rock dumps (Northern, Southern or
Western), short haul dumps (e.g. Stage 7 Short Haul Dump) or is deposited via in-pit dumping methods in
mined out stages of the open pit. The current mining rate is approximately 82MT y™* waste rock and 8MT y™
ore (Lee, 2006a) with an overall strip ratio (life of mine) of approximately 11.8:1 (Bates et al. 2000). A further
470MT of waste rock are anticipated to be mined between now and when mine operations are scheduled to
cease in 2016 (Lee, 2006a).

Mineralisation occurs in the upper part of the Lawn Hill Formation and is comprised of siltstone, tuffaceous
siltstone, carbonaceous shale and sandstone (Dames and Moore, 1994). Pyrite (Fe,S) occurs immediately
above the mineralised sequence, and throughout the footwall carbonaceous shale forming the lower proportion
of the deposit (Dames and Moore, 1994). Zinc predominantly occurs as sphalerite (ZnS) and lead as galena
(PbS). Sulfides in the ZCML ore and waste rock are very fine grained and may oxidise rapidly upon exposure

to generate acid rock drainage (ARD) from pit walls, marginal ore stockpiles and waste rock dumps.

The orebody is unconformably overlain by a complex folded sequence of Cambrian age limestone and
dolostone (Bates et al. 2000). To minimise the generation of ARD in the waste rock dumps, they are
constructed in a specific manner and waste rock is classified into the following three classes based on
competence and acid forming / consuming capabilities:

x Class 1: Competent rock, non-acid forming or acid-consuming material.
x Class 2: Non-competent, non-acid forming or acid-consuming material
x Class 3: Acid-forming material.

The generalised waste rock dump design for current operations comprises an outer zone of class 1 material
and inner zone containing class 2 and 3 materials. Cambrian Limestone (CLS), a class 1 material, is used for

its structural and acid neutralising capabilities in waste rock dump construction.

Current mine waste rock placement procedures specify that class 1 rock with greater than 5% contamination of
class 3 material is to be placed in the inner zone of the waste rock dumps due to uncertainty surrounding the
long-term acid producing capabilities of this rock. This procedure, as well as additional restrictions on waste
rock dump design, has the potential to cause significant scheduling problems due to the limited reserve of class
1 rock available for waste rock dump rehabilitation. This is particularly the case in the latter stages of the mine
life following movement of most of the waste rock to access the ore.
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1.1.2 Project Objectives

The aim of this study was to assess leachate quality from different blends of waste rock at Zinifex Century Mine
and determine consequences for acid drainage generation. Drivers of the project included finite reserves of
CLS material and the need to develop strategies to maximise the beneficial use of available limestone
reserves, as well as the belief by mine personnel that the abovementioned contamination percentage may be

conservative. The objectives of the study were to:

X Quantify blending levels of acid consuming (CLS) and acid forming (Hanging Wall Siltstone (HWD))
materials that will produce pH neutral leachate low in metal and salt concentrations;

x Determine the validity of current waste rock placement procedures;
X Investigate the influence of particle size on leachate quality; and
x  Attempt to establish links between results from various ARD prediction tests.

Results from this study will be used to develop strategies to maximise the beneficial use of the limestone that
will be mined, as well as refining site waste rock disposal procedures, rehabilitation practices and mine closure
plans. Economically, results from the tests have the potential to shorten haulage distances if the percentage
contamination limit of class 3 in class 1 rock is lowered, which in turn, would significantly reduce operating

costs.
1.1.3 Project Scope

This study involved the assessment of leachate generated from uniformly blended waste rock materials and

was not intended to predict the chemistry of drainage from the site waste rock dumps.

In assessing the leachate quality from blended waste rock material at ZCML, only the influence of particle size
and percentage of potentially acid forming material in the blend were considered. The impact of factors such
as oxygen availability, temperature and percentage saturation on leachate quality was not included in this
study.

Both static (acid base accounting, net acid generation tests, acid buffering characteristic curves and cyclic
voltammetry) and kinetic (column leach tests (CLTs) and heap lead pads (HLPs)) ARD prediction tests were

used to predict the acid generation characteristics of the chosen waste rock blends.

There are various waste rock types in the ZCML deposit that are either classified as acid consuming (AC), non-
acid forming (NAF), or potentially acid forming (PAF). Rather than conduct a study on all waste rock types,
CLS and HWD were selected. HWD immediately above the mineralised sequence was chosen as it is one of
the most reactive class 3 materials in the pit and would therefore represent a “worst case” scenario with
respect to the quality of drainage produced. CLS was chosen as it is the most abundant class 1 material on

site and has been identified as the preferred material to cap and batter the waste rock dumps.
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1.1.4 Methodology

Bulk samples of CLS and HWD were extracted from specific locations in the ZCML open pit for use in this
study. Sub samples of this material were used in the various static and kinetic tests selected.

Various static tests (acid base accounting, net acid generation tests, acid buffering characteristic curves) were
conducted by Environmental Geochemistry International Pty Ltd (EGi). These results, together with those from

the cyclic voltammetry tests, were compared against kinetic test results to address the issue of scale-up.

Twenty CLTs representing five lithology blends and three particle size distributions were assembled in a
laboratory environment. Five replicate CLTs were established. Three HLPs representing three lithology blends
were constructed from run of mine (ROM) material at ZCML. The CLTs and HLPs were periodically watered to
simulate rainfall events. In addition, the HLPs were exposed to wet season rainfall events.

1.1.5 Thesis Outline

The following chapters present and discuss the findings from this study.

x Chapter 1 defines the project scope, provides a background to ARD generation and discusses and

compares the different methods used for ARD prediction.

x Chapter 2 describes the ZCML mine site and includes an overview of the process, a background to

waste rock classification and current waste rock dump (WRD) design procedures.
x Chapter 3 summarises the static testing results for waste rock samples used in this study.

x Chapter 4 describes the methodology, design and results obtained from the laboratory column leach
tests conducted for different blends and particle sizes of waste rock from ZCML. Results for physical
parameters (e.g. electrical conductivity, pH), major cations and anions (e.g. sulfate, magnesium,

calcium) and total and dissolved metals are presented.

x Chapter 5 describes the methodology, design and results obtained from the field based heap leach
pads conducted for three different blends of waste rock from the ZCML. Similarly to Chapter 4, results
for physical parameters, major cations and anions and total and dissolved metals are presented and

discussed.

x Chapter 6 discusses and compares the results from the static tests (Chapter 3), column leach tests
(Chapter 4) and heap leach pads (Chapter 5). Attempts are made in this chapter to establish

relationships between results from these tests to address the issue of scale-up.

x Chapter 7 discusses the implications of results from the tests for site waste rock dump design
procedures and provides recommendations for future studies, improvements in testing methodology

and options to improve the management of ARD at Zinifex Century Mine.
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1.2 Literature Review

1.2.1 Introduction

Acid rock drainage (ARD) is defined as drainage resulting from the oxidation and leaching of sulfide-bearing
rocks when exposed to air and water. Bacteria may accelerate the process and the resultant leachate is often
characterised by low pH, mobilised metals, and high salinity. ARD may be transported by water (processing
water, rainfall, surface water and groundwater) to receiving water bodies where it can have a deleterious and
often disastrous effect. When occurring naturally, these processes usually take place very slowly in relatively
competent rock and mineralisation. Alternatively, ARD emanating from fractured or finely ground mine waste
where the surface area of sulfidic rocks is increased, can occur rapidly, with evidence often appearing within

months.

There is little doubt that ARD is the largest and most testing long-term environmental issue facing the global
minerals industry (Lawrence and Day, 1997, Munchenberg, 1998, Olson et al. 2006). ARD can arise from
mining base and precious metals, coal, uranium and mineral sands, and can occur in both high rainfall and arid
regions (Munchenberg, 1998). While the worst examples are a legacy of past mining practices, ARD is also a
day-to-day issue facing current mining operations where sulfide minerals are present. For some mines, ARD is
a high profile issue that can have a lasting, damaging effect on the company’s reputation (Gauci, 2000). The
consequences of inadequate ARD management are great and include major costs late in mine life and after
closure (Harries, 1998). Poor ARD management may also damage a company’s credibility, and ultimately
harm a company’s license to operate (Dowd, 2005), explore, develop and operate mines in the future (Gauci,
2000). The International Network for Acid Prevention (INAP) estimates that the total liability costs for
potentially acid-generating wastes at mining sites is USD 30 million in Australia, USD 20.6 billion in the USA
and up to USD 3.3 billion in Canada (Olson et al. 2006).

Prediction of whether a mining waste will generate ARD and the specific quality of the drainage is critical to
planning for new mines, the efficient operation of existing mines and for closure planning (Ferguson and Firth,
2000). Accurate prediction potentially offers the most cost-effective means of reducing the impact of ARD on
the environment and the associated costs by allowing advanced planning for prevention and control (Lawrence
and Day, 1997).

Although a complex process, various methods and management options exist to both predict and control ARD.
The various prediction methodologies in use worldwide are broadly categorised into either static or kinetic
assessment procedures and vary in both suitability and efficacy. The term scale-up is used to describe the
linkages between ARD prediction tests made at increasing scales of particle sizes. Accurate scale-up of
laboratory based ARD predictions to field scale behaviour is critical to mine planning. Site experience has
shown that often, predictive tests do not represent the observed rates of ARD generation in the field. The key
to scale-up is the determination of the significance of interactions between geochemical, mineralogical and
physical characteristics, as influenced by weathering. Some relationships between field and laboratory

behaviour have been developed, however numerous limitations still remain. It is critical that the ability to use
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small-scale controlled testing to predict large scale uncontrolled weathering is developed. There is also a need
to improve the techniques available for the assessment and interpretation of geological, mineralogical and
physical data, which, with geochemical data, influence (and in turn are influenced by) weathering processes
(Ferguson and Firth, 2000).

A key parameter required in describing the behaviour of sulfidic mine wastes, particularly waste rock, is the rate
at which the material oxidises under whatever conditions may apply to that material. Oxidation rates of sulfidic
mine wastes have been measured at a range of size scales, from bench-top studies, through small and large
columns, to test piles and in full-scale waste piles (Bennett et al. 2000). Bennett et al. (2000) identify and
discuss systematic differences between field and laboratory measurements and identify several shortcomings
in the techniques used and the application of these data in the management of sulfidic mine wastes. This

report has been a major source of the information contained in this literature review.

1.2.2 Background to ARD Generation

1.2.2.1 Sulfide Oxidation

The process of sulfide oxidation to produce ARD is complex because it involves chemical, biological and
electrochemical reactions and varies with environmental conditions (Parker and Robertson, 1999). The
formation of ARD under well-oxygenated conditions may be summarised by the following exothermic reaction:

FeSy(s) + 15/405(g) + 7/2Hy0(aq) * Fe(OH)3(s) + 25042 (ag)* 4H* (ag)+ heat
Equation 1-1

The various steps of ARD formation are described by Equation 1-2 to Equation 1-5. When sulfide minerals
such as pyrite are exposed to the atmosphere they react with oxygen and water, producing ferrous sulfate and

sulfuric acid:
FeS,(s) + 7/20, + H,0 ' Fe* + 2S0,” + 2H"
Equation 1-2

If present, acid consuming minerals can react with this acid and maintain neutral pH conditions. If the

surrounding environment is sufficiently oxidising, ferrous iron will rapidly oxidise to ferric iron:
Fe* + ¥40, + H" ' Fe*" + %H,0
Equation 1-3

Precipitates can also form as a result of secondary reactions. For example, at pH values of approximately 3.3
and above, and in the presence of atmospheric oxygen, ferric iron precipitates as hydroxide, creating more acid
and leaving little Fe*" in solution:

Fe* + 3H,0 ' Fe(OH)se + 3H"

Equation 1-4
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Under acidic conditions, ferric iron is, in itself, a powerful oxidising agent, which in turn may attack other sulfidic
minerals, increasing the rate of sulfide oxidation and generation of oxidation products. Any ferric iron that does
not precipitate from solution may replace oxygen as the dominant oxidant, thereby oxidising the additional

pyrite according to:
FeSye + 14Fe® + 8H,0 ' 15Fe™ + 2S0,” + 16H"
Equation 1-5

This does not mean that oxygen is no longer required, since Equation 1-5 can only continue as long as ferric
iron is available. For Equation 1-5 to continue, the ferrous iron released from FeS, oxidation must be

converted back to the ferric state, a process requiring oxygen, as indicated by Equation 1-3.

Abiotic oxidation occurs in the absence of bacterial catalysts and biotic oxidation occurs in their presence. The
oxidation rate of pyrite, and therefore the rate of the above reactions (especially Equation 1-2 and Equation
1-3), is accelerated by the bacteria Thiobacillus ferrooxidans (iron oxidising) and Thiobacillus thiooxidans
(sulfur oxidising), which are associated with nearly all cases of acid drainage. These bacteria also accelerate
the reaction by enhancing the rate of reduced sulfur oxidation. Maximum oxidation of pyrite occurs between a

pH of 2.4 and 3.6, rapidly decreasing at increasing pH values.

The Thiobacillus ferro-oxidans bacteria are indigenous to environments containing sulfides, oxygen and low pH
conditions (most active at pH 2 to 5). They are autotrophic microorganisms and obtain energy from the
oxidation of iron compounds. Consequently, bacterially catalysed acid and ferric iron are produced close to the

surface.

ARD can be generated at or within a number of mine site components, namely drainage from underground
workings; runoff and discharges from open pits; waste rock dumps; tailings storage facilities; ore stockpiles
(which have characteristics analogous to waste rock) and spent heap leach piles (Coastech Research Inc,
1991, Mitchell, 2000). Pyrite and other sulfide minerals are present in many ore deposits that are mined
throughout the world. Sulfidic materials below cut-off grade are routinely consigned to waste rock dumps or
tailings storage facilities. Sulfide minerals, such as those listed below, may undergo oxidation in these

landforms, generating sulfate, salinity and possibly mobilising trace metals:

x Iron sulfides (eg. pyrite (FeS,), marcasite (FeS,) and pyrrhotite (Fe;.,S));

x  Copper sulfides (eg. chalcopyrite (CuFeS:,), chalcocite (Cu,S) and bornite (CusFeS,));

X Arsenic sulfides (eg. arsenopyrite (FeAsS) and realgar (AsS)); and

x  Other metal sulfides (eg. sphalerite (ZnS), galena (PbS), cinnabar (HgS) and pentlandite (Fe,Ni)gSg).
The oxidation of these sulfide minerals is influenced by:

X  Water availability;

x Oxygen availability;

x  Physical characteristics of the material (eg. grain size);
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X Temperature;

X pH;

x  Ferric/ferrous iron equilibrium; and
X Microbiological activity.

It should be noted that not all sulfide minerals are acid generating, and some minerals may need to be exposed
to atmospheric conditions for a considerable period of time before acid conditions occur (Bennett et al. 2000).
If conditions are not strongly oxidising (i.e. only sulfur is oxidised), oxidation of minerals composed of sulfide
rather than disulfide and metals, which are not hydrolysed except at high pH, will not result in acidic conditions

(Lawrence and Day, 1997). Examples include sphalerite and iron sulfide:
FeS +20, ' Fe*" +S0,”
Equation 1-6
ZnS +20, ' Zn* +S0,”

Equation 1-7
1.2.2.2 pH Buffering and ARD neutralisation

The suite of geochemical reactions referred to as “acid neutralisation” minimise the impacts of acid generation
by decreasing levels of acidity, increasing pH towards neutral values, and causing agueous metals to
precipitate from the leachate (Morin et al. 1991). pH buffering refers to the stable pH resulting from interaction
of a leachate with a mineral (Lawrence and Day, 1997). Minerals buffer at a variety of pHs according to the
relationship between mineral solubility and pH. Acidic leachates also attack other more common minerals
(carbonates, hydroxides and oxides, silicates), resulting in a pH increase. The buffer pH of a mineral is not
constant but depends on overall solution chemistry, the gas composition in contact with the solution and

whether the system is open (i.e. having an infinite supply of reactants) or closed.

Calcite (CaCOg) is the most common acid consuming mineral present in mine waste rock and, depending on
the pH, consumes acid through the creation of bicarbonate (HCO3') or carbonic acid (H,COs):

CaCOz+H" ' Ca” + HCOy
Equation 1-8
CaCO; + 2H" ' Ca?* + H,CO,
Equation 1-9
Similar reactions can also be written for the dissolution of dolomite (MgCa(CO3),):
MgCa(COs), + 2H* ' Ca® + Mg* + 2HCO;

Equation 1-10
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MgCa(CO3), + 4H* ' Ca® + Mg* + 2H,CO,
Equation 1-11

An assumption of buffering is that a particular mineral component is available in infinite amounts at a particular
moment in time. As a mineral becomes exhausted, excess acidity is available and is buffered by a mineral at a
lower pH. In situations where calcite is the only mineral available to buffer at higher pHs, the pH of the
leachate decreases from near 7 (buffered by calcite) to near 3 (buffered by ferric hydroxide). In reality, where
many different minerals are capable of buffering, the transition from near neutral pH to ferric hydroxide buffered
does not occur sharply but steadily over a long period as different minerals buffer the leachate pH (Lawrence
and Day, 1997). Buffer, or equilibrium, pH ranges for common acid consuming minerals are shown in Table
1-1.

Table 1-1: Acid Consuming Minerals and their Character istics (adapted from Steffen, Robertson and Kirsten
et al. 1989)
MINERAL CHEMICAL ACID NEUTRALISING BUFFER pH
COMPOSITION POTENTIAL*
Calcite, Aragonite CaCoO; 100 55-6.9
Magnesite MgCO; 84 -
Witherite BaCO; 196 -
Dolomite MgCa(CO3), 92 -
Gibbsite Al(OH), 26 4.3-3.7
Limonite/Goethite FeOOH 89 3.0-37
Manganite MnOOH 88 -
Brucite Mg(OH), 29 -

* Acid neutralising potential is given as the mass (in grams) of the mineral required to have the same neutralisation effect as 100g of calcite.

1.2.2.3 Metal Leaching

The environmental toxicity associated with ARD is the result of not only acidic pH, but also the elevated
concentrations of metals in the drainage (Morin et al. 1991). Aqueous concentrations of many metals can be
correlated with pH and are typically highest at acidic pH, minimal near neutral pH, and minimal to somewhat

elevated at alkaline pH (Morin et al. 1991).

Metal leaching processes in mine waste piles are complex (often more than one mechanism is involved) and
are usually dependent on the mineralogy of the waste rock. Under the normal pH range of soils and water (pH
5-7), metals released by the weathering of minerals generally precipitate and become relatively immobile.
However, due to the enhanced solubility of many non-sulfide minerals at acidic pH (Morin et al. 1991, Stumm
and Morgan, 1996), under reduced pH conditions, metals can remain in solution and be transported off site
where they may have a deleterious effect on aquatic ecosystems and other downstream water users. The
mobility of the metals liberated depends on the solubility of the metal sulfate minerals (Lawrence and Day,
1997).
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Factors influencing the rate of metal leaching, and the migration rate of contamination fronts, may include:
X  pH conditions;
X Bacterial populations;
X Climatic conditions;
X  Stored loads within dumps;
X Waste permeability;
X Availability of pore water;
x Pore water pressure; and

X Mechanisms of movement (e.g. stream flow or diffusion).
1.2.3 ARD Prediction Techniques

The time for ARD to develop can vary from a matter of days to hundreds of years (Figure 1-1). At some point
in time from the initiation of acid generation, the rate will slow as reactive sulfides approach complete oxidation.
At this stage, pH increases, rock becomes progressively inert and surrounding waters are increasingly less
affected. Prediction of ARD can therefore be seen to be a short-term assessment of a potentially long-term

phenomenon (Lawrence and Day, 1997).

The capacity to predict ARD generation accurately increases the options for planning economical, technical,
and environmentally sound approaches to manage the problem. Errors in ARD prediction and the
interpretation of results in the mine feasibility and design stage can lead to major liability during operation, at
closure and post closure (Dowd, 2005, Morin, 2003). The thorough classification of ore and waste, effective
mine design to manage PAF material during operation, and integrating closure principles into the mine design
and operating plan, present opportunities for “getting it right” (Dowd, 2005). Morin (2003), Dowd (2005) and
Day et al. (2003) discuss case studies where inadequate prediction or planning of the behaviour of PAF

materials contributed to escalating operating or closure costs in effectively managing the issue.
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Load or
concentration
of
poliutant in i
drainage
t b otex te
Time

Symbol Description Range
L Time to first appearance of acid drainage Weeks to years
trk Time when pollutant concentration/load reaches a maximum Years to tens of years
te Time when drainage is no longer polluted Tens to hundreds of years
Lm Maximum pollutant load/concentration e.g. 100 — 100,000 mg L™ SO,

Figure 1-1: Schematic Time Dependence of Polluti  on in Drainage from Mine Wastes (Ritchie, 1995)

ARD predictive tests vary in scale, complexity of procedure and data interpretation, the time required to
achieve a predictive result, and cost. Procedures can be broadly categorised as either static or kinetic tests,
although numerous other tests are available for specific purposes or characterisation (Coastech Research Inc,
1991). Static prediction tests are simple tests that compare the balance between the acid generating
components (sulfides) and acid consuming components (typically carbonates) in a sample. Kinetic prediction
tests attempt to model over time the acid producing and consuming processes, including a prediction of
drainage quality, in the laboratory or field (Coastech Research Inc, 1991). Thus, static tests are conducted at
one point in time, and more significantly, represent one point in time, in contrast to kinetic tests that involve

ongoing repetitive analysis (Morin and Hutt, 1997).

Currently, there is not any one test that can produce all the necessary information to provide a reliable
assessment of the ability of a sample to generate ARD, and a combination of tests is therefore usually required
(Morin and Hutt, 1997, Parker and Robertson, 1999). Although there is no globally-accepted manual outlining
standardised ARD prediction tests, the Draft Acid Rock Drainage Technical Guide (Steffen, Robertson and
Kirsten et al. 1989), Mine Environment Neutral Drainage (MEND) Acid Rock Drainage Prediction Manual
(Coastech Research Inc, 1991) and more recently, the ARD Test Handbook (lan Wark Research Institute and
EGi, 2002) are widely accepted, off-the-shelf guides that describe in detail the various ARD predictive tests

available.
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In performing predictive tests, it is vital that the samples are representative of mine waste material. Sampling is
defined as the operation of removing a part convenient in size for testing, from a whole which is much greater
in bulk, in such a way that the proportion and distribution of the quality to be tested are the same in both the
whole and the part (sample) to be tested (Coastech Research Inc, 1991). Within the mine plan area, samples
should be taken from geological units defined by their physical and chemical homogeneity. Poor or
inappropriate sampling leads to data that may be non-representative of the particular portion of the orebody or
waste under consideration (Dobos, 2000). Coastech Research Inc (1991) provides comments and brief

guidelines on sampling.
1.2.3.1 Static Tests

Static testing is usually the first step in the systematic evaluation of materials to be disturbed and generated by
mining operations. Static testing comprises a wide range of simple, relatively fast and inexpensive screening
tests, which confirm the reactivity of a sample. Several types of static tests define the balance between
potentially acid-generating minerals (potential acidity) and acid neutralising minerals (neutralisation potential) in
a sample. A sample will theoretically only generate net acidity if the potential acidity exceeds the neutralisation
potential. Procedures such as the maximum potential acidity (MPA), net acid production potential (NAPP), acid
neutralising capacity (ANC) and the net acid generation (NAG) test have been widely adopted as the basis for
characterising wastes according to their acid generating potential (Bennett et al. 2000) and have been used in
this study. Several authors including Morin and Hutt (1997), Parker and Robertson (1999), lan Wark Research
Institute and Environmental Geochemistry International Pty Ltd (2002) describe these tests in detail.
Additionally the theory supporting these static tests is further described in Chapter 3: Static Tests alongside
results from the static tests applied in this study.

Static tests should be viewed as a qualitative predictive method (i.e. they can only indicate whether or not there
is a potential for generation of acidity at some point in time), since they provide no indication of the rates of
sulfide oxidation, acid generation or acid neutralisation of a material. Additionally, they may overestimate the
real, or field, neutralising potential of materials. This is because some of the neutralising minerals present may
be inaccessible to ARD due to physical placement or entrainment or because of armouring by metal
precipitates.

A summary of the more common static tests, and advantages and disadvantages associated with each test, is
provided in Table 1-2.
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Table 1-2:

Static Testing Summary

ARD Prediction Test

General Principles

Advantages

Disadvantages

Mineralogy

Mineralogical factors play a dominant role in the
reaction and interaction of acid generating and acid
consuming components of mine waste. Chemical,
mineralogical and physical analyses of waste
components are usually performed as part of
preliminary characterisation of the material prior to
static or kinetic testing (Coastech Research Inc,
1991). Techniques commonly used to assess
mineralogy include optical mineralogy, scanning
electron microscopy (SEM), micro-probe,
automated micro-probe point counting techniques,
x-ray diffraction (XRD), and bulk elemental/oxide
determinations (e.g. ICP or XRF) (lan Wark
Research Institute and EGi, 2002).

x Clarifies mineralogical assumptions
commonly made in static tests such as acid-

base analysis.

x Provides details on the species and crystal
habit of sulfur bearing and neutralising
minerals indicated by other test methods (lan
Wark Research Institute and EGi, 2002).

x Assists in determining the relative proportion
of sulfide material in a sample, identifying the
neutralising species in a sample and
identifying the existence of passivating rims
that inhibit sulfide oxidation (lan Wark
Research Institute and EGi, 2002).

x Minerals at levels less than 0.5-1.0% may not be
detected by traditional visual, petrographic

examination of thin sections.

x XRD suffers from detection limits around 0.5% (Morin
and Hutt, 1997).

x A combination of techniques may be required for an

accurate assessment.

Acid-Base Analysis

The acid-base account involves tests that evaluate
the balance between acid generation processes
(oxidation of sulfides) and acid neutralising
processes (dissolution of alkaline carbonates,
displacement of exchangeable bases, and
weathering of silicates) in a sample. The values
arising from the test are referred to as the
maximum potential acidity (MPA) and the acid
neutralising capacity (ANC). The MPA, expressed
as kg H,S0, t*, can be generated from the sample
total sulfur content and multiplying by a

stoichiometric factor of 30.6. ANC, expressed as

x Widely used and accepted method.
x Fast turnaround times

x Provides a simple and inexpensive screening
of samples to give a preliminary yes/no
predictor for acceptable or unacceptable
water quality.

x Determines the maximum amount of both
neutralisation and acid potential available in a

sample.

x Does not determine ambient rates and extent of metal
leaching, acid generation, and acid neutralisation
reactions (Morin and Hutt, 1997, Coastech Research
Inc, 1991).

x The use of the total sulfur assay may overestimate the
MPA because some sulfur may occur in forms other
than pyrite (Coastech Research Inc, 1991, lan Wark
Research Institute and EGi, 2002).

x Calculation of MPA is based on stoichiometry of one

reaction. In practice, actual stoichiometry may vary
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ARD Prediction Test

General Principles

Advantages

Disadvantages

kg H.SO4 t7, is obtained by reacting a sample with
HCI and back-titrating the mixture with NaOH to
determine the amount of unreacted HCI. The
difference between the MPA and ANC is referred to
as the net acid producing potential (NAPP) (lan
Wark Research Institute and EGi, 2002). A positive
NAPP value classifies the waste as potentially acid

forming.

significantly (Coastech Research Inc, 1991).

x Method does not indicate the pH to which the sample
can neutralise during extended contact with acidic

water (Coastech Research Inc, 1991).

x Method does not distinguish between reactive, readily
available acid consuming minerals and less reactive
species which might be important in the longer term
(Coastech Research Inc, 1991).

x Boiling procedure might overestimate neutralisation

potential (Coastech Research Inc, 1991).

x Does not predict drainage quality.

Net Acid Generation
(NAG) Test

A sample is reacted with hydrogen peroxide (H2O;)
to rapidly oxidise any sulfide minerals contained
within the sample. Both acid generation and acid
neutralisation reactions can occur simultaneously.
The end result represents a direct measurement of
the net amount of acid generated by the sample
(i.e. NAG capacity, expressed as kg H2SO4 t7).
The three main NAG test procedures are the Single
Addition NAG Test, the Sequential NAG Test and
the Kinetic NAG Test (EGi, 2004). A NAG pH less

than 4.5 classifies the sample as PAF.

x Fast turnaround times

x Provides a simple and inexpensive screening
of samples to give a preliminary yes/no
predictor for acceptable or unacceptable

water quality.
x Sulfur analyses not required.

x Provides an indication of the form of acidity.
The titration value at pH 4.5 includes acidity
due to free acid as well as soluble iron and
aluminium. The titration value at pH 7.0 also
includes metallic ions that precipitate as
hydroxides at pHs between 4.5 and 7.0 (lan

x Does not determine ambient rates and extent of metal
leaching, acid generation, and acid neutralisation
reactions (Morin and Hutt, 1997, Coastech Research
Inc, 1991).

x Does not predict drainage quality.

x Underestimates acid generation in samples with sulfur
levels above 3%S (Morin and Hutt, 1997).

x Carries a 5-15% error rate in results (Morin and Hutt,
1997).

x Alkaline components of the sample might interfere
with the efficiency of pyrite oxidation by H,O,
(Coastech Research Inc, 1991).
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ARD Prediction Test

General Principles

Advantages

Disadvantages

Wark Research Institute and EGi, 2002).

x As acid-neutralising minerals frequently have slow
reaction rates and cannot match those of acid-
generating minerals (Parker and Robertson, 1999),
neutralising potential may not react the same under
ambient conditions and ARD may result (Morin and
Hutt, 1997).

Acid Buffering
Characteristic Curve
(ABCC)

The test involves slow titration of a sample with
acid while continuously measuring pH. This data
provides an indication of the portion of ANC within
a sample that is readily available for acid
neutralisation (lan Wark Research Institute and
EGi, 2002).

x Useful in assessing whether a sulfidic sample
with NAPP<0 and NAGpH ¢4.5 has enough
readily available carbonate to render it non
acid producing (lan Wark Research Institute
and EGi, 2002).

x Does not determine ambient rates and extent of metal
leaching, acid generation, and acid neutralisation
reactions (Morin and Hutt, 1997, Coastech Research
Inc, 1991).

x Does not predict drainage quality.

Cyclic Voltammetry

This electrochemical technique used involves
imposing a sweep potential to the sample
contained in the working carbon paste electrode in
order to reach the interfacial energetic conditions
that promote the electrochemical reactions. The
transferred charges (electrons) associated with the
electrochemical reactions are registered as a
function of an imposed potential (i.e. current vs.
potential, voltammograms) (Cruz et al. 2001).

x Describes the factors that influence sulfide
reactivity that are not evaluated by the
traditionally utilised prediction techniques
(Cruz et al. 2001).

x Allows reactivity evolution of waste rock
material and the effect of the galvanic
protection offered by associated impurities,
as well as the passivation by Fe oxihydroxy
coatings, to be established (Cruz et al. 2001).

x Fast and relatively inexpensive.

x Does not determine ambient rates and extent of metal
leaching, acid generation, and acid neutralisation
reactions (Morin and Hutt, 1997, Coastech Research
Inc, 1991).

x Does not predict drainage quality.

Intrinsic Oxidation Rate
(IOR)

The IOR is a measure of the rate of consumption of

oxygen by a material under a particular set of

x The IOR only needs to be known to within an
order of magnitude because the overall

x Itis currently impossible to predict the functional
dependence of the IOR by measuring individual
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ARD Prediction Test

General Principles

Advantages

Disadvantages

conditions (Fague and Mostyn, 1997) and is a
function of several parameters including oxygen
concentration, sulfide sulfur concentration,
temperature, pH, sulfide mineral morphology and
microbial ecology (Bennett et al. 2000). The IOR of
a material is often measured for use in predictive
modelling of sulfidic piles. An IOR of 10
kg(O2)kg(material)*s™ is considered slow and 10°®
kg(O2)kg(material)*s™ fast (Bennett et al. 2000).

oxidation rate in a WRD is comparatively
insensitive to detailed changes in the IOR
(Bennett et al. 2000).

material characteristics. Direct measurements of
oxidation rate, either of samples in the laboratory or
in-situ, are therefore generally made (Bennett et al.
2000).

x Does not predict drainage quality.
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1.2.3.2 Kinetic Tests

Kinetic tests are usually performed when static test results indicate the potential for ARD generation or if the
results are uncertain (Coastech Research Inc, 1991). Kinetic tests provide real time data on the kinetics and
rate of acid generation and acid neutralising reactions under laboratory or on-site conditions. Samples are
exposed to moisture and air, in an attempt to simulate the weathering and oxidation processes over time that

lead to mineral dissolution.

In most kinetic tests, water is added to a sample, the mixture is left to incubate for a period, acid producing
reactions are allowed to proceed, and samples of the leachate or extracts are collected and analysed
(Coastech Research Inc, 1991). Tests are often required to continue for months or years, with a limited

number of samples providing information on the kinetics of overall acid generation.

Kinetic tests may be designed to quantify a range of parameters such as: sulfide oxidation rate, rate of
neutralisation, sulfate and metal release rates, time periods for the onset of acid generation (lag time) and
consumption of carbonates and sulfides, and the nature and concentration of predicted acid drainage. Thus
the results provide information on acid generation characteristics and indicate if the rate of acid generation is
significant or negligible, over what period of time it may occur, and over what time period controls would be
required. They may also be used to evaluate the effectiveness of control techniques which may limit the
reaction rates of oxidising material (e.g. covers, liming, layering, inundation and chemical addition such as

bactericides).
The major parameters measured throughout kinetic tests may include:
X  pH trends (to identify the stage of acid drainage);
X Sulfate (related to sulfide oxidation);
x  Acidity or alkalinity (reflects the rate of acid production or acid neutralisation); and
X Metals (to evaluate metal solubility and leaching behaviour).

Generally, indication of the potential for ARD generation is associated with the following conditions and

changes in parameters (Coastech Research Inc, 1991):
x Decrease in pH;
X Increase in electrical conductivity;
X Increase in redox potential;
X Absence or low concentrations of alkalinity;
X Increase in acidity;
x Increase in sulfate concentration; and

X Increase in dissolved metal concentrations.
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There are several kinetic tests available, namely humidity cells, columns and lysimeters, the B.C. research
confirmation test, shake flasks, Soxhlet extraction and test piles (Coastech Research Inc, 1991, Morin and
Hutt, 1997, Parker and Robertson, 1999). A summary of the more common kinetic tests, and advantages and
disadvantages associated with each test, is provided in Table 1-3.

It should be noted that one of the major weaknesses of kinetic test interpretation is the lack of long-term data.
Although tests are generally conducted for several months to one or two years, the tests do not simulate the
behaviour of a waste component in time frames often measured in years or tens of years. Assumptions have
to be made to enable the results to be extrapolated into the future (Bennett et al. 2000).
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Table 1-3:

Kinetic Testing Summary

ARD Prediction Test

General Principles

Advantages

Disadvantages

Humidity cells

A humidity cell is a weathering chamber
designed to provide simple control over
air, temperature and moisture, while
allowing for the removal of weathering
products in solution for analysis. Water
is added to a sample, the mixture is left
to incubate for a period, acid producing
reactions are allowed to proceed, and
samples of the leachate or extracts are
collected and analysed. The onset of
ARD, mass loads, rate of acid
generation and neutralisation and the
concentration of metals and other
species as a function of time can be
determined (Coastech Research Inc,
1991).

x Standardised method exists (accepted
method in Canada and U.S.A.).

x Relatively simple to set up and operate.

x Well characterised test materials can be
utilised (Parker and Robertson, 1999).

x Models the wet/dry cycles of the environment
(Coastech Research Inc, 1991).

x Consistent reproducible conditions permit
comparison with results from other sites
(Parker and Robertson, 1999).

x Ambient rates and extent of metal leaching,
acid generation, and acid neutralisation

reactions can be determined.

x Allows preliminary evaluation of ARD control
options such as covers and blending to be

made (Coastech Research Inc, 1991).

x Size of particles limited to fines, typically less than 10mm in
diameter (Parker and Robertson, 1999).

x No heterogeneity in leaching (Parker and Robertson, 1999).

x Procedures do not simulate the precipitation and dissolution of

secondary minerals (Parker and Robertson, 1999).

x No conservation of heat generated by oxidation (Parker and
Robertson, 1999).

X More expensive and time consuming than static tests.

X Interpretation of results is sometimes complex (Coastech
Research Inc, 1991).

x Rates of acidity and alkalinity release might not be comparable
or readily interpreted due to the differences in the kinetics and
equilibria of the reactions under laboratory and field conditions
(Coastech Research Inc, 1991).

Column leach tests

As per humidity cells however greater
sample volumes and particle sizes are

used.

x Relatively simple to set up and operate.

x Compares favourably with other prediction
tests and field data for reliability (Coastech
Research Inc, 1991).

x Larger scale of test allows larger particle

x No standardised method exists (although is an accepted
method for ARD prediction).

X Interpretation of results is sometime complex (Coastech
Research Inc, 1991).

x Tests may require long time for completion and with relatively
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ARD Prediction Test

General Principles

Advantages

Disadvantages

sizes of waste to be evaluated.

x Can be used to model saturated and
unsaturated waste deposition (Coastech
Research Inc, 1991).

x Ambient rates and extent of metal leaching,
acid generation, and acid neutralisation

reactions can be determined.

x Temporal variations in acid generation rates
can be determined (Coastech Research Inc,
1991).

x Allows preliminary evaluation of ARD control
options such as covers and blending to be

made (Coastech Research Inc, 1991).

x For larger columns, the evaluation of changes
in mineralogy and other effects of weathering
with depth, and the determination of effluent
quality profiles, can be made (Coastech
Research Inc, 1991).

high analytical costs (Coastech Research Inc, 1991).

x Rates of acidity and alkalinity release might not be comparable
due to the differences in the kinetics and equilibria of the acid
generating, acid consuming, and alkalinity generating reactions
(Coastech Research Inc, 1991).

x Often the ratio of solid sample to weekly rinse water is much
higher than humidity cells so not all particle surfaces may be
rinsed and the solubilities of secondary minerals may be
exceeded (Morin and Hutt, 1997).

x Reaction product retention may differ from field conditions.

x Does not provide reliable predictions of secondary mineral

reaction rates (Morin and Hutt, 1997).

x Can give erroneous results due to water saturation and lack of
water availability (Morin and Hutt, 1997).

Heap leach pads (test
piles)

Waste rock test piles are usually
established to determine the
relationship between weathering rates

under laboratory and field conditions.

x Regular flushing allows measurement of

primary reaction rates.

x Can be used to evaluate remediation options,

such as capping and blending with acid

x No standardised method exists.

x Secondary mineral controlled rates rather than primary mineral

reaction rates are often provided due to large sample size and
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ARD Prediction Test

General Principles

Advantages

Disadvantages

Test piles of varying sizes are generally
constructed from ROM material on a low
permeability base to facilitate the
collection and analysis of drainage
flows. The piles are exposed to ambient
conditions and in some cases, irrigated

to simulate rainfall events.

neutralising materials (Lawrence and Day,

1997).

x Larger particle sizes typically representative

of mine waste.

x Tests subjected to same field conditions as

mine waste.

generally low water flow (Parker and Robertson, 1999).

x Characterisation of the material prior to testing is difficult
(Lawrence and Day, 1997).

x Seasonal effects, particularly in small piles, can be severe,
thereby obscuring the other features such as long term decay
in release of oxidation products (Lawrence and Day, 1997).

x Tests may take much longer than similar tests under laboratory
conditions (Lawrence and Day, 1997) due to long residence

times of water through the pile (Bennett et al. 2000).

x Variations in rates that occur on time scales less than
residence times cannot be obtained (Bennett et al. 2000).

x The site needs to be carefully protected from damage by
extreme climatic conditions and vandalism (Lawrence and Day,
1997).

x Most expensive ARD prediction test due to required earthworks

and analytical costs.

x It cannot be assumed that test piles behave similarly to waste

rock dumps.

Waste rock dumps

Oxidation rates may be estimated
directly from full-scale waste rock
dumps. The Australian Nuclear Science
and Technology Organisation (ANSTO)

has developed a method that can be

x Oxidation rates measured directly from

representative mine waste in the field.

x Secondary mineralisation may control sulfate fluxes (Bennett et
al. 2000).

x Tests are required to be conducted for a significant period of
time to coincide with the mechanics and time-scale of water
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ARD Prediction Test

General Principles

Advantages

Disadvantages

used to estimate oxidation rates in
dumps and stockpiles based on
monitoring changes in oxygen
concentration as a function of depth and
time. This method involves measuring
the rate at which the oxygen
concentration falls at a number of
depths in a hole soon after installation.
Bennett et al. (2000) describe this

method.

transport in the WRD, which may be in the order of several
years (Bennett et al. 2000).

x Data only able to be collected after the WRD is created and
therefore not available in the pre-feasibility and early stages of

mine life.
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The fundamental purpose of kinetic tests is to obtain reaction rates for the primary minerals in a sample from

the flushes by:

Rate (mmol kg(material) *s™) = Concentration (mmol L ™) * L water recovered

mass sample (kg) * time between flushes (s)

Equation 1-12

Bennett et al. (2000) describe the following two methods, derived from Equation 1-2, for determining the pyritic

oxidation rate of a sample of material using humidity cells and column tests:

(1) Measure the sulfate production rate and use the stoichiometry of the reaction to calculate the

oxidation rate, according to:

Oxygen consumption rate [kg(O ) kg(material) *s?] =  0.583 x Sulfate production rate [kg(SO  4)kg(material) *s™]

Equation 1-13

This method equates the sulfate release rate to the sulfate production rate, which, in turn, relates to the pyritic
oxidation rate using the stoichiometry of Equation 1-2. An important assumption in this method is that the flux
of sulfate in leachate from a humidity cell or column is proportional to the sulfate production rate in the system.
In systems where the infiltration or oxidation rates have changed it will take some time for the assumption to be
valid (even assuming that sulfate is conservative in the system and that none is lost by precipitation). That time
cannot be less than the residence time of water through the system.

The residence time is the time taken by a conservative pollutant (or tracer) to travel from the top of the system
to the bottom, under the ambient, constant infiltration rate and can be determined by Equation 1-14. The
water-filled volume fraction of waste rock generally falls between 0.15 and 0.25. The residence time can be

considered to be a characteristic time-scale for any changes in the system to be fully represented in drainage.

Residence time (s) = height of the sy stem (m) x water-filled volume fraction

infiltration rate (ms ™)

Equation 1-14

(2) Measure the oxygen consumption rate in a system directly.

This method assumes that the sulfidic oxidation rate is the only oxygen consumer in the system. In suitably
designed columns, this method can be used by sealing the system from the air and monitoring the decrease of
oxygen contained in the known gas volume within the column. When designing such a column, it is important
to incorporate a means of maintaining the gas pressure inside the column equal to the outside pressure,

primarily to reduce the risk of air entering the column through any leaks in the system.

Both methods require oxygen to be freely available throughout the material at all times. Only under these

conditions can the volume or mass of oxidising material be known. Columns have been known to give
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erroneous results due to water saturation and consequent lack of oxygen availability (Parker and Robertson,
1999). It can be readily shown that in many systems the supply of oxygen to the reaction sites may be limited
by the oxygen diffusion coefficient of the material, confining oxygen to a fraction of the total quantity of material.
To ensure that oxygen is freely available in columns, Bennett et al. (2000) recommend that all columns be
designed to enable pore gas oxygen consumption measurements be made to check that oxygen is not limiting

oxidation. In materials with a high oxidation rate it may be necessary to maintain airflow through a column.

Sulfate flux can only be used as a measure of the rate of sulfidic oxidation if there is no significant loss of
sulfate in the system through precipitation of sulfate minerals. The formation of species such as gypsum
[CaS0,4.2H,0] or jarosite [KFe3(SO,4).(OH)¢] depends on the mineral composition of the material and on
temperature, Eh, pH and the concentration of dissolved chemical species in pore water. Secondary minerals
can form during weathering when solubility products are exceeded in the weathering solutions, so that states of
mineral saturation or supersaturation are achieved. Loss of sulfate in a system due to secondary
mineralisation will lead to an underestimation of oxidation rates (Bennett et al. 2000, Mehling Environmental
Management Inc, 1998). An over-estimation of the oxidation rate may occur if pre-existing sulfate minerals

dissolve during a test.

It must be noted that due to differences between processes in tests of different scale (see Table 1-4 for a
comparison of processes in test piles and full-scale rock piles), weathering characteristics of the test samples
and the resulting leachate chemistry cannot necessarily be directly used to predict on-site performance of a
commercial waste rock dump. Final assessment of the data and predictions for the performance of the
material, including appropriate scaling of the parameters to full-size, should include some modelling to take into
account factors that are not controllable or reproduced in laboratory conditions. These include physical factors
such as temperature, particle size distribution and height of dump, infiltration rates, and the degree of wetting to
consider channelling. In addition, some geochemical modelling may be appropriate to be able to predict actual
drainage quality from the test data (Bennett et al. 2000).
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Table 1-4: Comparison of Processes in Testan  d Full-Scale Rock Piles (Lawrence and Day, 1997)
Process Test piles Waste rock dumps
Physical Relatively homogeneous, lack of layering Extremely heterogeneous due to dumping

distribution of

unless planned.

techniques, variation in rock type and mining

composition of

particles

Readily defined by sampling.

particles techniques. Layering and compacted layers
probable.
Chemical Relatively homogeneous if planned. Potentially complex due to changes in rock

type during mining. Difficult to characterise

due to physical heterogeneity.

Water movement

In small piles, relatively high proportion of
rock particles contacted due to short
distance from surface to base. Higher water
to solid ratio. Retention time relatively low.

Probable lack of water table(s).

Flow is complex due to internal variations in
permeability. Flow is potentially
concentrated in a number of small channels
resulting in relatively low proportion of
particles contacted by water. Water table(s)
are possible both perched and at the dump

base.

Effect of climatic

processes

Snow melt and major rain events result in
more rapid flow and expansion of flow paths
into seasonally dry areas. Flushing of
weathering products occurs. During dry

periods, weathering products accumulate.

As per test piles.

Migration of solids

Large-scale failure unlikely. Small-scale
transport of solids probable due to

downward movement of water.

Large-scale failure possible. Small-scale
transport of solids probable due to downward

movement of water.

Gas transport

Wind advection is possibly dominant
process of gas transport into and out of pile.
Significant oxygen depletion within pile

unlikely.

Thermal advection accepted as dominant
process due to formation of temperature
gradients within pile. Oxygen concentration

gradients likely.

Internal reactions

Reactions comparable but fewer variables
within pile due to lesser temperature and
oxygen variation. Greater water flow and
flushing of weathering products possibly

important.

Extremely complex within various parts of
the dump due to varying oxygen,

temperature and water flow conditions.

Overall water

chemistry

Less likely to be limited by saturation due to
higher water flow. Metal concentrations
potentially lower due to dilution and
development of less acidic conditions, or

higher due to lesser saturation control.

Water chemistry potentially controlled by

saturation.
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1.2.4 Scale-Up

The term scale-up is used to describe the linkages between ARD prediction tests made at increasing scales of
particle size. Bennett et al. (2000) challenge the value of test piles and their usefulness in ‘scaling up’ from the
laboratory to the field, questioning whether any information is obtained from test piles that could not be
acquired from suitably-designed columns. In contrast, Mehling Environmental Management Inc. (1998) state
that the extrapolation of results from field tests to full-scale piles is generally more realistic than direct
extrapolations from laboratory to the field, since oxidation products are typically stored in full-scale piles. They
also list larger particle sizes, more realistic blending conditions, and flushing regimes as important advantages
in large scale kinetic tests. Furthermore, Coastech Research Inc (1991) state that the larger scale of field tests
potentially allows a more realistic assessment of the ARD generation process and a better evaluation of control
options such as limestone blending or covers than can be achieved in laboratory kinetic tests.

Bennett et al. (2000) identify and discuss a number of issues which may affect the validity of the different
measurement techniques used to obtain oxidation rates at different size scales. Table 1-5 summarises each of
the issues and includes recommendations from Bennett et al. (2000) on how the measurements could be

improved.
Table 1-5: Factors which may affect the va lidity of different measurement techniques
Issue Factors Possibly Affecting Validity Recommendation/s

Oxygen Supply The assumption made when deducing Programs using large columns, test

oxygen rate from sulfate release rates that all | piles or full size dumps should include

the material is free to oxidise. This instrumentation to enable pore gas

assumption is likely to be valid in aerated
humidity cells and columns, however is
guestionable in test piles, where diffusion

cannot supply oxygen to all parts of the pile.

oxygen concentrations to be

determined throughout the system.

Sulfate Release

1. The assumption made when determining
oxidation rates from sulfate release rates that
there is no significant loss of sulfate from the

system.

2. The assumption that pyrite is the only
sulfidic mineral contributing to the production

of sulfate.

1. Ensure the question of sulfate loss
is addressed in work where
conditions make secondary

mineralisation likely.

2. Where sulfate precipitation is
significant, measure oxygen
consumption rates in columns to
determine oxidation rates. If there
are other sulfides oxidising at a
significant rate or there is dissolution
of sulfate minerals, ensure they are
accounted for in relating sulfate

release rate to oxidation rate.
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Issue

Factors Possibly Affecting Validity

Recommendation/s

Water Residence Time

1. Long water residence times in columns
and test piles have the potential to make the
interpretation of some measurements

impossible.

2. The sulfate flux can never be in equilibrium
with conditions in the whole system in a test
pile. Because the pile is subject to seasonal
temperature and infiltration rate changes,
sulfate fluxes cannot be used to quantify any
time-dependence of periodic variations in
oxidation rate which occur with a period less

than the water residence time.

Ensure the water residence time is
short compared with the rate of
change of conditions within the
system being measured so that
information on rates and trends can
be obtained from sulfate fluxes in

leachate.

Particle Size 1. Particle size distribution is not a significant | 1. A realistic description of particle
factor in determining the oxidation rate of size distribution in a full-size dump is
particular material types over one to two year | required to describe behaviour in the
time-scales. long term.

2. Laboratory measurements of the oxidation | 2. Experiments need to be run using
rate of samples containing a particle size columns containing particle size
distribution up to 200 mm can be taken to be | distributions up to 200mm for a period
representative of the oxidation rate of the long enough to determine the
material in full-sized dumps. dependence of IOR on sulfide sulfur
content as the particles oxidise.
Temperature The use of the Arrhenius equation to account | A program of work needs to be

for temperature differences between the
laboratory and field, using activation energies
measured in the laboratory for different
sulfide minerals, may be reasonable for fine-
grained materials where the sulfides may be
largely liberated from the host materials,
however, it seems less reasonable for run-of-

mine material.

undertaken to establish the validity of
the Arrhenius equation for bulk
materials and to find more
appropriate values of the activation

energy of dominant sulfides.
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Leachate composition from full-sized dumps is determined by a combination of parameters that vary in space
and time. Bennett et al. (2000) list these parameters as;

X The acid generation rate in the oxidising material (governed by the IOR of the material, which has
been found to vary over several orders of magnitude);

X The spatial distribution of oxidising material in the dump;

X The rate of neutralisation of the acid by gangue minerals (ranging from carbonates to silicates);

X The distribution of the acid consuming minerals in the dump;

X  The evolution of oxidation in the dump as a function of space and time;

X The time it takes to completely oxidise sulfidic materials in the dump (years to hundreds of years);
X  The functional form of the IOR (which depends on temp, oxygen concentration etc.); and

X  The hydrology of waste rock dumps, including infiltration, residence times and flow paths.

Thus, according to Bennett et al. (2000), a test pile cannot represent a full-sized dump any better than a
column when it comes to predicting the chemical composition of effluent as a function of time, or providing
information such as t