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PREAMBLE

Prediction of drainage chemistry is a technical subject, involving a large number of methods,
properties and processes. The objective of this Manual is to provide the comprehensive, in-depth
level of understanding needed to conduct a prediction program and then review the results.
Consequently, this document is long and detailed with some repetition of overarching
information.

Readers will come from many different backgrounds. Some will be experts in the physical,
chemical or biological sciences; others will be engineers, geologists or soil scientists and some
will be non-technical people who want to understand more about mine site drainage. The
objective is to provide the general overviews and in-depth technical explanations needed by
experts and non-experts, alike.

Ways to navigate through the manual to find information on specific aspects of prediction are
described on the next page.

The information provided here is based on the opinions of the author and should not be construed
as endorsement in whole or in part by the various reviewers or by the partners in MEND (the
Government of Canada, Provincial Governments, The Mining Association of Canada,
contributing mining companies and participating non-governmental organizations). The user of
this guide should assume full responsibility for prediction and mitigation of future drainage
chemistry from sulphidic geologic materials (metal leaching and acid rock drainage) and for any
action taken as a result of the information contained in this guide.

Natural Resources Canada is committed to improving existing practices. Comments on or
suggested improvements to this document are welcome and should be submitted to the author at
bprice@nrcan.gc.ca or at the following address:

CANMET- Mining and Mineral Sciences Laboratories
Natural Resources Canada

Bag 5000

3793 Alfred Avenue

Smithers, British Columbia

Canada V0J 2NO
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NAVIGATING THIS MANUAL

This Manual is supplemented by many guides to aid in navigating such a comprehensive
document.

o Page (PA-3) is a graphical flowchart showing how the chapters are linked in groups and
sequences for the prediction of drainage chemistry from sulphidic geologic materials.

o Then, several pages contain summaries discussing some of the major points in each
chapter.

e  Next, the Table of Contents, beginning on page (PA-26), shows how this Manual is divided
into major topics by chapters, sections and sub-sections.

o The List of Tables and the List of Figures, on pages (PA-39 to PA-44), highlight the various
tables and lists found throughout.

o Each chapter begins with a text box, highlighting the major points found in that chapter.
Several smaller boxes are sprinkled throughout the document, bringing attention to useful
facts and important details.

o And after Chapter 21, the Glossary defines many of the technical terms and acronyms
found in the Manual.
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FLOWCHART OF CHAPTERS

Recommended Flow Chart for the Prediction of
Mine Site Drainage Chemistry

Review the general objectives and questions (Chapter 2, 3 and 4), some technical theory and
information (Chapter 5) and the background site and project information (Chapters 6 and 7).

Identify rock and waste units exposed or disturbed by mining, milling, concentrating and
construction (Chapter 6).

Determine the form and extent of each rock and waste unit that will occur in each mine
component, such as tailings and waste rock dumps (Chapter 7).

Determine the temperature, degree of aeration, hydrogeology and drainage volume of each
mine component. This can be estimated from site hydrology and hydrogeology and climate
data (Chapters 6 and 7).

Collect samples of rock and waste units that are representative of the units and the mine
components they form, following recommendations on sample numbers, size, mass,
description and handling (Chapter 8).

*

Conduct and interpret static tests (Chapters 9 to 17 and 20 to 21) to determine the
composition of the selected samples (Chapter 8).

*

Conduct and interpret kinetic tests (Chapters 18 to 21) based on static test results
(Chapters 9 to 17) for the selected samples (Chapter 8).

*

Predict drainage chemistry as a function of time for each mine component (Chapter 7), based
on adjustments to static and kinetic test results for the expected flow, contributing mass and
degree of aeration or submergence (Chapter 6 and 20 to 21).

* Carry out after each step:
- revise classification of rock and waste units as needed; and
- tentatively create management units and determine their monitoring, mitigation
and materials handling requirements and the resulting exposure conditions.
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SUMMARY OF SOME IMPORTANT POINTS IN EACH CHAPTER

Chapter 1: Introduction

Drainage waters from sulphidic geologic materials can contain elevated concentrations of metals
and other elements at any pH. This may lead to costly environmental management and
remediation. Successful, cost-effective, proactive mitigation measures depend on an accurate
prediction of future drainage chemistry. The prediction of drainage chemistry from sulphidic
geologic materials is therefore important in ensuring that the extraction of Canada’s mineral
resources occurs in a sound fiscal manner and minimizes impacts to adjacent land and
watercourses.

Guidance is provided on the strengths and potential limitations of different procedures, analyses,
tests and criteria used to predict future drainage chemistry. This Manual recommends site
specific prediction of drainage chemistry. Users of the Manual should consider local site
conditions, such as the weathering environment, the stage of project development, geologic
materials, mine components, environmental goals and project needs when deciding which of the
procedures in this Manual to use and how to interpret the results. The document is not intended
to limit the properly supported approaches or substitute for individuals with the appropriate
technical training and experience.

Chapter 2: Overall Objectives of Prediction

The objective in predicting drainage chemistry is to determine the type, magnitude, location and
timing of measures required to prevent significant environmental impacts. These objectives are
achieved by: measuring the present drainage chemistry; predicting the potential future drainage
chemistry; determining the influential properties and processes and predicting the timing of
significant changes in the drainage chemistry and influential properties and processes.
Predictions should be made for all excavated, exposed and otherwise disturbed sulphidic
geologic materials.

Our understanding of the properties and processes determining drainage chemistry is far from
complete. However, the available prediction tools combined with a comprehensive, well-
informed approach and cautious interpretation of the results should allow mines with sulphidic
geologic materials to meet receiving environment objectives and minimize the liability and risk.
The predicted drainage chemistry will often be a range in contaminant concentrations because of
the range of properties within each geologic and waste management unit and the limited
accuracy and precision of the prediction methods. Uncertainty regarding drainage chemistry
should be reduced to the level at which plans that will meet the environmental objectives can be
designed and implemented.

Chapter 3: General Principles and Best Practices

The “best practice” for drainage chemistry prediction is to take a site specific and proactive
approach. Drainage chemistry should be predicted for all geologic materials in the forms that
will be excavated, exposed or otherwise disturbed (the resulting project components). Prediction
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should consider the spatial variability and temporal changes in the contributing properties and
processes and use an iterative, phased and scientific approach. Due to the large number of
factors involved, proper planning is an essential component of successful prediction. Prediction
should occur throughout the life of the project. The objective at each stage is to demonstrate that
the project has the necessary understanding, capability, resources and intent to protect the
environment. Challenges in prediction include dealing with uncertainty and changes in mine
plans. It is important to identify the materials and methods and intended uses for prediction
work, use clearly defined terminology and consider the cost-effectiveness prior to initiating each
phase of test work. Prediction requires qualified personnel and adequate resources. Maintaining
prediction information in an accessible form that facilitates regular review and tracking of
changes is also extremely important. Practitioners should be aware of past errors in prediction,
act safely and recognize that a proper understanding can only be achieved by reviewing the
details regarding site conditions, sampling, sample preparation, analyses, test procedures and the
interpretation of data.

Chapter 4: Main Steps and Stages of a Prediction Program

There are three main steps for predicting drainage chemistry. First, the general properties of the
project and site should be reviewed. Second, any existing drainage chemistry should be
measured and monitored, then potential future drainage chemistry predicted. Third, predictions
made from the previous steps should be periodically checked and updated, with any significant
information gaps identified and highlighted. The third step should be conducted repeatedly
through all stages of a project.

Chapter 5: Parameters and Processes Controlling Drainage Chemistry

There are a large number of parameters and processes that affect site specific drainage chemistry
from sulphidic geologic materials. This chapter discusses the more important ones from a
geochemical perspective.

Chapter 6: Site Conditions

Because prediction of drainage chemistry requires a great deal of site specific information, this
chapter lists and discusses many important aspects of site conditions. Local and regional
geography, climate, hydrology, and hydrogeology should be defined. Since drainage chemistry
will likely change with mining, detailed investigations of geological issues are also needed,
including spatial variations in soils, overburden and rock units. Other important aspects of site
conditions are the requirements and expectations of the local community, regulators, company,
and other stakeholders.

Chapter 7: The Project and Project Components

Each project and site can be divided into components, such as open pits, underground workings,
waste rock dumps, low grade ore stockpiles, tailings impoundments and borrow materials.
Drainage predictions can then be developed for each component, based on its unique
combination of site conditions and design. These predictions require site specific information on
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a myriad of combinations of physical, geochemical, biological and engineering properties and
processes. This chapter lists and discusses many of these properties and processes, including
how they may change through time. For example, initial drainage chemistry from an open pit
may reflect weathering of the mine walls, but later chemistry may reflect the ongoing
accumulation of finer grained talus with greater reactive surface area. Also, rising or falling
water tables can greatly change the rate of sulphide oxidation while inversely affecting the
loadings in drainage.

Chapter 8: Selection, Storage and Preparation of Samples

The selection, storage, and preparation of samples are critical steps in the prediction of drainage
chemistry from sulphidic geologic materials. If a sample is not selected and stored properly, all
the remaining time and cost spent on analyses and interpretations could be wasted. Careful
decisions must be made on many issues, such as which material to sample, the method and
frequency of sampling, the appropriate volume of the sample, whether to crush or grind the
sample, substitution of samples from other sources and separation of coarser less reactive
particles from finer more reactive ones. Each sample should be described in detail and
preferably geo-referenced to a location and depth at the mine or project. For example, samples
of blast hole cuttings are often geo-referenced and placed in site geologic models.
Characteristics like colour may provide some indication of weathering, leaching and oxidation to
guide sampling, but colour is not always reliable.

Chapter 9: Overview of Static and Kinetic Tests

The analyses and tests for predicting drainage chemistry can be divided into one time “static”
and repetitive “kinetic” tests. There are many types of static tests, such as Acid Base Accounting
(ABA) and total elemental analyses; these can be completed relatively fast. Kinetic tests,
including laboratory based humidity cells and on-site leach pads, can take years to complete and
are more expensive. For these reasons, kinetic testing is often limited to samples identified as
important and representative by static tests. Also, some kinetic tests provide primary mineral
reaction rates, while others provide direct predictions of drainage chemistry after additional
processes. Therefore, the objectives of all testing should be carefully considered and stated.
Flow rates should always be measured in all kinetic tests to assist in interpretations. Many static
and kinetic tests provide some information that is similar and complementary to others, so any
discrepancies should be investigated and resolved. Test results should be carefully tabulated,
accompanied by descriptive statistics, and also shown on scatterplots.

Chapter 10: Whole-Rock and Near-Total Solid Phase Elemental Analysis

The analyses discussed in this chapter provides the total or near-total amounts of selected
chemical elements in a solid phase sample. This is accomplished in two major steps. First, most
or all of a sample is digested in a hot chemical flux or strong acid combination. Second, the
digested sample is analyzed by one of several techniques, such as X-ray Fluorescence (XRF) or
Inductively Coupled Plasma (ICP). It is important to be aware of the strengths and weaknesses
of each method of digestion and analysis because it may affect predictions of drainage chemistry
from sulphidic materials. For example, whole-rock analyses may be reported as oxide

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



PREAMBLE AND READER'S GUIDES PA-7

equivalents, such as CaO and Al,O3;, which require mathematical conversions to obtain pure
element concentrations. These analyses do not reveal the forms in which an element occurs,
such as in one or more minerals, although this can sometimes be estimated using a few
assumptions. Also, solid phase levels, whether high or low are not on their own measures of the
potential aqueous concentrations in drainage or of the threat to the environment. However, tests
in other chapters are combined with these solid phase results for drainage predictions, such as the
length of time until elements are fully leached from a sample.

Chapter 11: Analysis of Soluble Constituents

Sulphidic geologic materials are often comprised of suites of minerals whose solubilities range
from relatively low to high. The more soluble minerals can often dissolve faster and thus
determine immediate drainage chemistry. However, the chemistry of the local water, the contact
(residence) time and the water:solid ratio can also affect the dissolution of soluble constituents.
The recommended procedure for measuring soluble constituents is to add the sample to shake
flasks, with a default ratio of 3 parts solid to 1 part water on a weight basis and gently agitate it
for 24 hours. These test conditions can be changed as needed to address site specific predictions
questions. Attaining equilibrium, including mineral solubility limits, is important because net
dissolution stops and aqueous concentrations do not rise any higher. Therefore, an important
aspect in testing for soluble constituents is identifying when equilibrium has been reached. As a
check for whether equilibrium limits have been attained, a sample can be leached a second time
with fresh leach water or at different water to solids ratios. As a check for whether residence
time has affected the results, leaching of the solid residue can be extended or repeated for a
longer time. The measurements of surface (rinse), crushed and paste (pulverized) pH also reflect
soluble constituents of samples.

Chapter 12: Sulphur Species and Acid Generation Potential (AP)

Sulphur species are the primary source of potentially deleterious acid, acidity and elemental
species in the drainage from sulphidic geologic materials. Their effects on drainage chemistry
depend on factors like abundance, oxidation state, impurities, physical properties and local
environmental conditions. The main sulphur minerals and species are sulphides, sulphosalts,
sulphates, organic sulphur and species of intermediate oxidation states. Sulphide primarily
occurs combined with iron in minerals such as pyrite, pyrrhotite, marcasite and monosulphides.
In contrast, sulphate minerals can be grouped as highly soluble basic or acidic, moderately
soluble basic, low solubility acidic and extremely insoluble.

The objective in sulphur analysis is to identify and measure the concentration and composition of
different sulphur species with sufficient accuracy and precision. This is important for the
calculation of acid generation potential (AP) and the prediction of elemental release under
potential weathering conditions. There are several methods for measuring sulphur species
discussed in this chapter. For example, Leco is a manufacturer of high temperature induction
furnaces, whose name has become synonymous with the most common method for determining
total carbon and sulphur. All methods have strengths and weaknesses, which should be
understood for proper predictions from analytical data.

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



PREAMBLE AND READER'S GUIDES PA-8

Chapter 13: Acid Neutralization Potential (NP)

The term acid neutralization potential (or NP) is presently used for a wide range of different
laboratory measurements and field NP predictions. For sulphidic geologic materials, the primary
concern is with the neutralization of acid potential from Chapter 12. Acidic drainage pH will
result when the exposed acid neutralizing minerals are depleted or the rate of acid neutralization
becomes inadequate.

To estimate “effective NP” under field conditions from laboratory analyses of NP, several
properties and processes are important, including (1) identity, concentration and weathering
mechanisms of minerals, (2) their contribution to the measured NP and (3) their cumulative rates
of alkalinity production compared to the rate of acid generation under the site specific conditions
for each project component. Some carbonate minerals provide a fast neutralization response and
thus contribute more to effective NP than ferrous iron and manganese carbonates.

There are several methods for measuring NP, including the Carbonate, Sobek (U.S. EPA 600),
several Modified, BC Research and Lapakko procedures. Each method has unique strengths and
weaknesses, and thus no one method is the best for estimating effective NP. However, the
comparison of Carbonate NP with one of the other “bulk-NP” methods assists in estimating the
percentage of reactive carbonate contributing to bulk NP.

Chapter 14: Acid Base Accounting and Criteria Used to Predict Potential for Acidic
Drainage

Acidic drainage will only result when the rate of acid generation exceeds the rate of acid
neutralization. Acid Base Accounting (ABA) is a series of analyses and calculations used to
estimate the potential for mineral weathering to produce acidic drainage. ABA includes rinse
and paste pH (Chapter 11), sulphur species and acid potential (AP, Chapter 12), and acid
neutralization potential (NP, Chapter 13).  Mineralogy (Chapter 17), elemental analyses
(Chapter 10) and kinetic testing (Chapter 18) are also important for interpreting ABA results.

The rinse pH is indicative of the present drainage pH of a sample. Material categories for future
drainage pH are potentially acidic rock drainage generating (PAG) and not potentially acidic
rock drainage generating (Non-PAG). For cases where AP and NP are equally exposed and AP
generates acid identical to pyrite and NP neutralizes acid like calcite, samples with an NPR less
than 1.0 are PAG and samples with an NPR greater than 2.0 are non-PAG. A sample with an
NPR between 1.0 and 2.0 is capable of generating acid rock drainage (ARD).

Site specific factors that may alter the relative magnitude of AP and NP include: AP and NP
sources whose generation and neutralization of acid differs from pyrite and calcite, differences in
AP and NP exposure and the location and length of flow paths. Other considerations in setting
NPR criteria for PAG vs. Non-PAG are external sources of AP and NP and safety factors that
account for limitations in the precision and accuracy of sampling, determination of the effective
AP and NP and material handling.
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The minimum AP, sulphide-S or acidic sulphate-S capable of causing ARD is not a generic
number, but depends on the magnitude of the effective NP. A % S cut-off should not be used as
the only means of assessing ARD potential unless the minimum NP value is known.

The onset of ARD may occur in a few years or take hundreds of years. The absence of ARD up
to the present does not on its own prove that ARD will not occur in the future.

Criteria used to guide decisions regarding the potential for future acidic drainage are a key
component of sound environmental and fiscal management. Drainage chemistry prediction
should be conducted even for Non-PAG material because environmental impacts can also occur
due to near-neutral and alkaline pH drainage.

Chapter 15: NAG Tests

Net Acid Generation or NAG tests use hydrogen peroxide (H,O;), a strong oxidizing agent
capable of rapidly oxidizing sulphide minerals, to assess whether a sample is capable of
neutralizing the potential acidity. NAG testing may involve a (1) single addition NAG test for
low sulphide samples, (2) sequential NAG test for higher levels of sulphide, (3) partial ABA
consisting of total sulphur, NP, and paste pH, (4) kinetic NAG test to obtain estimates of mineral
reactivity and (5) acid buffering characteristic curve (ABCC). The sequential NAG test should
be conducted where the breakdown of the hydrogen peroxide due to reactions with sulphide
surfaces, organic matter, sulphide oxidation products or other sources of reactive metals may
incorrectly indicate the neutralizing capacity is large enough to maintain pH neutral to alkaline
drainage.

Chapter 16: Particle Size Separation and Analysis

Particle size distribution of sulphidic geologic materials can play an important role in drainage
chemistry prediction because of its effects on mineral reactivity and the movement of water and
gases. These effects result from the relationships among particle size, pore size, grain exposure
and exposed surface area. For example, a waste rock boulder may contain a much higher
concentration of hard minerals like quartz and K-feldspar, while softer minerals like calcite,
gypsum and phyllosilicates are concentrated in the finer size fractions. Geometric surface area,
based on particle size distributions, can be calculated from equations in textbooks or by free
software.

Chapter 17: Mineralogical Properties

Mineralogical analyses measure properties of individual mineral phases and their contributions
to geologic materials as a whole. Mineralogical information is an essential component of
drainage chemistry prediction because mineralogical properties determine the physical and
geochemical stability and relative weathering rates of geological materials under different
weathering conditions. This is important for the selection, design, check of assumptions and
interpretation of the results of other static and kinetic tests.

The mineralogical methods discussed in this chapter are: visual descriptions, petrographic
analysis, X-ray Diffraction (XRD) preferably by the Rietveld Method, Scanning Electron
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Microscopy coupled with energy dispersive X-ray Spectroscopy (SEM/EDS), Electron
Microprobe, laser ablation and other microbeam analyses, image analysis and calculated
mineralogy from solid phase elemental data. Each method has strengths and weaknesses. As a
minimum, prediction programs generally should include visual descriptions, petrographic
analysis and X-ray Diffraction analyses.

Chapter 18: Humidity Cell Procedures

For sulphidic geologic materials, the decades old, well-flushed humidity cell with alternating dry
and humid air is the recommended kinetic test for predicting primary reaction rates under aerobic
weathering conditions. The resulting data provide primary rates of elemental release, acid
generation and acid neutralization. This information can provide site specific NPR criteria for
interpreting ABA data (Chapter 14) and, when combined with solid phase analyses, also provide
depletion times for NP, sulphide and various elements. However, these cells do not usually
simulate the precipitation and dissolution of secondary weathering products, which often
determine drainage chemistry under field conditions. Cells should continue until rates have
stabilized at relatively constant levels for at least five weeks. When a cell is terminated, the
closedown procedure should be conducted for better interpretations and for post-test validation
of cell results.

Chapter 19: Kinetic Tests that Measure Primary Mineral Weathering and Secondary
Mineral Precipitation and Dissolution

Drainage chemistry depends on both the primary mineral reactions (Chapter 18) and the
precipitation and dissolution of the resulting secondary minerals. This chapter discusses several
kinetic tests that can examine both primary and secondary aspects at the same time and thus
provide more direct predictions of drainage chemistry. These tests are: trickle leach columns
(both subaerial and subaqueous types), field test cells including leach pads and barrels, MEND
wall-washing stations, full-scale monitoring data and previously weathered materials like
outcrops or old rock piles. However, large disparities may exist among these tests and full-scale
project components due to differences in sample preparation, site climatic conditions, sample
size, scale and particle size. Even without these disparities, the equilibrium solubility processes
and reaction product retention that play significant roles in determining drainage chemistry
cannot always be reliably identified, even after decades of monitoring or testing.

Chapter 20: Modeling Drainage Chemistry

Drainage chemistry modeling can assist with the interpretation of test work and monitoring
results and may improve the prediction of drainage chemistry and loadings. However, modeling
cannot substitute for good site specific monitoring and understanding. Modeling predictions
need to be tested before they can be accepted.

Brief overviews of three basic categories of drainage chemistry modeling are presented in this
chapter: empirical modeling, speciation and mineral equilibrium modeling and complex models.
If a minimum of hundreds of water analyses are available for a particular site, then these
analyses can be compiled into a statistical “empirical drainage chemistry model” (EDCM). The
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second category applies pre-selected chemical reactions, equilibrium constants and mineral
solubilities to a particular water analysis to estimate aqueous concentrations of all pertinent
chemical species and determine whether minerals are close to saturation. Complex models
simulate more than just chemistry and can include water and gas-phase movement across an
entire mine site.

Chapter 21: Checklist of Important Information for the Prediction of Drainage Chemistry
This chapter provides a detailed checklist of potentially important information for predicting
drainage chemistry from sulphidic materials. This list is intended to make the technical
specialist aware of general issues and the generalist practitioner aware of detailed information
requirements. Every mine site has unique combinations of environmental, geological and
operational conditions. For any particular site, some properties and processes within this list
may not be relevant. Similarly, there will be instances where there are additional factors to
consider. Minimizing environmental risks and liability includes consideration of near-neutral
and alkaline conditions, as well as acidic drainages and the reduction of water and/or oxygen
entering a project component. At each stage of prediction, one should consider the purpose of
the test work and whether the results will impact site management, liability or the risk to the
environment. In some cases, the provision of contingency mitigation measures coupled with
operational testing during mining will be more effective than additional pre-mining prediction
test work, which could be inconclusive or of limited significance to the overall mine plan. In all
cases, there is never complete understanding, so a critical part of any drainage chemistry
prediction is identifying and dealing with uncertainty.
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PREFACE

La prévision de la chimie des eaux de drainage est un sujet technique qui englobe un grand
nombre de méthodes, de propriétés et de processus. Ce manuel a pour but de fournir les
renseignements vastes et approfondis nécessaires a la réalisation d’un programme de prévision
de la chimie des eaux de drainage et a ’examen des résultats d’un tel programme. Ce document
est donc volumineux et détaillé et contient des répétitions de certaines informations primordiales.

Des gens de nombreux horizons différents consulteront ce manuel. Certains seront des experts en
sciences physiques, chimiques ou biologiques. D’autres seront des ingénieurs, des géologues ou
des pédologues ou encore des non-spécialistes du domaine qui veulent mieux comprendre le
processus de drainage des sites miniers. L’objectif consiste a donner la vue d’ensemble et les
explications techniques approfondies dont les experts et les novices auront besoin.

La fagon de consulter le manuel pour y trouver de I’information sur des aspects particuliers de la
prévision est décrite a la page suivante.

L’information fournie dans le présent document représente les points de vue de 'auteur et ne doit
pas étre considérée comme ayant été approuvée, en tout ou en partie, par les personnes qui ont
examiné le document ou par les partenaires du NEDEM (gouvernement du Canada,
gouvernements provinciaux, Association miniere du Canada et sociétés minicres et organisations
non gouvernementales). L'utilisateur du présent document est entiérement responsable de ses
propres travaux de prévision et d'atténuation de la chimie des eaux de drainage provenant de
matériaux géologiques sulfurés (lixiviation des métaux et drainage rocheux acide) et de toute
mesure prise en fonction de l'information contenue dans le présent document.

Ressources naturelles Canada veut améliorer les pratiques existantes. Les commentaires au sujet
du présent document ou les suggestions pour l'améliorer seront tres appréciés. Ils doivent étre
soumis a l'auteur, a I'adresse suivante : bprice(@rncan.gc.ca, ou au :

Laboratoires des mines et des sciences minérales de CANMET
Ressources naturelles Canada

C.P. 5000

3793 Ave. Alfred

Smithers (Colombie-Britannique)

Canada VO0J 2NO
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CONSULTATION DE CE MANUEL

Comme ce manuel est volumineux, il est assorti de nombreux guides qui en facilitent la
consultation.

o La page (PA-3) renferme un schéma qui montre comment les chapitres sont réunis en des
groupes et des séquences pour la prévision de la chimie deseaux de drainage provenant de
matériaux géologiques sulfurés.

o Suivent plusieurs pages contenant des résumés de certains des principaux points de chacun
des chapitres.

o La table des matiéres, qui commence a la page PA-26, montre que le manuel est divisé en
de grands sujets traités dans des chapitres, des sections et des sous-sections.

o Les pages PA-39 a PA-44 renferment les listes des figures et des tableaux inclus dans le
manuel.

o Chacun des chapitres commence par une zone de texte soulignant les principaux points du
chapitre. Plusieurs zones plus petites sont réparties dans tout le document pour attirer
’attention sur des faits utiles et des renseignements importants.

o Enfin, le chapitre 21 est suivi d’un glossaire contenant la définition de nombreux termes
techniques et acronymes utilisés dans le manuel.
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SCHEMA DES CHAPITRES

Processus recommandé pour prédire la chimie des eaux de drainage
des sites miniers

Examiner les objectifs généraux et les questions (chapitres 2, 3 et 4), une certaine part de la
théorie et de I’information relatives a la technique (chapitre 5) et I’information générale sur le
site et le projet (chapitres 6 et 7).

l

Identifier les unités lithostratigraphiques et les unités de rejets exposées ou touchées par
I’exploitation miniére, le broyage du minerai, la concentration du minerai et la construction des
installations (chapitre 6).

Déterminer la forme et 1’étendue de chacune des unités lithostratigraphiques et des unités de
rejets dans chacun des éléments de la mine, par exemple, les résidus et des haldes de stériles
(chapitre 7).

Déterminer la température, le degré d’aération, I’hydrogéologie et le volume des eaux de
drainage de chacun des éléments de la mine — 1’évaluation est possible a partir des données sur
I’hydrologie et I’hydrogéologie du site et le climat (chapitres 6 et 7).

Prélever des échantillons des unités lithostratigraphiques et des unités de rejets qui sont
représentatives des unités et des éléments de la mine, en suivant les recommandations quant a
leur nombre, leur taille, leur volume, leur description et leur manutention (chapitre 8).

%

Effectuer des essais statiques et en interpréter les résultats (chapitres 9 a 17, 20 et 21) pour
déterminer la composition des échantillons choisis (chapitre 8).

%

Effectuer des essais cinétiques et en interpréter les résultats (chapitres 18 a 21), d’aprés les
résultats des essais statiques (chapitres 9 a 17) effectués sur les échantillons choisis (chapitre 8).

*

Prédire la chimie des eaux de drainage sur une certaine période, pour chacun des éléments de la
mine (chapitre 7), selon les rajustements apportés aux résultats des essais statiques et cinétiques
pour le débit prévu, le volume et le degré d’aération ou de submersion (chapitres 6, 20 et 21).

* A exécuter aprés chacune des étapes :
- réviser la classification des unités lithostratigraphiques et des unités de rejets, au
besoin;
- créer des unités provisoires de gestion et déterminer leurs besoins en maticre de
suivi, d’atténuation et de manutention des matériaux ainsi que les conditions
d’exposition ainsi mises en place.
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RESUME DE QUELQUES POINTS IMPORTANTS DE CHACUN DES CHAPITRES

Chapitre 1 : Introduction

Les eaux de drainage qui traversent des matériaux géologiques sulfurés peuvent contenir des
concentrations ¢levées de métaux et d’autres €¢léments, peu importe le pH, et entrainer de ce fait
de coliteux travaux d’assainissement et de gestion de I’environnement. Pour pouvoir prendre des
mesures d’atténuation efficaces, rentables et proactives, il faut disposer de prévisions précises de
la chimie des eaux de drainage dans ’avenir. L’on doit prédire la chimie des eaux de drainage
qui traversent des matériaux géologiques sulfurés si I’on veut s’assurer que l’extraction des
ressources minérales du Canada est judicieuse du point de vue financier et minimise les impacts
sur les terres et les cours d’eau adjacents.

Des principes directeurs sont fournis quant aux points forts et aux éventuelles contraintes des
différents essais, procédures, analyses et critéres utilisés pour prédire la chimie des eaux de
drainage dans I’avenir. L’auteur de ce manuel recommande de toujours faire des prévisions
propres a un site. Les utilisateurs du manuel doivent tenir compte des conditions locales du site,
par exemple les facteurs d’altération climatique, de I’étape du développement du projet, des
matériaux géologiques, des ¢léments de la mine, des objectifs environnementaux et des besoins
du projet au moment de choisir parmi les procédures du manuel et de retenir une fagon
d’interpréter les résultats. Ce manuel n’a pas été produit dans le but d’entraver les méthodes
utilisées correctement ou de remplacer les personnes possédant la formation et 1’expérience
techniques appropriées.

Chapitre 2 : Les objectifs globaux de la prévision

On prédit la chimie des eaux de drainage afin de déterminer les mesures nécessaires pour
prévenir tout impact environnemental important, soit le type de mesure, I’ampleur de la mesure
et le bon moment et le bon endroit pour la mettre en oeuvre. Pour atteindre cet objectif, on
détermine la chimie actuelle des eaux de drainage; prédit la chimie future des eaux de drainage;
identifie les propriétés et les processus influant sur la chimie des eaux de drainage; prédit le
moment ou la chimie des eaux de drainage et les propriétés et les processus influant sur cette
chimie subiront d’importants changements. Des prévisions doivent étre faites pour tous les
matériaux géologiques sulfurés excavés, exposés ou remaniés de toute autre manicre.

Notre connaissance des propriétés et des processus déterminant la chimie des eaux de drainage
est loin d’étre parfaite. Toutefois, les instruments de prévision disponibles conjugués a une
approche suffisamment vaste, bien orientée, et & une interprétation prudente des résultats
devraient permettre aux exploitants des mines contenant des matériaux géologiques sulfurés
d’atteindre les objectifs établis pour le milieu récepteur et de minimiser la responsabilité
financiere et le risque. La chimie prévue des eaux de drainage sera souvent exprimée sous la
forme d’une gamme de concentrations de contaminants, étant donné la diversité des propriétés de
chacune des unités géologiques et des unités de gestion des rejets et le manque d’exactitude et de
précision des méthodes de prévision. L imprévisibilité¢ de la chimie des eaux de drainage devrait
étre réduite au point de permettre que des plans soient congus et mis en oeuvre afin d’atteindre
les objectifs environnementaux.
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Chapitre 3 : Les principes généraux et les pratiques exemplaires

Pour la prévision de la chimie des eaux de drainage, la pratique exemplaire a suivre consiste a
faire la prévision propre a un site et a adopter une démarche proactive. La chimie des eaux de
drainage doit étre prévue pour tous les matériaux géologiques qui seront excavés, exXposés ou
remaniés de toute autre maniére (les ¢éléments du projet). Le processus de prévision doit tenir
compte de la variabilité spatiale et de la modification temporelle des propriétés et des processus
contribuant a la chimie des eaux de drainage et avoir une approche itérative progressive et
scientifique. Etant donné le grand nombre de facteurs en cause, une bonne planification doit
absolument faire partie du processus de prévision, car son succes en dépend. Le processus de
prévision doit s’échelonner sur toute la vie du projet. A chacune des étapes, 1’objectif consiste a
démontrer que le projet rassemble le savoir, les capacités, les ressources et la volonté nécessaires
pour protéger I’environnement. Plusieurs défis doivent étre relevés dans le cadre du processus de
prévision. Il faut notamment composer avec I’'imprévisibilité et les changements apportés aux
plans de la mine. Il est important d’identifier les matériaux et les méthodes ainsi que les
utilisations prévues avant d’entamer le processus de prévision; d’utiliser de la terminologie
clairement définie; de s’assurer de la rentabilit¢ de chacune des étapes des essais avant de
I’entamer. Le processus de prévision nécessite du personnel qualifié et des ressources adéquates.
Tenir a jour I’information sur la prévision, dans une forme accessible qui facilite son examen
régulier et le suivi de ses changements, est, elle aussi, une activité extrémement importante. Les
praticiens doivent connaitre les erreurs de prévision commises dans le passé, faire preuve de
prudence et se souvenir qu’un savoir suffisant ne peut étre obtenu que par un examen des
renseignements sur les conditions du site, 1’échantillonnage, la préparation des échantillons, les
analyses, le déroulement des essais et I’interprétation des données.

Chapitre 4 : Les principales étapes d’un programme de prévision

La prévision de la chimie des eaux de drainage se compose de trois grandes étapes.
Premi¢érement, les propriétés générales du projet et du site doivent étre examinées.
Deuxiémement, la chimie actuelle des eaux de drainage doit étre déterminée et surveillée, et cette
chimie doit étre prévue pour 1’avenir. Troisiémement, les prévisions faites a 1’étape précédente
doivent étre vérifiées périodiquement et mises a jour au besoin, et toute lacune importante dans
I’information doit étre identifiée et soulignée. La troisiéme étape doit étre répétée durant toute la
vie du projet.

Chapitre 5 : Les paramétres et les processus controlant la chimie des eaux de drainage

De nombreux parameétres et processus propres a un site influent sur la chimie des eaux de
drainage qui traversent des matériaux géologiques sulfurés. Ce chapitre examine les plus
importants du point de vue géochimique.

Chapitre 6 : Les conditions du site

Comme la prévision de la chimie des eaux de drainage nécessite beaucoup d’informations
particulieéres au site, de nombreux aspects importants des conditions du site sont énumérés et
examinés dans ce chapitre. La géographie locale et régionale, le climat, I’hydrologie et
I’hydrogéologie doivent étre définis. Comme la chimie des eaux de drainage sera
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vraisemblablement modifiée par D’exploitation miniere, des études détaillées des enjeux
géologiques doivent étre faites. Il faut notamment étudier les variations spatiales dans les sols,
les morts-terrains et les unités lithostratigraphiques. Les besoins et les attentes de la collectivité
locale, des organismes de réglementation, de la compagnie et des autres intervenants sont, eux
aussi, des aspects importants des conditions particulieres du site.

Chapitre 7 : Le projet et ses éléments

Chacun des projets et chacun des sites doit étre divisé en ses ¢léments, par exemple les mines a
ciel ouvert, les chantiers souterrains, les haldes de stériles, les tas de minerai a basse teneur, les
parcs a résidus et les matériaux d’emprunt. Les prévisions sur le drainage peuvent ensuite étre
faites pour chacun des ¢léments, en tenant compte de la combinaison unique des conditions et de
la configuration du site. Ces prévisions nécessitent de I’information sur une myriade de
combinaisons de propriétés et de processus physiques, géochimiques, biologiques et techniques
propres au site. On énumere et examine dans ce chapitre un grand nombre de ces propriétés et
processus. On examine entre autres leur éventuelle modification au fil du temps. Ainsi, la chimie
des eaux de drainage s’échappant d’une mine a ciel ouvert peut, au départ, refléter 1’altération
des parois de la mine mais, plus tard, elle peut refléter la formation d’un talus avec une
granulométrie a grains fins ce qui représente une vaste zone superficielle réactive. Enfin,
I’abaissement ou la remontée de la nappe phréatique peut modifier grandement le taux
d’oxydation tout en touchant inversement les charges dans les eaux de drainage.

Chapitre 8 : La sélection, I’entreposage et la préparation des échantillons

La sélection, I’entreposage et la préparation des échantillons sont des étapes cruciales dans le
cadre de la prévision de la chimie des eaux de drainage qui traversent des matériaux géologiques
sulfurés. Si un échantillon n’est pas choisi et entreposé correctement, tout le temps et toutes les
ressources financi€res consacrés aux analyses et aux interprétations peuvent s’avérer un pur
gaspillage. Il faut procéder avec beaucoup de soin pour décider, par exemple, du matériau a
¢chantillonner, de la méthode et de la fréquence de 1’échantillonnage, et du volume de
I’échantillon et également si 1’échantillon doit étre concassé ou broyé, de remplacer des
¢chantillons par des échantillons d’autres sources et s’il faut séparer les particules plus grossiéres
et moins réactives des particules plus fines et plus réactives. Chacun des échantillons doit étre
décrit en détail et, de préférence, géoréférencé a un emplacement et a une profondeur au site ou
le projet. Par exemple, les échantillons de déblais de forage sont souvent géoréférencés et placés
dans les modéles géologiques du site. Des caractéristiques comme la couleur peuvent donner une
idée de D’altération, de la lixiviation et de I’oxydation aux fins de 1’échantillonnage, mais la
couleur n’est pas toujours un indice fiable.

Chapitre 9 : Un apercu des essais statiques et cinétiques

Les analyses et les essais effectués pour prédire la chimie des eaux de drainage consistent en un
essai statique exécuté une fois et en des essais cinétiques répétitifs. Il existe de nombreux types
d’essais statiques. Il y a, par exemple, le bilan acide-base et les analyses élémentaires totales, qui
nécessitent relativement peu de temps. Les essais cinétiques, dont les cellules d’humidité en
laboratoire et les remblais de lixiviation érigés sur place, prennent quant a eux des années a
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exécuter et sont plus dispendieux. C’est pourquoi les essais cinétiques sont souvent exécutés
uniquement sur les échantillons identifiés comme importants et représentatifs par suite des essais
statiques. De plus, certains essais cinétiques fournissent la vitesse de réaction primaire alors que
d’autres fournissent directement la prévision de la chimie des eaux de drainage aprés des
processus supplémentaires. Par conséquent, les objectifs de tout essai doivent étre examinés et
énoncés avec soin. Le débit doit toujours €tre mesuré dans un essai cinétique, car cela facilite
I’interprétation des résultats. De nombreux essais statiques et cinétiques fournissent des
renseignements qui sont similaires ou qui se complétent. Tout écart doit donc étre étudié et
corrigé. Les résultats des essais doivent étre compilés avec soin, accompagnés de statistiques
descriptives et représentés sur des diagrammes de dispersion.

Chapitre 10 : L’analyse élémentaire en phase solide au niveau de tout I’échantillon ou
quasi totale

Les analyses examinées dans ce chapitre fournissent la quantité totale ou quasi totale des
¢léments chimiques choisis qui sont présents dans un échantillon en phase solide. L’analyse se
divise en deux grandes étapes. Premic¢rement, la plupart de I’échantillon ou tout 1’échantillon est
digéré dans un flux chimique chaud ou dans un mélange d’acides forts. Deuxiémement,
I’échantillon digéré est analysé. Plusieurs techniques peuvent étre utilisées a cette fin, par
exemple la fluorescence X (XRF) ou le plasma inductif (ICP). Il est important de connaitre les
points forts et les points faibles de chacune des méthodes de digestion et d’analyse parce que la
méthode peut influer sur les prévisions de la chimie des eaux de drainage provenant de matériaux
sulfurés. Par exemple, les analyses qui fournissent la quantité totale pour tout 1’échantillon
peuvent donner des résultats en équivalents d’oxyde, comme le CaO et I’Al,Os. En pareil cas, il
faut soumettre les résultats a des conversions mathématiques pour obtenir les concentrations
réelles des éléments. Ces analyses ne révelent pas sous quelles formes les ¢éléments sont présents
dans I’échantillon — elles ne permettent pas de savoir, par exemple, si les éléments sont présents
dans un seul ou dans plusieurs minéraux — mais il est quelquefois possible de déduire cette
information a partir de quelques hypothéses. En outre, les niveaux de la phase solide, qu’ils
soient élevés ou non, ne sont pas en eux-mémes des indicateurs des concentrations dans les eaux
de drainage ou du risque pour I’environnement. Toutefois, les résultats d’essais décrits dans
d’autres chapitres sont ajoutés aux résultats de cette analyse en phase solide aux fins de la
prévision des eaux de drainage. C’est le cas notamment du temps nécessaire pour que 1’élément
soit entierement lixivié de 1I’échantillon.

Chapitre 11 : L’analyse des composants solubles

Les matériaux géologiques sulfurés sont souvent composés de suites de minéraux dont la
solubilité varie de relativement peu élevée a élevée. Les minéraux les plus solubles peuvent
souvent se dissoudre rapidement et donner immédiatement leur chimie aux eaux de drainage.
Toutefois, la chimie de ’eau locale, le temps de contact (temps de séjour) et le rapport entre
I’eau et les solides peuvent, eux aussi, influer sur la dissolution des composants solubles. Pour
mesurer ces derniers, on recommande de mettre 1’échantillon dans des fioles incubées sous
agitation, avec une répartition par défaut de 3 unités de poids de solides pour 1 unité de poids
d’eau, et d’agiter doucement le mélange durant 24 heures. Ces conditions de I’essai peuvent étre
modifiées au besoin en fonction du site. Il est important de parvenir a un équilibre, notamment a
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I’égard des limites de la solubilit¢ des minéraux, parce que la dissolution nette arréte et les
concentrations aqueuses ne s’¢lévent pas davantage. Par conséquent, lors des essais sur les
composants solubles, il est important de pouvoir identifier le moment ou 1’équilibre est atteint.
Pour vérifier si les limites de 1’équilibre ont ¢€té atteintes, on peut lixivier un échantillon une
deuxieme fois avec de la nouvelle eau ou selon des rapports entre 1’eau et les solides différents.
Pour voir si le temps de s€jour a eu un effet sur les résultats, on peut lixivier le résidu solide plus
longtemps ou pour une deuxiéme fois qui sera plus longue que la premiere. La mesure du pH
superficiel (du pH apres ringage), du pH de la matiére concassée et du pH de la pate (maticre
pulvérisée) donne, elle aussi, une idée des composants solubles des échantillons.

Chapitre 12 : Les espéces sulfurées et le potentiel de production d’acidité (PA)

Les diverses espéces sulfurées sont la principale source d’acide délétere, d’acidité et d’espeéces
¢lémentaires dans les eaux de drainage des matériaux géologiques sulfurés. Leurs effets sur la
chimie des eaux de drainage dépendent de facteurs comme 1’abondance, 1’état de 1’oxydation, les
impuretés, les propriétés physiques et les conditions environnementales du milieu local. Les
principaux minéraux et espéces sulfurés sont les sulfures, les sulfosels, les sulfates, le soufre
organique et les especes présentant des états d’oxydation intermédiaires. Le sulfure est surtout
combiné a du fer dans des minéraux comme la pyrite, la pyrrhotite, la marcassite et les
monosulfures. Quant aux minéraux sulfatés, ils peuvent étre groupés en basiques trés solubles;
acides tres solubles; basiques modérément solubles; acides peu solubles; extrémement solubles.

L’analyse du soufre a pour objectif d’identifier et de mesurer la concentration et la composition
des diverses espéces sulfurées avec suffisamment d’exactitude et de précision. Cela est important
pour le calcul du potentiel de production d’acidité (PA) et la prévision de la libération d’especes
¢lémentaires sous 1’effet d’une altération. Plusieurs méthodes permettant de mesurer les especes
sulfurées examinées dans ce chapitre. Par exemple, Leco est un fabricant de fours a induction a
haute température dont le nom évoque automatiquement la méthode la plus utilisée pour
déterminer le carbone total et le soufre total. Toutes les méthodes ont des points forts et des
points faibles. Il faut les connaitre pour pouvoir faire de bonnes prévisions a partir des données
de I’analyse.

Chapitre 13 : Le potentiel de neutralisation (PN)

L’expression « potentiel de neutralisation » (ou PN) est actuellement utilisée pour une vaste
gamme de mesures en laboratoire et de prévisions du PN sur le terrain. Dans le cas des matériaux
géologiques sulfurés, le principal probleme réside dans la neutralisation du potentiel de
production d’acidité (chapitre 12). Le pH des eaux de drainage est acide lorsque les minéraux
neutralisants sont épuisés ou lorsque le taux de neutralisation est inadéquat.

Plusieurs propriétés et processus sont importants pour I’évaluation du « PN réel » sur le terrain a
partir des analyses du PN en laboratoire, notamment 1) la nature, la concentration et les
mécanismes d’altération des minéraux, 2) leur contribution au PN mesuré et 3) leurs taux
cumulatifs de production d’alcalinité par rapport au taux de production d’acidité dans les
conditions propres au site, pour chacun des éléments du projet. Certains minéraux carbonatés
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neutralisent rapidement et, de ce fait, contribuent plus au PN réel que les carbonates de fer
ferreux et de manganese.

Pour mesurer le PN, on peut utiliser diverses méthodes, notamment la méthode de Carbonate, la
méthode de Sobek (U.S. EPA 600), plusieurs méthodes modifiées, la méthode de BC Research et
la méthode de Lapakko. Chacune des méthodes a des points forts et des points faibles uniques.
Par conséquent, aucune des méthodes n’est la meilleure pour évaluer le PN réel. Cependant, la
comparaison de la méthode de Carbonate avec I’une des autres méthodes pour le PN apparent
aide a évaluer le pourcentage du carbonate réactif qui contribue au PN apparent.

Chapitre 14 : Le bilan acide-base et les criteéres utilisés pour prédire la possibilité du
drainage acide

Le drainage acide survient lorsque le taux de production d’acidit¢ dépasse le taux de
neutralisation de I’acidité. Le bilan acide-base est une série d’analyses et de calculs utilisés pour
¢valuer la possibilité que ’altération des minéraux soit une source de drainage acide. Le bilan
acide-base inclut le pH apres rincage et le pH de la pate (chapitre 11), les espéces sulfurées et le
PA (chapitre 12) et le PN (chapitre 13). Le chapitre sur la minéralogie (chapitre 17), les analyses
¢lémentaires (chapitre 10) et les essais cinétiques (chapitre 18) sont, eux aussi, importants pour
interpréter les résultats du bilan acide-base.

Le pH aprés ringage donne une idée du pH actuel d’un échantillon des eaux de drainage. Les
matériaux qui entrent en jeu quant au pH futur des eaux de drainage sont les générateurs de
drainage rocheux acide (GDA) et les non générateurs de drainage rocheux acide (Non-GDA).
Lorsque I’exposition au PA et au PN est égale et que le PA génére de 1’acide identique a la pyrite
et que le PN neutralise 1’acide comme la calcite, les échantillons avec un rapport PN/PA de
moins de 1,0 sont des GDA et les échantillons avec un PN/PA supérieur a 2,0 sont des Non-
GDA. Un échantillon dont le rapport PN/PA se situe entre 1,0 et 2,0 peut générer du DRA.

Les facteurs propres au site qui peuvent modifier I’importance relative du PA et du PN
comprennent les sources du PA et du PN dont la production d’acidité et la neutralisation de
I’acidité différent de celles de la pyrite et de la calcite, les différences dans 1I’exposition au PA et
au PN et I’emplacement et la longueur du trajet d’écoulement des eaux. D’autres points doivent
étre pris en compte dans I’établissement des critéres pour le rapport PN/PA a I’égard des GDA et
les Non-GDA, soit les sources externes du PA et du PN et les facteurs de sécurité qui
restreignent la précision et I’exactitude de 1’échantillonnage, la détermination du PA et du PN
réels et la manutention des matériaux.

Le seuil minimal pour que le PA, le soufre sous la forme de sulfure ou le soufre sous la forme de
sulfate acide puisse causer du DRA n’est pas un chiffre générique. Il dépend plutdt de
I’importance du PN réel. Un seuil pour le soufre exprimé en % ne doit pas étre utilis¢ comme
seul moyen d’évaluer le potentiel de DRA a moins que la valeur minimale du PN soit connue.

Le DRA peut prendre quelques années ou des centaines d’années a se manifester. L’absence de
DRA jusqu’a maintenant ne veut pas dire qu’il n’y aura pas de DRA dans ’avenir.
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Les criteres utilisés pour orienter les décisions au sujet de la possibilité d’un drainage acide dans
I’avenir forment 1’'une des composantes clés d’une bonne gestion budgétaire et
environnementale. Il faut procéder a la prévision de la chimie des eaux de drainage méme
lorsque les matériaux sont des Non-GDA parce que I’environnement peut étre touché par des
eaux de drainage au pH quasi neutre ou alcalin.

Chapitre 15 : Les tests de production d'acidité nette (tests PAN)

Les tests PAN utilisent du peroxyde d’hydrogéne (H,O,), un puissant oxydant capable d’oxyder
rapidement des minéraux sulfurés, pour évaluer si 1’échantillon est capable de neutraliser
I’acidité. Les tests PAN peuvent consister en 1) un seul test PAN dans le cas de minéraux peu
sulfurés, en 2) un test PAN séquentiel si les minéraux sont plus sulfurés, en 3) un bilan acide-
base partiel pour le soufre total, le PN et le pH de la pate, en 4) un test cinétique PAN qui
permettra d’évaluer la réactivité des minéraux et en 5) une courbe des caractéristiques de la
neutralisation (acid buffering characteristic curve). Le test PAN séquentiel doit étre effectué
lorsque la décomposition du peroxyde d’hydrogeéne causée par les réactions avec les surfaces
sulfurées, la maticre organique, les produits de 1’oxydation des sulfures ou d’autres sources de
métaux réactifs peut indiquer a tort que la capacité de neutralisation est assez élevée pour
maintenir le pH des eaux de drainage de neutre a alcalin.

Chapitre 16 : La répartition granulométrique et ’analyse

La granulométrie des matériaux géologiques sulfurés peut jouer un réle important dans la
prévision de la chimie des eaux de drainage étant donné ses effets sur la réactivité des minéraux
et le mouvement de ’eau et des gaz. Ces effets découlent du rapport entre la granulométrie, la
dimension des pores, 1’exposition du grain et la surface active exposée. Par exemple, un bloc de
stériles peut contenir une concentration beaucoup plus élevée de minéraux durs comme le quartz
et le feldspath potassique, alors que les minéraux mous comme la calcite, le gypse et les
phyllosilicates sont concentrés dans les fractions les plus fines. La surface géométrique active,
qui repose sur la distribution granulométrique, peut étre calculée a partir des équations incluses
dans les manuels ou au moyen de logiciels libres.

Chapitre 17 : Les propriétés minéralogiques

Les analyses minéralogiques permettent de mesurer les propriétés des diverses phases minérales
et leur contribution aux matériaux géologiques dans leur ensemble. L’ information minéralogique
est une composante essentielle de la prévision de la chimie des eaux de drainage parce que les
propriétés minéralogiques dictent la stabilité physique et géochimique et les taux relatifs
d’altération des matériaux géologiques selon les différentes conditions d’altération. Cela est
important pour la sélection et la conception des autres essais statiques et cinétiques, la
vérification des hypotheses de ces essais et I’interprétation des résultats de ces essais.

Les méthodes minéralogiques examinées dans ce chapitre sont les suivantes : les descriptions
visuelles, 1’analyse pétrographique, la diffraction des rayons X (de préférence avec la méthode
de Rietveld), la microscopie électronique a balayage jumelée a la spectrométrie de rayons X a
dispersion d’énergie, la microsonde électronique, ’ablation par laser et d’autres analyses au
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moyen de microfaisceaux, I’analyse d’image et la minéralogie calculée a partir des données pour
chacun des ¢léments en phase solide. Chacune des méthodes a ses points forts et ses points
faibles. En général, les programmes de prévision doivent comprendre au moins des descriptions
visuelles, une analyse pétrographique et des analyses par diffraction des rayons X.

Chapitre 18 : Les cellules d’humidité

Pour les matériaux géologiques sulfurés, la cellule d’humidité bien rincée et soumise a une
alternance d’air sec et humide est 1’essai cinétique recommandé¢ pour la prévision de la vitesse de
réaction des minéraux primaires dans des conditions d’altération aérobie. Les données recueillies
grace a cet essai fournissent les vitesses de libération des ¢léments des minéraux primaires, la
production d’acidité et la neutralisation de 1’acidité. Cette information peut fournir des critéres
pour le rapport PN/PA du site qui sont utiles pour interpréter les données sur le bilan acide-base
(chapitre 14) et, lorsqu’elle est amalgamée aux analyses en phase solide, elle peut également
indiquer les temps d’épuisement pour le PN, le sulfure et les divers éléments. Cependant, en
général, ces cellules ne simulent pas la précipitation et la dissolution des produits secondaires de
I’altération, qui, souvent, déterminent la chimie des eaux de drainage dans les conditions
naturelles. Les cellules doivent étre maintenues jusqu’a ce que les vitesses se stabilisent a des
niveaux relativement constants durant au moins cinq semaines. Une fois que la cellule est
épuisée, la procédure prévue pour sa fermeture doit étre appliquée, car cette procédure permet de
meilleures interprétations et favorise la validation des résultats une fois les essais terminés.

Chapitre 19 : Les essais cinétiques qui permettent de mesurer ’altération des minéraux

primaires et la précipitation et la dissolution des minéraux secondaires
La chimie des eaux de drainage dépend des réactions des minéraux primaires (chapitre 18) et de
la précipitation et de la dissolution des minéraux secondaires libérés. Ce chapitre examine
plusieurs essais cinétiques qui peuvent porter a la fois sur les minéraux primaires et secondaires
et ainsi fournir des prévisions plus directes de la chimie des eaux de drainage. Ces essais sont les
suivants : colonnes de lixiviation par perfusion (subaériennes et subaquatiques), cellules d’essai
sur le terrain (par exemple, remblais de lixiviation et barils de lixiviation), postes de lavage de
paroi mis au point par le NEDEM, données de suivi a pleine échelle et matériaux déja altérés
(par exemple, des affleurements ou de vieux amas de roche). Toutefois, de grands écarts peuvent
exister entre ces essais et les éléments du projet a pleine échelle, en raison des différences dans la
préparation des échantillons, les conditions climatiques des sites, la taille des échantillons,
I’échelle du projet et la granulométrie. Méme si ces écarts n’existaient pas, les processus liés a la
solubilité d’équilibre et la conservation des produits de la réaction qui jouent un grand role dans
la détermination de la chimie des eaux de drainage ne peuvent pas toujours étre identifiés avec
certitude, méme apres des décennies de suivi ou d’essais.

Chapitre 20 : La modélisation de la chimie des eaux de drainage

La mod¢lisation de la chimie des eaux de drainage peut s’avérer utile pour interpréter les
résultats des essais et du suivi et peut améliorer la prévision de la chimie des eaux de drainage et
des charges. Toutefois, la modélisation ne saurait remplacer un bon programme de suivi et une
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bonne connaissance du site. Les prévisions basées sur une modélisation doivent étre mises a
I’épreuve avant qu’elles puissent €tre acceptées.

De brefs apergus des trois catégories de base de la modélisation de la chimie des eaux de
drainage sont présentés dans ce chapitre, soit la modélisation empirique, la modélisation de la
spéciation et de 1’équilibre minéralogique et les modeles complexes. Si des centaines d’analyses
de I’eau sont disponibles pour un site donné, ces analyses peuvent étre compilées dans un modele
empirique de la chimie des eaux de drainage. La deuxiéme catégorie applique des réactions
chimiques présélectionnées, les constantes d’équilibre et la solubilité¢ des minéraux a une analyse
de I’eau particuliere afin d’évaluer les concentrations aqueuses de toutes les especes minérales
pertinentes et de déterminer si les minéraux s’approchent de la saturation. Les modéles
complexes ne simulent pas que la chimie. Ils peuvent inclure le mouvement entre la phase
aqueuse et la phase gazeuse a 1’échelle d’un site minier.

Chapitre 21 : La liste des informations importantes pour la prévision de la chimie des eaux
de drainage
Ce chapitre fournit une liste détaillée des informations importantes pour la prévision des la
chimie des eaux de drainage des matériaux sulfurés. Cette liste se veut un moyen de faire
connaitre les enjeux d’ordre général au technicien spécialisé, et les besoins en informations
détaillées au généraliste. Chaque site minier présente un amalgame unique de conditions
environnementales, géologiques et opérationnelles. Peu importe le site, des propriétés et des
processus inscrits dans cette liste ne s’appliqueront pas. Par contre, dans certains cas, il faudra
ajouter des facteurs a la liste. Pour minimiser les risques pour 1I’environnement et la
responsabilité financicre, il faut entre autres tenir compte des conditions de quasi neutralité et
d’alcalinité ainsi que du drainage acide et de la réduction de I’eau ou de I’oxygeéne pénétrant dans
1’élément du projet. A chaque étape de la prévision, il faut examiner le but de 1’essai et
déterminer si les résultats auront un impact sur la gestion du site, la responsabilité financicre ou
le risque pour I’environnement. Dans certains cas, la mise en oeuvre de mesures d’atténuation
des contingences parall¢lement a des essais opérationnels durant I’exploitation de la mine seront
plus efficaces que la réalisation d’essais provisoires avant 1’exploitation de la mine, car ces
derniers peuvent s’avérer non concluants ou encore peu pertinents étant donné le plan de la mine.
Dans tous les cas, le savoir n’est jamais complet. Donc, toute prévision de la chimie des eaux de
drainage doit comporter I’identification et la prise en charge de I’imprévisibilité.
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1.0

INTRODUCTION

Some Important Points in this Chapter

Drainage waters from sulphidic geologic materials can contain elevated concentrations of
metals and other elements at any pH. This may lead to costly environmental management
and remediation. Successful, cost-effective, proactive mitigation measures depend on an
accurate prediction of future drainage chemistry. The prediction of drainage chemistry from
sulphidic geologic materials is therefore important in ensuring that the extraction of
Canada’s mineral resources occurs in a sound fiscal manner and minimizes impacts to
adjacent land and watercourses.

Guidance is provided on the strengths and potential limitations of different procedures,
analyses, tests and criteria used to predict future drainage chemistry. This Manual
recommends site specific prediction of drainage chemistry. Users of the Manual should
consider local site conditions, such as the weathering environment, the stage of project
development, geologic materials, mine components, environmental goals and project needs
when deciding which of the procedures in this Manual to use and how to interpret the results.
The document is not intended to limit the properly supported approaches or substitute for
individuals with the appropriate technical training and experience.

1.1 Rationale

Productive use of Canada’s mineral resources

Productive use of Canada’s mineral
resources can only be sustained through
environmentally sound, economically
viable mining practices.

can only be sustained through environmentally
sound and economically viable mining
practices. Environmental issues are therefore
very important to the mining sector and the
regions of Canada in which mines operate. The
most costly and technically challenging
environmental issue facing the mining industry

is the prevention of environmental impacts to land and water from the drainage from sulphidic

geologic materials'.

Drainage from sulphidic geologic materials is a major concern for the mining industry because:

o most base metal (e.g. Cu, Mo, Ni, Pb and Zn) and precious metal (Ag and Au) mines, and
many coal, uranium and diamond mines excavate large amounts of sulphidic rock; and
o environmental impacts, and prevention or mitigation costs, associated with mining

sulphidic rock can be large.

! Sulphidic geologic materials are defined as geologic materials containing sulphide minerals, their
weathering products and other reduced sulphur species. Drainage chemistry depends on the reactivity of the
geologic materials as a whole not just the sulphidic materials.
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Throughout the world, drainage from past mining of sulphidic geologic materials has caused
extensive impacts to aquatic and terrestrial resources and multimillion dollar post-mining
cleanup costs for industry and government. In 1995, the liability associated with the drainage
from Canadian tailings and waste rock was estimated to be between $2 billion and $5 billion
(Geocon and SNC Lavalin Environment, 1995).

A past approach in dealing with drainage chemistry when mining sulphidic geologic materials
was a reactive, results-based approach in which remedial actions were only taken after problems
occurred. The outcomes of this failure based approach were extensive environmental impacts to
aquatic and terrestrial resources and multimillion dollar post-mining cleanup and remediation
costs throughout the world. In some instances, the mining companies disappeared or went
bankrupt leaving the public to deal with the environmental impacts and pay the prohibitive
remediation costs. Recognizing that a results-based approach is prohibitively expensive and
environmentally unacceptable, governments and industry now require proactive measures to
prevent impacts from the drainage from sulphidic geologic materials.

Successful, cost-effective, proactive design and operation of mitigation measures for sulphidic
geologic materials depend on an accurate prediction of future drainage chemistry and
contaminant loadings”. Prediction is critical in the selection, design and estimated long and short
term costs for mitigation facilities. The prediction of drainage chemistry from sulphidic geologic
materials is therefore a major part of sound fiscal management and important in ensuring that the
extraction of Canada’s mineral resources occurs in a manner that minimizes impacts to adjacent
land and watercourses.

1.2 The Source of Poor Quality Drainage Chemistry from Sulphidic Rock

Problematic drainage chemistry from sulphidic geologic materials results primarily from
exposure of sulphidic geologic materials to oxygen and
water. Exposure to oxygen and water results in oxidation
and other weathering processes, changing relatively
insoluble chemical species in sulphide minerals into more
easily dissolved free ionic species or secondary minerals,
such as sulphates, carbonates and hydroxides. Water can
dissolve and transport these more soluble chemical species (e.g. Cu and Zn) in quantities that
may exceed water quality objectives.

Problematic drainage chemistry
from sulphidic geologic materials
results primarily from their
exposure to oxygen and water.

In addition to increasing the solubility of potentially harmful elements, the oxidation of some
sulphide minerals produces acid. If this acid is not neutralized, it can lower the drainage pH,
which can increase the:

. rate of sulphide oxidation;
o solubility of many products of sulphide oxidation; and
o rate of weathering of other minerals.

? Loading is the concentration multiplied by flow, providing a mass per unit of time flowing from a mine or
mine component.
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Although acidic drainage resulting from sulphide oxidation has received much attention, it is not
just acidic drainage that is an environmental concern. Concentrations of metals (e.g. Zn),
metalloids (e.g. As) and non-metals (e.g. Se) from sulphidic rock may also give rise to harmful
levels in drainage with a near-neutral and alkaline pH from sulphidic geologic materials.

Non-sulphide minerals, such as the products of hydrothermal alteration, may contribute to the
harmful concentrations found in the drainage from exposed sulphidic rock. For example,
sulphate and manganese may leach from hydrothermally produced gypsum and siderite,
respectively.

The term “potential” is used when referring to future drainage chemistry. This is because there
is some uncertainty or because mitigation measures can be taken that can change the outcome if
unacceptable environmental impacts are predicted.

1.3 Objectives of this Manual

The objective of this Manual is to provide guidance on how to characterize existing drainage
chemistry and to predict future drainage
chemistry with sufficient accuracy to prevent
significant environmental impacts. Like a
toolbox, the Manual discusses procedures to
follow and factors to consider in planning
programs, collecting samples, selecting test
materials, conducting static and kinetic tests, presenting data and interpreting the results. The
procedures and factors are derived from the best practices and experiences of practitioners in
mine site drainage chemistry prediction. The Manual discusses the information required to
address different prediction needs and key properties and processes of sulphidic geologic
materials and mine components. Guidance is also provided on the strengths and potential
limitations of different procedures, analyses, tests and criteria used to predict future drainage
chemistry.

The objective of this Manual is to be a
toolbox of procedures and factors to
consider in program planning, sampling,
test work design and data interpretation.

Prediction of the drainage chemistry from sulphidic geologic materials is a complicated multi-
disciplinary subject, involving a large number of methods, properties and processes. The length
and level of detail in this document reflects the comprehensive, in-depth level of understanding
needed to design a prediction program, conduct test work and interpret or review the results. A
table of contents, flowcharts and lists of tables and figures are provided to assist users in finding
information on selected aspects of prediction.

This Manual recommends site specific prediction of drainage chemistry rather than prescriptive,
sometimes inappropriate, universal
rules. Users of the Manual should
consider local site conditions, such
as the weathering environment, the
stage of project development,
geologic materials, mine components, environmental goals and project needs, when deciding
which of the procedures and tests in this Manual to use and how to interpret the results.

Users of this Manual should consider site specific
conditions when deciding which procedures and
tests to use and how to interpret the results.
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All stages of project life from planning to post-closure are discussed here. The Manual was
written to assist both the technical specialist designing a prediction program or conducting
prediction work and the general practitioner setting terms of reference or reviewing prediction
results. The Manual is also intended to serve as a reference document for members of the public,
educators and students studying or reviewing drainage chemistry prediction work.

By noting inherent assumptions, limitations and common errors and omissions associated with
different prediction procedures, this document will reduce the repetition of past mistakes. It also
discusses what is and is not known, where improvements are required and allows for
constructive criticism of the advocated practices. Better prediction through adherence to the
guidance and methods in this Manual can lead to more accurate prediction and better waste
handling strategies.

This document is only a guide and is not intended to limit properly supported options and
approaches or substitute for individuals

This Manual is not intended to serve as a with a comprehensive knowledge of the
substitute for individuals with a comprehensive site and the appropriate technical training
knowledge of the site and the appropriate and experience. Nor is it intended to
technical training and experience. replace site specific regulatory

requirements.  Practitioners should also
consider regulatory, community and corporate requirements. They should discuss the details of
their prediction programs with the project planners, regulatory agencies and other interested
parties, such as local governments and residents, to ensure that all the necessary information is
collected and is available when needed for decision making. It is important to note that much of
the information presented here was derived from experience gained in Canada, although many of
the concepts are universal. In a similar vein, although the focus of this Manual is the prediction
of the drainage chemistry from sulphidic materials, many of the methods will be applicable to the
prediction of drainage chemistry from other geologic materials, such as limestone and potash
tailings.

14 Layout of this Manual

This Prediction Manual is divided into topics, like an encyclopedia or compendium of
information, grouped by general topics into
many chapters. The Table of Contents, lists
of tables and figures, summary of chapters
and flowchart at the beginning of this
document highlight its layout and allow navigation through the chapters.

This Manual is divided into topics, like an
encyclopedia or compendium of information,
grouped by general topics into many chapters.

1.5 Guideline Development

This Manual was developed from the British Columbia Ministry of Energy, Mines and
Petroleum Resources’ report Draft Manual of Guidelines and Recommended Methods for the
Prediction of Metal Leaching and Acid Rock Drainage at Minesites in British Columbia (Price,
1997) and the overall Guidelines for Metal Leaching and Acid Rock Drainage at Minesites in
British Columbia (Price and Errington, 1998). Like its precursors, the Manual is derived from
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the best practices of the mining industry, government, academia and community groups in
conducting mine site drainage chemistry prediction. In addition to lessons learnt from the use of
previous guidance documents, this document has benefited greatly from information provided by
a large number of contributors, reviewers and other documents.

The Manual is by nature a working document as much remains to be discovered about mine site
weathering and drainage chemistry. Future improvements in prediction methods as a result of
the worldwide research, site monitoring, improvements in theoretical understanding and
additional experiences of practitioners will undoubtedly require periodic reviews and changes to
this Manual.

1.6 References

Geocon — SNC Lavalin Environment. 1995. Economic Evaluation of Acid Mine Drainage
Technologies. MEND 5.8.1. Economic Evaluation of Acid Mine Drainage Technologies.

Price, W.A. 1997. Draft Guidelines and Recommended Methods for the Prediction of Metal
Leaching and Acid Rock Drainage at Minesites in British Columbia, Energy and Mines Division,
British Columbia Ministry of Employment and Investment®.

Price, W.A. and J. Errington. 1998. Guidelines for Metal Leaching and Acid Rock Drainage at
Minesites in British Columbia, Energy and Minerals Division, British Columbia Ministry of
Employment and Investment.

* The current British Columbia (BC) Ministry of Energy, Mines and Petroleum Resources has gone under
several names, including the BC Ministry of Employment and Investment and the BC Ministry of Energy and
Mines
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2.0 OVERALL OBJECTIVES OF PREDICTION

Some Important Points in this Chapter

The objective in predicting drainage chemistry is to determine the type, magnitude, location
and timing of measures required to prevent significant environmental impacts. These
objectives are achieved by: measuring the present drainage chemistry; predicting the

potential future drainage chemistry; determining the influential properties and processes;
and predicting the timing of significant changes in the drainage chemistry and influential
properties and processes. Predictions should be made for all excavated, exposed and
otherwise disturbed sulphidic geologic materials.

Our understanding of the properties and processes determining drainage chemistry is far
from complete. However, the available prediction tools combined with a comprehensive,
well-informed approach and cautious interpretation of the results should allow mines with
sulphidic geologic materials to meet receiving environment objectives and minimize the
liability and risk. The predicted drainage chemistry will often be a range in contaminant
concentrations because of the range of properties within each geologic and waste
management unit and the limited accuracy and precision of the prediction methods.
Uncertainty regarding drainage chemistry should be reduced to the level at which plans that
will meet the environmental objectives can be designed and implemented.

The overall objectives for measuring and predicting drainage chemistry are to determine the
type, magnitude, location and timing of potential significant environmental impacts* and the
measures required to prevent them. These objectives are achieved by:

measuring the present drainage chemistry;

predicting the potential® future drainage chemistry;

determining the influential properties and processes; and

predicting the timing of significant changes in the drainage chemistry and influential
properties and processes.

Ideally, predictions of the above should be made for all excavated, exposed and otherwise
disturbed sulphidic geologic materials at every stage of a project.

4 Drainage from sulphidic geologic materials is considered to have a significant impact if it exceeds discharge
limits or negatively impacts a valued resource or environmental component downstream of, down wind of, or
using the site.

* The term potential is used because predictions may be incorrect or measures could be taken to prevent its
occurrence if unacceptable drainage chemistry is predicted.

§ Materials impacted indirectly by changes, such as lowering the water table and altering flow paths, that
could result in changes to weathering and leaching. A simple example is when a road blocks overland and
near surface flow causing seasonal flooding of materials on the upstream side.
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Prediction information will be used to ensure the mine plan, mitigation and additional prediction
actions enable the project to meet the environmental objectives. The environmental objectives or
goal posts include objectives for the discharge, receiving environment and reclaimed areas of the
project.

Prediction information is used to determine the requirements for the following potential mining,
mitigation and additional prediction actions:

. mining and ore processing;
O excavation,
O processing,
0 waste handling and
0 waste disposal.
. mitigation;
O initial mitigation measures,
O adaptive management,
O contingency plans and
0 provision of financial resources.
. additional prediction;
O monitoring,
O operational material characterization and
0 supplemental prediction studies.

The environmental objectives, potential mining and mitigation options and additional prediction
actions must be kept in mind when designing each phase of a prediction program and
interpreting the results.

The predicted drainage chemistry will often be a range in contaminant concentrations because of
the range of properties within each
geologic and waste management
unit and the limited accuracy and
precision of the prediction
methods.  The objective is to
reduce the uncertainty regarding
drainage chemistry to a level at which plans that will meet the environmental objectives can be
designed and implemented. Decisions regarding mitigation often require a prediction of both the
probable variation and the worst case drainage chemistry.

The predicted drainage chemistry will often be a
range in contaminant concentrations because of the
range of properties within each geologic and waste

management unit and the limited accuracy and
precision of the prediction methods.

Some prediction questions regarding mining and mitigation that generally need to be answered
are as follows:

o How large a reduction in contaminant concentrations and loadings is required to meet
discharge limits and receiving environment objectives?

o What changes in environmental conditions are required to prevent or sufficiently reduce the
rate of deleterious weathering?

o When must mitigation occur and what are the consequences of delayed mitigation?
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. What combinations of waste type/exposure type/geologic material will produce similar
drainage chemistry and require similar mitigation and should, if possible, be placed in the
same management unit (Figure 2.1)?

. What is the mass, volume and the required storage locations and space for each geologic
unit, management unit and disposal strategy?

o What waste materials can be safely used for what types of construction?

o What effect will differences in the scheduled excavation of different geologic units have on
the required timing of the construction of disposal facilities and implementation of
mitigation measures?

The required reduction in weathering rates and contaminant concentrations will depend on the
chemistry and loadings and the

The required reduction in weathering rates and discharge limits and objectives for the

contaminant concentrations will depend on the receiving environment and the site.
chemistry and loadings and the discharge limits and | For example, if lime treatment is an
objectives for the receiving environment and the site. | option, the required capacity for lime
addition and slaking will depend on
the maximum acidity and flow rate of the drainage that will have to be treated and the treatment
pH required to adequately reduce the concentration of the contaminants of concern. Decisions
regarding mitigation often require a prediction of both the probable and the worst case drainage
chemistry.

An important part of most mitigation strategies is the use of the prediction data in identifying
geologic units and creating waste management units from geologic materials with similar
geochemical properties (Figure 2.1). Also, geologic units containing material whose predicted
drainage chemistry is significantly different and could be managed differently (e.g. different
handling procedures and mitigation measures) may be sub-divided into different management
units. Conversely, it may be possible to reduce the number of management units by combining
geologic materials whose predicted drainage chemistry is not significantly different and can be
managed similarly (e.g. similar handling and mitigation).

The mitigation methods selected to reduce solute concentrations will depend in part on which
minerals and weathering reactions are present or predicted. For example, flooding may not be a
viable option without some form of treatment, if previous exposure of the material to oxidizing
conditions has produced high concentrations of potentially soluble secondary minerals.

The answer to the question of when mitigation should occur (e.g. when should flooding reach the
waste surface) will depend on the rate of weathering prior to mitigation, the impact of mitigation
on the discharge of previous weathering products and the timing of key changes in weathering
and drainage geochemistry. The required disposal space will depend on the mass or volume of
each management unit and mine component. For example, if underwater disposal is the
proposed mitigation measure for preventing acidic drainage, how large a volume of tailings and
waste rock is predicted to be potentially net acid generating?
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The exact nature of the prediction questions listed above, the materials and methods required in
answering them, and when the information will be needed will depend on various factors
including:

e  composition of the excavated, exposed and otherwise disturbed sulphidic geologic
materials;

environmental conditions of the general site and each mine component;

the type and stage of the project;

mitigation options; and

timing of project management actions and regulatory decisions (see Chapter 3).

Mitigation needs will become more clearly defined as prediction testing proceeds. Conversely,
changes in material management and mitigation options will affect what prediction questions
need to be answered, what data is required, the significance of predicted differences in drainage
chemistry, and may necessitate changes or additions to prediction test work. Although our
understanding of drainage chemistry is far from complete, the available prediction methods,
combined with a cautious interpretation of the results, should allow mines to meet receiving
environment objectives and minimize liability and risk.
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3.0 GENERAL PRINCIPLES AND BEST PRACTICES

Some Important Points in this Chapter

The “best practice” for drainage chemistry prediction is to take a site specific and
proactive approach. Drainage chemistry should be predicted for all geologic materials in
the forms that will be excavated, exposed or otherwise disturbed (the resulting project
components). Prediction should consider the spatial variability and temporal changes in
the contributing properties and processes and use an iterative, phased and scientific
approach. Due to the large number of factors involved, proper planning is an essential
component of successful prediction. Prediction should occur throughout the life of the
project. The objective at each stage is to demonstrate that the project has the necessary
understanding, capability, resources and intent to protect the environment. Challenges in
prediction include dealing with uncertainty and changes in mine plans. It is important to
identify the materials and methods and intended uses for prediction work, use clearly
defined terminology and consider the cost-effectiveness prior to initiating each phase of test
work. Prediction requires qualified personnel and adequate resources. Maintaining
prediction information in an accessible form that facilitates regular review and tracking of
changes is also extremely important. Practitioners should be aware of past errors in
prediction, act safely and recognize that a proper understanding can only be achieved by
reviewing the details regarding site conditions, sampling, sample preparation, analyses, test
procedures and the interpretation of data.

This Section outlines the general principles and best practices for successful and cost-effective
prediction of drainage chemistry.

3.1 Take a Site Specific Approach

Each site or project has different components and a unique combination of geologic and
environmental conditions (Figure 3.1). Asa
result, a rigid set of rules for drainage
chemistry prediction would be unnecessarily
restrictive at many sites, and insufficient to
handle all the anomalous conditions that
could result in significant environmental impacts. Therefore, the “best practice” for drainage
chemistry prediction is to take a site specific approach in the selection of analyses and test work
and the interpretation of the results.

The “best practice” for drainage chemistry
prediction is to take a site specific approach in
the selection of analyses and test work and the

interpretation of the results.

Often, there is more than one environmentally acceptable way to achieve environmental
protection goals. In these cases, site or project specific factors may justify deviation from the
procedures recommended in this Manual. The project components and geologic and
environmental conditions, coupled with the strengths and limitations of the tests, will determine
the best combination of analyses and tests to use in predicting drainage chemistry. Generally,
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recommended procedures may be unnecessary in some situations. Similarly, there will be
instances where there are additional information requirements or factors to consider. In most
situations, concurrent use of several similar prediction tests or analytical procedures will result in
predictions that are more reliable.

Site specific prediction requires a good understanding of the geologic materials and the project

components, as well as a well-informed

Developing the required understanding of assessment of the prediction results and
site specific conditions to predict drainage potential impacts. Developing the required
chemistry may not be an easy task. understanding of site specific conditions to

predict drainage chemistry may not be an easy
task. The detailed understanding of the geologic materials, project components and weathering
conditions needed to identify site specific opportunities and the constraints may cost hundreds of
thousands of dollars and require several years to accomplish. Although this expenditure may
seem onerous, the costs are generally minimal compared to environmental impacts or mitigation
costs that may last indefinitely because of inadequate information.

3.2 Predict the Drainage Chemistry of All Geologic Materials and Project Components

The assessment of potential environmental impacts requires prediction of the drainage chemistry
for all geologic materials (e.g.
bedrock and non-lithified surficial
materials like soil) that will be or
have been excavated, exposed,
processed, deposited or otherwise
disturbed and the resulting project components. Examples of the latter form of disturbance
include changes to the height of the water table or the rate of groundwater movement, which may
change geochemical or hydrological conditions and increase contaminant concentrations or
contaminant loading.

The assessment of potential environmental impacts
requires prediction of the drainage chemistry for all
geologic materials that will be or have been excavated,
exposed, processed, deposited or otherwise disturbed.

Only a small portion of the geologic material or project component may be responsible for most
of the contaminant discharge causing significant environmental impacts. For example, high
metal concentrations in neutral pH drainage may result from localized, relatively small zones of
acidic weathering. Consequently, it is important to predict the range and spatial variability in
material composition and their effects on drainage chemistry. Any significant gaps in sampling
and testing of the geologic and geochemical variability should be identified and reported.
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Figure 3.1 Every mine and mine site is unique and the “Best Practice” is to develop a site specific
prediction program based on site conditions, required environmental protection needs of the mine
and properties and processes of the mitigation measures
(photo of Johnny Mountain Mine in northwest British Columbia).
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A wide variety of materials, in addition to sulphide minerals, may contribute to drainage
chemistry. For example, non-sulphide minerals produced by hydrothermal alteration are a
potential source of many chemical species (e.g. sulphate from gypsum or manganese from
siderite). Other materials that may make significant contributions to drainage chemistry include:

o sediment transported downstream or downwind by water or wind erosion or mass failure
events; and

o precipitates formed along watercourses and flow paths by evaporation or mixing different
drainages.

Geologic material used for construction can be a potential problem even if they are a
considerable distance from the mine. For example, characterization of rock quarried several
kilometers from the pit at Kemess South indicated that the rock would become net acidic and
was therefore unsuitable for construction of the unflooded, downstream buttress of the tailings
dam (Figure 4.4b). Also, country rock used for construction was reportedly the main source of
acidic drainage at the Greens Creek Mine (Condon, 1999; Kennecott Greens Creek Mining
Company, 2003).

Non-geologic materials may also contribute to the chemistry of drainage from project
components. Examples include process chemicals, which may be a source of alkalinity and trace
metals from tailings impoundments and galvanized steel, which is a potential source of zinc from
underground workings.

33 Consider All Potentially Influential Properties and Processes

Prediction of the drainage chemistry from sulphidic materials requires understanding of a large
number of properties and processes (Figure 3.2). These properties and processes include:

project type, history, present stage and proposed future development (Chapter 4);
mineralogy and weathering conditions (Chapter 5);

climate, geology and other site conditions (Chapter 6);

excavation, processing and construction methods and the magnitude and physical, drainage,
atmospheric and geochemical conditions of the project components (Chapter 7);

selection, storage and preparation of samples (Chapter 8);

analyses and test procedures;

environmental protection and reclamation objectives; and

management and mitigation measures or options.

All these potentially influential properties and processes must be considered when designing a
drainage chemistry prediction program and interpreting the results. While some generic analyses
and tests are usually required (Chapter4), the sampling methods, sample pretreatment,
laboratory analyses, kinetic tests, data analyses and the sequence of work will also depend on the
site and project specific properties and processes of the project.
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Figure 3.2 Selection of prediction methods and interpretation of the results need to be based on an
understanding of site conditions and the variability in properties and
processes potentially contributing to drainage chemistry.

It is easy to be overwhelmed by the many influential processes, interactions and changing
properties. ~ Due to the large
number of factors involved, proper
planning is an essential component
of successful prediction. A well-
informed and well crafted
prediction program, including
proper consideration of challenges
involved, should ensure environmentally safe practices that will be both time and cost efficient.

It is easy to be overwhelmed by the many influential
processes, interactions and changing properties. A
well-informed and well crafted prediction program,
including proper consideration of challenges
involved should ensure environmentally safe
practices that will be both time and cost efficient.

Owing to the significant analytical costs, potential for delays, site specific requirements and
uncertainty regarding proper test protocols, each phase of the prediction program should be
discussed with the responsible regulatory agencies prior to its implementation and as test work
progresses.

34 Be Proactive

Proactive prediction of drainage chemistry is needed to ensure mitigation measures prevent
significant impacts, are cost-effective and that the required financial resources are available.
Proactive prediction is needed to ensure remedial measures are factored into mine plans and
feasibility studies. Remediation costs, such as moving wastes to a flooded location or drainage
treatment, may be orders of magnitude higher if drainage chemistry needs are not adequately
considered in the initial mine plan and at mine closure.
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Prediction tasks of sampling, analysis, test work and the interpretation of prediction results
should be completed in time to meet the
proactive, decision making needs of a project.
Pre-mine material characterization and the
prediction of unacceptable drainage chemistry is
needed prior to mine development so the results
can guide plans for excavation, materials
handling, waste disposal and mitigation.
Predictions of post-closure drainage chemistry
need to be finished prior to mine closure, so operating mine equipment and personnel can be
used to implement any changes to the mitigation plan. Since an iterative, phased approach is the
most cost-effective means of information collection and there are often follow-up questions,
prediction tasks should be started as soon as possible.

Be proactive using prediction, rather
than reactive after a problem arises.
This can save time and money and
provide more options for a solution. If a
solution cannot be selected, at least the
issue can be marked for further study and
later resolution.

Even if issues cannot be resolved, their identification early in the mine life permits a mine to use
its operating facilities, equipment and personnel to conduct long term field studies, evaluate
different solutions and act on the results prior to mine closure. Removal of personnel and
equipment and reduced access after mine closure increase the costs of field studies and
subsequent remediation. This is especially important for underground mines where access may
be impossible soon after mining ceases.

3.5 Demonstrate Necessary Understanding, Capability, Resources and Intent

An objective of prediction at each stage of a project is to demonstrate that the project has the
necessary facilities, plans, understanding, site capacity, resources and intent to sustain the
mitigation needed for environmental protection. This includes identification of and development
of contingency plans to deal with significant gaps in the prediction of drainage chemistry.
Demonstration that a project has the necessary understanding, capability, resources and intent to
deal with the drainage chemistry may have implications in setting the financial security needed
to sustain environmental protection.

3.6 Consider the Range and Variability in Properties and Processes

Characterization of the range and variability in geochemical, drainage, atmospheric and physical
properties and processes is an important part of drainage chemistry prediction. Spatially and
temporally, different wastes and project components often have widely varying geochemical and
physical properties and processes. As a result, they may exhibit wide ranges of weathering
conditions and produce differing drainage chemistry (e.g. Figure 3.3).
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Figure 3.3 Variability in acidity of seeps from a single waste rock dump
(Morin and Hutt, 2004).

Most of the contaminants may be produced by only a small portion of total material, drainage or
during certain times of the year. For example, 5% of the
Most of the contaminants may be | waste rock may be responsible for 99% of the copper or
produced by only a small portion | acidity loading, or environmental impacts may only occur

of total material, drainage or during the seasons with the highest or lowest flow.
during certain times of the year. Therefore, selection of prediction methods and
interpretation of the results need to be based on a good
understanding of the range and variability in properties and processes contributing to drainage
chemistry.

Some of the actions that should be used to ensure a proper assessment of the range and
variability in composition and to identify potentially problematic material or locations within
geologic units and project components include the following.

o Review the individual sample results before calculating descriptive statistics.

o Map the spatial variability in key geochemical, drainage, atmospheric and physical
properties and processes.

o Avoid compositing samples or averaging, interpolating or extrapolating sample results if
this may mask potentially problematic sample properties or result in a misclassification of
significant amounts of potentially problematic material.
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The prediction of drainage chemistry may need to identify outliers and understand the variability
at a smaller scale than other geochemical activities on mine sites such as the measurement of ore
grades and metal recovery during processing.

3.7 Consider All Elements, Minerals and Drainage pH Ranges

The problems associated with the drainage from sulphidic geologic materials are not just metals
and acidic drainage. Metalloids and non-metals
The problems associated with the drainage and elements in non-sulphide minerals and
from sulphidic geologic materials are not | drainage with a near-neutral and alkaline pH

just metals and acidic drainage. may also exceed environmental guidelines
(Table 3.1). If there is very little dilution and a
sensitive component of the environment, even metals that are relatively insoluble in neutral pH
drainage, such as aluminum and copper, can be a concern. Redox (aerated-anaerobic) conditions
are important for predictions of elements like iron and arsenic.

The potential drainage chemistry and elemental loadings from sulphide bearing geologic
materials should be evaluated for all elements of concern, minerals, drainage pH, and site
specific environmental conditions. Prediction of whether the drainage will have an acidic pH
may be important, but is not the only information that is required.

Table 3.1 Examples of elevated dissolved concentrations of trace elements in
neutral pH effluent from selected mine operations (adapted from Stantec, 2004).

Dissolved Most Restric?ive

Element pH Concentration (mg/L) Gﬁﬁiﬁ;ﬂ??ﬂ;ﬁi)
Antimony 8.5 0.9 0.006
Arsenic 8.0 0.3 0.005
Cadmium 6.5 0.07 0.000017
Cobalt 8.0 1.1 0.0009
Copper 7.3 0.06 0.002
Manganese 8.1 33.5 0.05
Molybdenum | 8.3 29 0.073
Nickel 8.1 3.8 0.025
Selenium 7.5 1.6 0.001
Zinc 8.1 14.4 0.03

3.8 Consider Temporal Changes in Properties and Processes Controlling Drainage
Chemistry

When predicting future drainage chemistry, it is important to consider temporal changes in the
properties and processes controlling drainage chemistry. Mining activities, such as bedrock
exposure, overburden movement, dam construction and waste disposal, alter many of the
properties and processes controlling drainage chemistry. Future changes may occur gradually,
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periodically or after some threshold is crossed. Periodic changes may result from events such as
fire or the variation in climate conditions. Drainage chemistry may remain relatively stable until
some geochemical or drainage threshold is crossed. A lack of environmental impacts to date
provides no assurance that there will be no impacts in the future unless there is supporting data to
rule out adverse future changes in the properties and processes controlling drainage chemistry.

Properties and processes that contribute to drainage chemistry and may be in flux include:

physical and chemical weathering;

drainage properties and processes such as dewatering and flooding;

erosion and sedimentation;

project related properties and processes associated with exploration, construction,

excavation, processing, waste management and closure activities and the resulting changes

to weathering and drainage conditions;

o off-site anthropogenic and natural activities that alter land and drainage conditions, such as
logging, forest fires, forest succession, and industrial or urban development; and

o properties and processes that change due to individual climate events, seasonal and annual

climate differences and longer term climate change.

Most important from the perspective of drainage chemistry are the changes to properties and
processes controlling weathering and mineral stability when the bedrock is converted into waste
rock and tailings and when mine walls are exposed to air and water. Exposure of fresh rock
surfaces to air and water can result in a large number of different weathering reactions. This
includes the oxidation and leaching of sulphide minerals, which are the primary reactions
responsible for environmental impacts from the drainage of sulphidic geologic materials.
Organic matter additions from aquatic plant growth following flooding of oxidized rock and
overburden may result in the reductive dissolution of secondary minerals created under aerated
conditions.

Weathering effects may change geochemical and drainage conditions through mineral depletion
and precipitation, mineral exposure, reduction in rock strength and particle size reduction.
Depletion of acid neutralizing minerals or sulphide minerals galvanically suppressing pyrite
oxidation may decrease the pH. Mineral exposure and particle size reduction may delay the
depletion of weathering minerals. Particle size reduction, hardpan creation and large scale
surface subsidence may change drainage rates and conditions. Particle disintegration and settling
in waste rock dumps may change flow paths, diverting drainage into previously relatively
unleached areas of secondary minerals accumulation.

Other major change to the properties and processes controlling drainage chemistry are changes in
drainage conditions, such as the locations and rates of drainage inputs, rates of leaching and the
height of the water table. Excavation of mine workings, waste disposal and other surface
disturbances may create new flow paths for runoff and groundwater, increasing drainage inputs
in some areas and reducing them in others. Dewatering of pits and underground workings may
lower the regional water table thereby reducing drainage inputs and increasing air entry into
other mine components. Post-mining hydrogeology may be very different from what it was prior
to mining and difficult to predict.
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Flooding that occurs after mining is finished may flush previously formed oxidation products
and stop further sulphide oxidation.
Flooding that occurs after mining is finished Overflow from mine working may cause a

may flush previously formed oxidation rapid increase in contaminant discharge
products and stop further sulphide oxidation. (Price, 2005). If mine workings flood after
mining is finished, a rebound in the regional
water table may also increase the leaching of and discharge from downstream mine components,
changing the weathering environment, reducing geotechnical stability and flushing out
accumulated secondary minerals. Underground workings and pits may become hydraulic sinks
for previously diffused groundwater, concentrating flow and creating discrete discharge locations.

Impoundments and tailings may raise the height of the water table resulting in the reductive
dissolution of secondary minerals in the underlying, previously aerated overburden. In a flooded
impoundment, post-flooding changes in geochemistry, plant communities and drainage inputs
may impact discharge quality and the health of species colonizing a water cover. Post-closure
increases in arsenic concentrations and loading from flooded mine wastes in Ontario have been
attributed to organic inputs and eutrophication of the overlying water cover lowering the redox of
the underlying oxidized mine wastes (Martin et al., 2001). Biotic layers on the top of flooded
mine wastes may reduce the migration of metals into the water cover (Vigneault et al., 2008).

Ecological changes, such as dam building by beaver succession, may alter drainage and
geochemical conditions. Changes in site management, such as decommissioning diversion
ditches, or off-site activities, such as road development, may alter the rate, location and
chemistry of drainage inputs. Climate events that may alter drainage chemistry include extreme
runoff or drought events, and longer term climate change.

Changes in drainage chemistry due to physical and chemical weathering, changes in drainage
conditions, ecological processes (e.g. plant invasion) and site management (e.g. creating or
removing upslope drainage diversions) may occur almost immediately or take hundreds of years.
Changes in water quality may be rapid and occur within the first few years. At some sites, there
may be a slow but steady change and it may take decades or more before the complete change in
drainage chemistry occurs. At other sites, the drainage chemistry may remain relatively stable
for a number of years, until some geochemical or hydrogeologic threshold is crossed, causing
rapid changes in some attributes of drainage chemistry. Possible mechanisms causing the rapid
onset of changes include the depletion of neutralizing minerals or minerals causing galvanic
suppression, overflow from mine working or changes in redox or trace metal solubility.

Consistent or improved drainage chemistry (e.g. no acidic drainage) in laboratory test work or
on-site over a long period of time without evidence of the sustainability of the controlling
properties and processes is not proof that drainage chemistry will not deteriorate in the future.
There are many examples of sites where there have been or will be very long delays prior to the
depletion of neutralizing minerals and the onset of acidic drainage. Significant changes in
drainage chemistry do not stop with the implementation of mitigation measures. At the site
shown in Figure 3.4a, the treatment plant built to handle the acidic drainage chemistry observed
prior to closure had insufficient capacity to handle a further decline in pH and increase in acidity
four years after the mine closed. The mine opened in 1971 and acidic drainage was first
observed in 1988 at the monitoring site (Figure 3.4b). In this instance, the mine was still
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operating and remediation measures for acidic drainage could be included in the closure plan.
Hydrogeologic changes such as groundwater rebound or point sources discharges from flooded
open pits may take hundreds of years.

Figure 3.4a Post-closure decline in pH and increase in sulphate of treatment plant
influent resulting in a need for more treatment capacity.
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Figure 3.4b The onset of acidic drainage 17 years after dump monitoring started.

3.9 Predict Drainage Chemistry throughout the Life of a Project

It would be important to predict drainage chemistry at all stages of a project, including:
exploration,  project  planning,
construction, mining and processing,
closure and post-closure (see
Chapter 4). The prediction questions,
information  requirements  and
prediction materials and methods may change with each stage. Prediction of future drainage
chemistry should be part of mine planning to ensure the necessary mitigation measures are
included in the advanced exploration, operating and closure plans. Verification of those
predictions and additional studies to resolve uncertainties in the closure plan should occur during
construction, mining, processing and after the mine closes. It is recommended that prediction
continue after mine closure, as long as properties potentially influencing weathering and leaching
are in flux and there is significant uncertainty regarding drainage chemistry.

It is recommended that prediction continue after mine
closure, as long as properties potentially influencing
weathering and leaching are in flux, and there is
significant uncertainty regarding drainage chemistry.

Predictions regarding future drainage chemistry should be updated whenever there are major
changes to the project or site conditions to ensure that the understanding, mitigation plans and
financial and human resources remain sufficient to protect the environment. Major changes to
the project include modifications to the mine or the mine plans that may significantly alter the
drainage chemistry. Changes to site conditions include significant changes in weathering,
drainage conditions and drainage chemistry.
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3.10 Continue Prediction if there is Significant Uncertainty

It would be important for prediction to continue for as long as there is significant uncertainty
regarding future drainage chemistry and a potential need for the proactive detection and
resolution of drainage chemistry problems (Figure 3.5). Significant uncertainty regarding
weathering, the impact of climate on leaching and a need for prediction are likely to continue for
the foreseeable future at mines with drainage chemistry concerns.
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Figure 3.5 A schematic depiction of the prediction of drainage chemistry
throughout the life of the project.
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3.11 Consider the Impact of the Project as a Whole

While the initial interpretation of results is done on individual geologic units and project
components, the final evaluation should include an assessment of the drainage chemistry and
environmental impact of the project as a whole (Figure 3.6). It is important to recognize that the
objective is to minimize cumulative impact, liability and risk, prevent environmental impacts and
meet regulatory requirements of the project as a whole. Conclusions regarding the predicted
drainage chemistry for individual project components may change after the materials handling
and mitigation options and the cumulative risk, liability and land use impact of the entire project
have been reviewed.
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Figure 3.6 A model of trace element loadings from different project components and
their relative impact on the allowable load in the receiving environment.
(Ron Nicholson, Ecometrix, personal communication).
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3.12 Take a Scientific Approach

The prediction of drainage chemistry requires a scientific approach which includes the following.

e  Ensure that performance indicators are measurable, verifiable and reportable.

J Select samples for analysis and kinetic tests that are spatially, geologically, physically and
geochemically representative and include the fractions, location and events of most
concern.

o Check that the assumptions associated with sampling, sample preparation, analytical
methods, test procedures, calculated parameters and the interpretations of results are
correct.

o Do not extrapolate beyond the duration or spatial locations for which there is evidence.

o Present all plausible outcomes, hypotheses or mechanisms, not just the initial, most
favoured, worst or the most easily managed explanation of results.

o Show how the proposed explanation(s) or mechanisms (hypotheses) may be verified if
correct or proven wrong if incorrect or only partially correct.

. Clearly define the terminology used for properties and processes (see the Glossary).

Drainage chemistry prediction should be based on comprehensive, verifiable information. No
amount of QA/QC, statistics, computer modeling and expert opinion will help if sampling and
analysis miss the key:

o locations (e.g. pyrite halo potentially intercepted by the edge of the pit);

o materials (e.g. the heavy and larger particles that are deposited separately on the tailings
beach);

o properties (e.g. presence of iron carbonate);

o processes (e.g. reductive redox dissolution); or

o sequence of events (e.g. oxidation followed by reductive dissolution).

Although they may prove very useful, many past errors in the prediction of drainage chemistry
have resulted from the substitution of optimistic professional judgment and computer models for
a scientific assessment of the contributing properties and processes, the timing of events or
material variability (Figure 3.7).

Examples of a scientific approach in checking whether assumptions in material characterization
are correct include periodically testing that:

o samples of exploration drill core or pre-blast drill cuttings have similar composition to
waste rock fines;

o samples of whole tailings have similar composition to tailings beach and slimes; and

o samples taken at regular intervals have similar composition to material in between these
locations or dates.
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Figure 3.7 QA/QC, statistics, computer modeling and expert opinion cannot substitute for sampling
and analysis of the key properties, materials, events and locations.

A great number of factors can influence drainage chemistry prediction practices. In addition
there is often some uncertainty about the
materials, properties and processes. It is
therefore important to document the
rationale for predictions and gaps in the
evidence. = Where no further work is
required on an item, such as material characterization, it is important to explain why.

A great number of factors can influence
drainage chemistry prediction practices. In
addition there is often some uncertainty about
the materials, properties and processes.

3.13  Deal with Uncertainty and Gaps in the Prediction Data

Some degree of uncertainty regarding future drainage chemistry occurs at all sites (Figure 3.8).
Addressing this uncertainty is one of the most important prediction tasks in developing
remediation and closure strategies. This includes deciding when the accuracy and precision is
adequate, recognizing gaps in the prediction data that result in significant risk and having
corrective actions, where necessary.
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Figure 3.8 There is significant uncertainty regarding some aspects of drainage chemistry at most

major precious and base metal mines and many coal mines in Canada
(photo of Kitsault Mine in northwest British Columbia).

Uncertainty and gaps in predicted drainage chemistry may result from the following.

There may be errors and omissions in previous material characterizations.

A large number of properties and processes potentially influence drainage chemistry.

Many influential properties and processes are in flux (e.g. mine plans).

There are complex interactions among contributing properties and processes.

There is a need to predict over long time frames and widely ranging climatic conditions.
There may be limited knowledge of the rates for many potentially important processes (e.g.
the rate at which silicate minerals neutralize acidity produced by pyrite oxidation).

It is difficult to measure some properties and processes.

Standard calculations may include potentially inaccurate assumptions about the
contributing properties and processes (e.g. all the inorganic-C is assumed to be calcite).
There is subjectivity in some analyses and tests (e.g. the fizz test in the Sobek
Neutralization Potential, Chapter 13).

There is a lack of long term data on weathering and drainage chemistry from well-
characterized materials that can be used as bench marks.

Every site has a unique combination of geologic materials, site conditions, project
components and environmental protection requirements.

It may be difficult or impossible to obtain representative samples and monitor some areas
of excavations or excavated materials (Figure 3.9).
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Figure 3.9 Many key properties and processes, such as weathering of mine wastes
under this soil cover at the Equity Silver Mine, are difficult to measure let alone predict.
(photo of Equity Silver Mine in northwest British Columbia from Mike Aziz,

Goldcorp Canada Ltd.).

Prediction tests and standard calculations may simulate certain processes but they are unable to

Prediction tests and standard
calculations may simulate
certain processes but they are
unable to completely
duplicate all field conditions.

analyses, tests, calculations and

completely duplicate all field conditions. A property that
depends on a large number of processes, such as the
neutralization potential, may be inaccurately measured by
simple analytical procedures developed to provide
information in a timely manner. “Blind spots”, and potentially
erroneous assumptions, simplifications and generalizations in
standard interpretations of data, should be identified and

considered in the selection of test procedures and in the interpretation of the results.

One way to improve the accuracy

of the resulting prediction is by conducting analyses or tests
that measure similar properties (e.g. carbonate-NP

Discrepancies in the results of

may indicate that there are

versus bulk-NP).  Discrepancies in the results of

Overlapping or Complementary tests Overlapping or Complementary tests may indicate that

there are problems in the “blind spots” or uncertainties

problems in the “blind spots™ or in one or both tests that require further analysis (e.g.
uncertainties in one or both tests. significant contribution of Fe or Mn carbonate to the

measured NP). Many static tests recommended in this

Manual provide complementary, somewhat redundant information that provide valuable cross
checks on predictive information. Complementary tests may also be used to check for analytical
errors and select cost-effective means of operational sample characterization.

A common cause of gaps in prediction data is a lack of representative samples or monitoring data
for some areas of the site (Chapter 8). Prior to mining, representative samples of drill cores for
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material characterization are often not available from the deepest parts of the proposed
excavations or in the waste at the edges of the mine workings because there has been no drilling
in these areas. Once portions of a pit or underground workings close, access is no longer
maintained and it may be impossible to collect weathered samples or to monitor drainage from
inaccessible areas.

Prior to mining, it is difficult to predict the physical effects of excavation, processing and
deposition on the chemical composition of different size fractions or areas of the waste, such as
the < 2 mm fraction of waste rock, tailings slimes and the heavier, coarser portion of the tailings
deposited on tailings beaches. Once waste rock dumps have been constructed, it is difficult to
sample the buried material without breaking particles, exposing fresh surfaces and masking the
impact of weathering.

Another potential source of inaccuracy is significant differences between the test conditions and
the field conditions of the materials of concern. These differences may include:

o climate differences (e.g. laboratory climate versus that in the field);

o edge effects (e.g. less heat retention in a field test pad compared to the center of a waste
rock dump);

o scale differences (e.g. less particle size segregation in a field test pad compared to a large
waste rock dump face or tailings impoundment); and

o differences in the solid to water ratio (e.g. trickle leach column compared to a waste rock
dump).

Sensitivity and gap analyses should be conducted after every phase of a prediction program to
determine the adequacy of sampling, sample characterization, data analysis and interpretation
and the impact of possible inaccuracies or lack of precision on the overall environmental risk and
liability. Results of sensitivity and gap analysis can be used to determine:

o operational material characterization, excavation, material handling, mitigation and
monitoring requirements;

. where more accurate prediction information could result in lower cost or lower risk
mitigation measures;

o where supplemental or contingency mitigation measures may be necessary; and

o regulatory conditions for project approval, operation and post-closure.

The conclusions of the sensitivity and gap analysis will depend on the available information and
can be used to determine precautionary conditions, contingency measures or additional studies
required to address significant information gaps. Examples of additional monitoring to check
assumptions include:

e  periodic nested sampling in between regular sample locations to check the sampling
density;

o sampling of the reactive materials after blasting, processing and deposition to compare with
material characterization results based on analysis of pre-blast drill cuttings;

o field test pads to check the predicted drainage chemistry for borderline material; and

o piezometer installation to check the predicted height of the water table.
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3.14 Be Prepared for Changes to the Mine Plan

Be prepared for changes to the original project and mine plans. Mine plans are dynamic entities
continually being modified to adapt to
changing economic conditions, ore grades,
ore reserves, ground conditions and the
costs of construction, mining and
processing. Mine plan changes during the
life of a project typically include the
location, the size and/or composition of mine
walls, waste materials and mine components and the timing of activities such as mine closure.

Mine plan changes during the life of the
project typically include changing the location,
size and/or composition of mine walls, waste
materials and mine components and the timing
of activities such as mine closure.

Fluctuating commodity prices always create uncertainty about the full extent of a mining project
and the final composition of the wastes and mine walls and their drainage chemistry. If there are
improved mining methods, better than predicted ore grades or improved commodity prices, mine
workings may expand into materials outside the zone of previous characterization. Conversely,
mines may close prematurely leaving low grade ore, which was to be processed and flooded, in
aerial waste piles.

Comprehensive prediction information, including detailed characterization and a good
understanding of the future weathering of the sulphidic geologic materials, provides a company
with the necessary information to determine the impact of proposed modifications of the mine
plan on the future drainage chemistry and the resulting mitigation requirements.

3.15 Clearly Identify Materials and Methods

Small differences in sampling, sample preparation, analytical procedures and data interpretation
may cause significant differences in the prediction results. It is therefore very important to
describe in detail the sampling methods, the materials that were analyzed, where discrepancies
occurred and where methodologies differed from referenced or standard laboratory procedures.
Consistency in test procedures is important when comparing results and attempting to learn from
previous experiences with similar materials.

One of the findings in reviewing prediction practices to produce this document was that it is not
uncommon for laboratories to modify standard analysis procedures and methods for sample
preparation.

3.16 Use Clearly Defined Terminology
The reporting and interpretation of drainage chemistry prediction results should:

o clearly define terminology and acronyms;

e  clearly define methods used to derive test results and calculated parameters; and

e  identify the analytical procedures used to determine broadly defined parameters, such as
acid generation potential (AP) and neutralization potential (NP).

A good way to do this is to include a glossary of terminology, acronyms and methods (see the
Glossary).
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Challenges in creating a glossary and communicating the results of drainage chemistry prediction
include the:

multidisciplinary, multi-faceted nature of the work;

lack of standard definitions even between practitioners within the same jurisdiction;
large number of acronyms;

lack of direct measurements for key parameters such as neutralization potential; and
misleading use of terms such as humidity cell and paste pH.

Accurate and precise terminology requires the provision of different terms to distinguish:

o different properties (e.g. the distinction between acid generation from sulphide oxidation
and the generation of net acidic weathering conditions and acidic drainage resulting from
the balance between acid generation and acid neutralization);

o different scales (e.g. the distinction between micro-scale and the larger scale geochemical
conditions or drainage chemistry);

o measurements made on different types of samples, after different sample preparations (e.g.
paste pH versus rinse pH) or different laboratory analyses (e.g. the various forms of acid
potential); and

o laboratory measurements from predicted properties and processes (e.g. separate terms and
definitions for effective field neutralization potential, unavailable neutralization potential
and the various laboratory neutralization potential measurements).

A disadvantage of increased precision in the terminology used to describe the prediction
phenomenon is the proliferation of cumbersome prefixes. This is an unavoidable consequence of
the large number of contributing properties and processes and analyses. Acronyms and units of
measure should be defined, along with materials and methods at the start of any drainage
chemistry prediction report.

3.17 Identify the Intended Uses of Prediction Analyses and Test Work

Prediction work should have clearly defined and realistic objectives (see Chapter 2 and Section
3.12). Before proceeding with the
Prediction work should be cost effective and have sampling, analyses and other test

realistic, clearly defined objectives and not merely work, it is important to identify the

raise further questions. When evaluating test prediction question(s) and how they
results, it is important to consider all potentially will be answered. The intended uses
influential properties and processes and identify all | for prediction information will then
potential hypotheses. guide the data requirements, selection

of samples, analytical procedures and
the manner in which results will be interpreted.

The kinds of questions will depend on factors such as:

o regulatory, community and corporate requirements;

o environmental, remediation, reclamation and mitigation requirements at each stage of the
project (e.g. exploration, project proposal, operating, closure and post-closure);

o the type and distribution of different geologic materials and whether they are already
weathered;

o whether acid rock drainage (ARD) is already present, probable, unlikely or uncertain;
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J excavation, materials handling, deposition and mitigation methods and options, types of
wastes and depositional environments; and
o existing information.

An evaluation of potential mining actions, environmental objectives and potential mitigation
strategies will be useful in identifying information gaps and developing a prediction program that
serves the needs of the site as a whole. For example, a site that is already collecting and treating
acidic drainage may want to predict the probable maximum acidity to ensure the treatment
program has sufficient capacity and financial resources. A new mine may want to segregate
potentially problematic drainage generating wastes from wastes where drainage chemistry is not
predicted to be a concern. This would minimize the cost of the flooded impoundment for the
potentially problematic waste and allow the use of the benign wastes for construction.

The different geology and mining methods of a coal mine may result in different prediction
methods than a hard rock mine. For example, the vertical layering and the horizontal continuity
of the geology and differences in the depth of excavation should be considered in the size and
location of samples. The presence of organic carbon and sulphur should be considered in the
selection of analysis procedures. Notably, these may also be properties of hard rock mines;
therefore, the key message to keep in mind is that one needs to tailor prediction methods to site
specific conditions.

To maximize the effectiveness of the prediction work, it would be important for the proponent to
identify all management decisions requiring prediction information as soon as possible
(Chapter 2). As knowledge increases regarding the geologic materials and mine components and
their performance and mitigation, the questions may change or become more refined.

3.18 Consider the Cost-effectiveness of Additional Test Work

Prior to initiating each phase of test work, it is important to consider the purpose and likely
management impact of the results and to continually check the relevance of prediction to the
overall objectives. Prediction work should have realistic, clearly defined objectives and not
merely raise further questions. Additional prediction should be done if it is likely to
significantly:

. improve ore recovery, waste handling and mitigation; or
o reduce the environmental risks and liability.

Some uncertainty and gaps regarding future drainage chemistry are inevitable. At some point, a
conservative design, adaptive management and mitigation will be more effective ways to deal
with uncertainty and gaps than prediction

At some point, conservative design, adaptive | alone. For example, contingency mitigation
management and mitigation will be more measures coupled with operational testing
effective ways to deal with uncertainty and during mining may be a more attractive option
gaps than prediction alone. than additional pre-mining prediction test

work, if the latter may be inconclusive or of
limited significance to the overall project plan.
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In drainage chemistry guidelines, mitigation and prediction are usually discussed separately
(Price and Errington, 1998). In practice, the two should be closely integrated, with the results of
one informing the other.

3.19 Use a Phased Approach

The large number of potentially influential properties and processes, complex interactions and

: - properties in flux can make the prediction of

The most cost-effective way to predict and drainage chemistry an onerous undertaking.
manage drainage chemistry is an iterative Commonly, the most cost-effective way to
process of data collection and interpretation, characterize project components, predict
similar to that used to determine other their potential drainage chemistry, create
geologic characteristics such as ore reserves. | management units and determine their

disposal needs will be an iterative process of
data collection and interpretation, similar to that used to determine other geologic characteristics
such as ore reserves.

A phased approach to data collection and interpretation should ensure the prediction program:

focuses on the materials and issues of greatest concern;
minimizes work on materials with no significant uncertainty;
uses the most appropriate test materials and procedures; and
makes timely refinements in response to unforeseen conditions.

At each phase, it is important to review the existing information and check whether the proposed
sampling, analyses and test procedures will still answer the site specific prediction questions.
Based on the results of the previous sampling and analysis, it may be necessary to refine
prediction questions, subdivide or lump together geochemical units, add new samples or modify
the test procedures.

In a phased test program, results from cheaper test procedures conducted on a large number of
samples can be used to select representative samples for more expensive test procedures (e.g.
humidity cell, Chapters 9 and 18). This reduces costs and ensures that more expensive, time
consuming tests are conducted on the required materials. Examples of this include the use of
geologic mapping and static testing to select samples that are spatially and geochemically
representative for kinetic test procedures and the use of static and kinetic test work to determine
whether more expensive sub-microscopic mineralogical determinations are needed.

3.20 Get Started as Soon as Possible

It is important to get started as soon as possible to allow sufficient time for a cost-effective,

Get started ASAP! phased prediction program, for time consuming kinetic test work to be
performed and to ensure results are available to proactively resolve
any environmental problems that may be encountered. By starting each phase of a prediction
program and initiating kinetic tests as soon as possible, delays in project planning and regulatory
review will be minimized if there are unforeseen problems requiring further data collection.
Regulatory conditions for material handling and waste disposal may be unnecessarily
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conservative if a project lacks the data to show how problems associated with less conservative
approaches may be avoided.

3.21 Avoid Past Errors

Most past errors have resulted from failures on the part of practitioners to follow proper
procedures and consider all the potentially contributing properties and processes, rather than from
gaps in basic knowledge (Price et al., 1997). Errors in prediction have resulted from failure to:

o adequately characterize samples;

J conduct the analyses or tests properly;

o select the appropriate test and correctly interpret test results (e.g. humidity cells or shake
flasks used incorrectly to predict solubility constraints);

J check the assumptions in the tests and data analysis;

o test all geologic materials, mine components (e.g. material used for dam construction),
waste components (e.g. different tailings fractions) and areas of excavation or exposure
(e.g. waste rock at the edge of a newly planned pit expansion);

o check all potentially influential properties, processes and interactions and identify all
potential explanations for the observed effects;

o recognize that many properties and processes are in a state of flux and conditions may
change;

o conduct kinetic tests on samples whose composition is representative of the material of
concern (e.g. the material with the lowest NP or highest sulphide content);

o provide adequate resources to conduct the required analyses and tests; and

J conduct studies that address the management questions and are compatible with project
development or remediation timelines.

Some prediction tests have very specific procedural and interpretation requirements. For other
tests, the procedure and interpretations depend on
the information requirements and site conditions.
Practitioners need to recognize and understand
limitations in the precision and accuracy of
sampling, sample preparation, analyses, test procedures and methods used to interpret data. This
is a challenge because drainage chemistry prediction has multi-disciplinary information
requirements. In addition to drainage chemistry prediction specific technology, drainage
chemistry prediction can include aspects of geology, rock weathering, environmental
geochemistry, hydrology, metallurgy, mining engineering and geotechnical engineering.

Practitioners need to recognize and
understand limitations in the precision
and accuracy of prediction tools.
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Examples of Errors in Drainage Chemistry Prediction

Mine A: Using total-S to calculate the acid potential (AP) and the average ABA
results, all waste rock and tailings were initially classified as potentially net acid
generating.

The geochemistry of the rock was quite variable and contained significant sulphate-S
that was gypsum, resulting in a large over estimation of AP. Using total-S to
calculate the acid potential (AP) and the spatial variability in ABA results, only 40%
of waste rock type 1 and 80% of waste rock type 2 were predicted to be potentially net
acid generating which significantly reduced the costs and area required for
mitigation. Using sulphide-S rather than total-S to calculate the acid potential (AP),
the tailings were predicted to have NPR around 8:1 and thus there was no need for
additional sulphide removal circuits in the mill.

Mine B: Waste rock was initially predicted to be net neutral based on:

e visual assessment that the waste rock contained little or no sulphide minerals;
e the sub-alpine climate was not conducive to weathering; and,

¢ sulphide minerals on exposed surfaces appeared to have not reacted.

Subsequent sampling and analysis of the waste rock and surrounding area indicated:

e the waste rock had 2 % to 20 % sulphide-S and NPR values of less than 0.4;

e one area of waste rock already produced drainage with a pH of 3;

e net neutral pH conditions in the rest of the waste rock dumps resulted from a
neutralization potential of 18 to 40 kg/tonne; and

e |eachate from a natural sulphidic outcrop above the mine had a pH of less than 3.

Mine C: The ARD generating dumps were phyllic-altered material, with little or no
NP and an average of 3% sulphide-S. Waste rock dumps that produced neutral
drainage contained 0.5 to 4% sulphide-S, had an NP of 10 to 30 kg/tonne and for the
most part an NPR < 1. An initial assessment using a proprietary model concluded
that the worst drainage chemistry had already occurred. No explanation was
provided as to why the computer model contradicted the results of the static and
kinetic test work which suggested that most of the neutral pH dumps would eventually
produce ARD, increasing metal loadings and acidity. The mining company was
unable to support the conclusion of the proprietary model and had to pay for a
reinterpretation of the static and kinetic test work.

Mine D: Test work conducted on two metallurgical samples prior to mining indicated
that the tailings had an NPR > 2. This resulted in the tailings being classified as net
neutral not requiring mitigation and the company constructing a porous tailings dam.
Subsequent characterization showed that the tailings had sulphide-S higher than 1%,
an NPR well below 1 and predicted to eventually be net acid. This has resulted in
significant additional unplanned post-closure costs for studies and mitigation.
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3.22  Use Properly Qualified and Responsible Personnel

The length of and level of detail in this Manual reflects the level of knowledge required of those
conducting prediction programs for major mines. Properly qualified personnel should be
responsible and accountable for the terms of reference for drainage chemistry prediction work,
selection of materials and methodology and the interpretation of results. Qualifications include
having the proper experience and the appropriate technical training.

To ensure responsibility and accountability, protocols for prediction work should identify the
person or persons responsible for each phase and task of the program. Responsibility and
accountability should also be identified for the subsequent interpretation, reporting and action
taken, based on the results. An important part of this is identifying both the persons who provide
direction and those who conduct the work and make operational decisions.

Drainage chemistry prediction requires basic understanding and experience in a wide range of
technical  disciplines, including

Drainage chemistry prediction requires basic mining, geology, weathering,
understanding and experience in a wide range of hydrology, hydrogeology and
technical disciplines. Usually no one individual has environmental chemistry, in addition
the background and experience in all the required to a thorough understanding of
areas of understanding. A team approach is required | drainage chemistry  prediction
and good communication between the persons procedures, the  project, site
working on the project is important. conditions and the geologic

materials. Usually no one individual
has the background and experience in all of the required areas of understanding and portions of
the work must be conducted by different specialists. A team approach and good communication
between the persons working on the project is important. All those involved should be properly
informed (e.g. person conducting sample preparation or fizz test). It is also critical that the
project manager stay well-informed, so that he or she can set the terms of reference, implement
results and make the correct decisions regarding whether additional work is required.

An important part of being properly trained is keeping up with new developments. While many
of the methods used in the prediction of drainage chemistry, such as the Sobek procedure (Sobek
et al., 1978), are relatively old, a general awareness of their limitations and “blind spots” during
each stage of a project is relatively new. Field verification of results is limited and new studies
are continually adding to our understanding of this topic. Consequently, there is a continually
need for practitioners to upgrade their knowledge.

3.23 Provide Adequate Personnel and Resources

Both governments and companies need to ensure they have adequate personnel and resources for
dealing with the prediction of drainage chemistry for mine and closure planning. Conducting all
the site investigations, sampling, analysis, test work and assessments will require considerable
time and money. Gaining the necessary understanding of the project history, drainage chemistry
data and previous performance needed to regulate the drainage chemistry aspects of a mine site
will take regulators considerable time. Keeping up with the modifications to project plans and
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with the changes to project and site conditions will be a challenge for both industry and
regulators.

The following are some of the challenges in providing the industry and government considerable
time and money needed to sustain the collection and review of drainage chemistry information.

o There is a cumulative increase in the number of mine sites with prediction needs (e.g.
Table 3.2). This is due in part to significant uncertainty regarding weathering and leaching
and an ongoing requirement for prediction of future drainage chemistry mitigation
requirements at most closed mines with sulphidic geologic materials.

J Where drainage chemistry problems will not occur for a number of years or the potential
for problems is uncertain, the funding for drainage chemistry prediction may lose out to
more immediate problems or optimistic scenarios.

o Cut-backs are made to corporate and regulatory resources and personnel as part of periodic
cost cutting when cyclical down turns occur in commodity prices. Financial decision
makers are likely to be unaware of the implications of cuts in prediction work.

o Considerable determination, stamina and technical understanding is needed to predict
drainage chemistry and keep up with frequent changes in contributing properties and
processes at complex mine sites.

o Future drainage chemistry at operating and closed mines is not a topic that catches the
attention of the general public.

o While there are increasing resources for organizing reviews and meetings about drainage
chemistry, there is little or no increase in resources for the personnel predicting drainage
chemistry.

. Most of the mine sites that need to predict future drainage chemistry are no longer
operating and produce no revenue.

While the effort required in prediction may seem onerous, the costs are minimal compared to the
tens of millions of dollars for remediation and impacts that may last for decades, centuries, or
millennia due to inadequate understanding of the future drainage chemistry. Inadequate
predictions hurt the industry as a whole and the communities that depend on sustainable mining
and the impacted resources.

Table 3.2 The cumulative increase in major mines with an ongoing requirement
for prediction of future drainage chemistry in British Columbia.

Major Mines with Requirement Cumulative
for Prediction of Future Number umiratiy
. . Number
Drainage Chemistry
Historic 10 10
Closed 1970-1990 18 28
Recently Closed 20 48
Operating 12 60
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3.24 Maintain a Data Base of Materials, Methods, Results and Relevant Properties of the
Project and Site

Major challenges in drainage chemistry prediction are sustaining industry, regulatory and

community memory of the prediction
A major challenge in drainage chemistry materials, methods and results and sustaining
prediction is sustaining industry, the understanding of other relevant properties
regulatory and community memory of the of the project and site. Maintenance of
prediction materials, methods and results. industry, regulatory and community interest
and understanding of prediction data is
strained by the:
o detailed, multidisciplinary, multi-faceted, highly technical nature of the work;
o time required to understand complex mine sites and keep up with trends in a very large
number of potentially influential properties and processes;
o large amounts of jargon and acronyms; and

o potentially long time frames until events of concern occur.

Sustaining industry, regulatory and community understanding becomes even harder when there are:

o changes in individual involvement;

o changes in ownership or reporting structures;

o cut-backs in resources or personnel; and

o transitions from one stage of a project to another (e.g. project planning to construction to
active mining).

Maintaining previously generated data and other relevant site information in an accessible form
that facilitates regular review and tracking of changes is extremely important to successful long
term prediction of future drainage chemistry. Currently, most projects have their prediction
information in a mix of documents and monitoring data bases, reports and plans undertaken to
fulfill specific internal or regulatory requirements. Usually, these documents and data bases
focus on specific issues or aspects and do not provide holistic coverage of the whole mine site or
life of the project. Typically, only one or two individuals know many of the details regarding
site history and previous data collection or keep track of changes in drainage chemistry and the
properties that impact drainage chemistry.

Eventually, people move on and reports can be lost. For example, key site personnel may retire
or leave in anticipation of mine closure.

Operatlona| Characterization Of WaSteS, Without an adequate data base’ staff
drainages and mine walls may include changes or neglect can result in the loss of
thousands of analyses and hundreds of knowledge or records about previous
thousands of dollars of work. All this work activities, what information exists, how it
and money may be wasted if details such as was collected and where it is stored.
sample locations, sampll_ng methods, analysis | Operational characterization of wastes,
procedures and analytical results are lost. drainages and mine walls may include

thousands of analyses and hundreds of
thousands of dollars of work, much of which may be wasted if details regarding the data, such as
sample locations, sampling methods, analysis procedures and analytical results, are lost.
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Information that needs to be saved in central databases includes the following (see Chapters 6
and 7):

general and background properties of the project and site collected as part of Step 1 of a
prediction program, such as: data on landforms, climate, fish populations, metal levels in
fish, soils and vegetation and regulatory, community and corporate needs for
environmental protection and reclamation;
drainage conditions such as: the height of the water table and location, water quality and
rate of flow of surface water courses and near surface seepage;
geologic information such as: differentiation, description and mapping of bedrock and soil
units that will be or have been excavated, exposed or otherwise disturbed,
data on mine components including: locations, description of methods of excavation,
processing and waste handling and deposition, as-built plans showing the location, mass,
spatial differences in composition and hydrology and any other features that impact
weathering of the resulting mine components;
site plans and maps of mine components, topography and drainage features;
results from all pre-mine, operational and post-closure material characterization, test work,
monitoring of drainage chemistry, weathering of different project components, flow and
other parameters (e.g. temperature and oxygen levels) for monitoring wells, individual
seepages, discharge locations and the receiving environment and excavated, exposed and
disturbed geologic materials;
materials and methods for present and past prediction methods including:

0 protocols for monitoring, sampling, analysis, test work and QA/QC,
roles, responsibilities, qualifications and training needs of personnel;
equipment for monitoring, sampling, analyses and test work,
sample size, frequency, storage, transportation and preparation prior to analyses
and test work, and

0 protocols for storage, presentation and reporting of results
regulatory requirements and conditions, including: discharge, monitoring and reporting
requirements;
any significant uncertainty and gaps and the resulting risks and corrective actions; and
costs.

O OO

The information should be preserved in a safe, secure and usable form that allows:

the tracking of changes to key properties or components of the site;

qualified persons, unfamiliar with the site, to take over and successfully continue to
implement the prediction and waste characterization programs; and

the information to be regularly reviewed and updated and accessible for the management of
the site.

Unfortunately, where resources are short, data management and review are often the first things
to be dropped, especially if problems are unlikely to occur for a number of years. Providing
sufficient resources to maintain, update and review monitoring records is an important part of
successful database management. Databases should be organized so that new information can be
easily added. Regular review of the data is required to ensure adequate data quality not just for
the evaluation of the results.
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3.25 Be Prepared to Act on the Prediction Results

Prediction can be a call to action, but on its own cannot prevent impacts. Adaptive management
and the implementation of contingency plans based
on prediction will only prevent impacts if they are
well prepared and there is sufficient time, resources
and information about what corrective measures are required.

Prediction can be a call to action, but
on its own cannot prevent impacts.

3.26  Act Safely

Health and safety requirements should be primary considerations in any prediction program.
Proposed, active and closed mine sites contain a number of potential hazards for persons
monitoring or inspecting site conditions. These include:

steep and unstable ground conditions;

large equipment;

blasting;

potentially poor air quality within mine workings and mine wastes and associated
monitoring locations;

process chemicals; and

o remoteness of many sites.

It is important to be familiar with the potential hazards on the site and take the proper
precautions before conducting prediction activities. This includes becoming familiar with the
mining and exploration activities and informing the necessary site personnel of your activities.
The need to be aware of the hazards and take the proper precaution is highlighted by the recent
deaths due to poor air quality in a confined drainage monitoring sump below a sulphidic waste
rock dump (Phillip and Hockley, 2007).

3.27 Review the Details of the Sample Results and Materials and Methods

It is important to remember that the “devil is typically in the details” in drainage chemistry

— - - —— - prediction. While it is easy to get lost in
The “devil is typically in the details™ in drainage | the details and lose sight of the overall

chemistry prediction. Raw data should always objectives, it is equally important to remember

be included in prediction reports along with the | the specific requirements and assumptions
resulting interpretations. of the sampling and analysis procedures

and not misuse or misinterpret the results.

In these busy times, many will only read the executive summary of a drainage chemistry
prediction report. However, a proper understanding of the accuracy of the work or the resources
required to conduct that work can only be achieved by reviewing the details regarding site
conditions, sampling, sample preparation, analyses, test procedures and the interpretation of data.
Unavoidably, this requires one to review the raw data.

Individual sample results should be reviewed before calculating descriptive statistics. Raw data
should always be included along with the resulting interpretations in a prediction report.
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4.0 MAIN STEPS AND STAGES OF A PREDICTION PROGRAM

Some Important Points in this Chapter

There are three main steps for predicting drainage chemistry. First, the general properties of
the project and site should be reviewed. Second, any existing drainage chemistry should be
measured and monitored, then potential future drainage chemistry predicted. Third,
predictions made from the previous steps should be periodically checked and updated, with
any significant information gaps identified and highlighted. The third step should be
conducted repeatedly through all stages of a project.

While the information and methods may vary depending on site specific requirements, drainage
chemistry prediction should consist of the following three main steps.

1. Review the general properties of the project and the site.

2. Measure the existing drainage chemistry, if any, and predict potential future drainage
chemistry.

3. Verify the predicted compositions of the materials and drainage chemistry made in Steps 1
and 2 and conduct follow-up studies to address information gaps.

A more detailed description of each step follows.

4.1 Step 1 — Review General Properties of the Project and Site

Developing an understanding of general properties of the project and site should be the first task
in any drainage chemistry prediction program. The information will be used to:

J identify potential objectives and concerns;

o select samples, analyses and test work, and interpret drainage chemistry results for each
waste material and project component and the project as a whole; and

o create conceptual models of key properties and processes of the project.

General properties of the project and site that should be reviewed prior to predicting drainage
chemistry typically include:

geography;

baseline conditions;

climate;

hydrology and hydrogeology;

regulatory, community and corporate needs for environmental protection and reclamation;
geology; and

project history, plans and components.

Paralleling the requirement for more detailed and accurate information on drainage chemistry,
more detailed and accurate site and project information may be required as the project develops.
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4.2 Step 2 — Measure Existing Drainage Chemistry, If any, and Predict Potential Future
Drainage Chemistry

The main questions that should be asked regarding the characteristics of the drainage chemistry
are whether the drainage will meet water quality objectives, if the drainage will not meet water
quality objectives, what parameters will not be met and how large will their exceedance be, what
will be the spatial extent of the problem and when will the exceedance(s) occur?

The answer to these questions will depend on the:

initial composition of the excavated and exposed materials;

changes in physical and geochemical properties due to weathering;

drainage conditions (hydrogeology and hydrology);

transportation of contaminants; and

the sensitivity of valued components of the environment and the drainage chemistry
required to have a significant environmental impact.

Drainage chemistry prediction should be made for each different combination of geologic
material, form(s) of exposure (e.g. waste rock, tailings and mine walls) and post-mining
condition(s) (e.g. deposited aerially or underwater). Prediction of drainage chemistry is typically
done first for individual samples, then for whole geologic strata or waste units and finally for
project components and the project as a whole. If there is, or potentially will be, a drainage
chemistry problem, the existing prediction information is then used to decide what additional
prediction is required and how to mitigate and/or modify excavation and materials handling to
prevent significant environmental impacts (see Chapter 2).

While Step 2 comprises much of any prediction program, practitioners are cautioned not to
ignore the other steps. Step 1 is important in selecting samples and test work and interpreting the
results. Step 3 will be required to address gaps and uncertainty in the initial prediction. An
important objective of Step 2 is to identify gaps and uncertainty and indicate what follow-up
work is required (e.g. operational material characterization), which parameters should be
measured and the sampling procedure and frequency.

4.2.1 Properties and Processes Potentially Affecting Drainage Chemistry

The prediction of drainage chemistry from sulphidic geologic materials may require site specific
measurement or estimation of the following properties and processes.

o The total solid phase concentration of different elements and the potential acid generation
potential and acid neutralization potential.

o The aqueous concentrations of soluble elements, acidity and alkalinity and the resulting
pore water pH.

. The minerals in which potentially deleterious elements and potential acidity and
neutralization occur. The extent to which potentially deleterious elements and potential
acidity and neutralization occur in relatively reactive minerals. For example, will acid
generation and elemental release result almost entirely from sulphide oxidation or will
there be significant contributions from other sources?
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o The extent to which relatively reactive minerals containing potentially deleterious elements
and potential acidity and neutralization will be exposed by excavation, processing,
deposition and weathering.

. Changes in composition due to processing (e.g. removal of concentrate and addition of
lime), deposition (e.g. segregation of spigotted tailings) or some other process.

o Physical and geochemical conditions (e.g. drainage features, degree of aeration and
drainage pH and alkalinity) under which weathering and leaching will occur.

o The weathering reactions required to release potentially deleterious elements and potential
acidity and neutralization in relatively reactive minerals into a soluble form.

o Rates of mineral weathering and the leaching and loadings of soluble constituents under
the predicted physical, geochemical and drainage conditions.

o The length of time it will take for net acidic conditions and/or changes in other important
hydrological, weathering, and leaching properties and processes to take place.

o The initial composition of the leachate and the location of leaching and discharge.

o The solubility limit (e.g. maximum carrying capacity) of the predicted drainage chemistry
for potentially deleterious elements.

o Differences between the test conditions and materials used in prediction and the materials
and weathering conditions present at the project site.

o Geochemical criteria that can be used to separate potentially net acid generating’ materials
from net neutral materials.

o Geochemical criteria that can be used to separate materials predicted to potentially produce
problematic near-neutral pH or alkaline drainage chemistry from materials predicted to
potentially produce benign drainage.

o Movement of eroded particles by air (e.g. dust) or water (e.g. sediment).

Important questions for existing projects are whether project components are already
experiencing acidic weathering conditions, produce deleterious drainage or contain significant
concentrations of deleterious elements in a soluble form.

4.2.2 Materials to Analyze and Test

Prediction data may be obtained from a great variety of materials. The availability of
representative materials to analyze will depend on the status and type of the operation. Prior to
project development, analyses and tests may be conducted on exploration drill core, weathered
surface materials and materials from surface excavations or adits. During and after project
development, data may be collected from analyses and tests conducted on pre-blast drill cuttings
and the resulting wastes and mine walls. Analysis may also be conducted on the resulting
drainage and the associated gas phase (e.g. temperature and chemical composition).

Difficulty in obtaining representative samples for some wastes and mine workings may result in
information gaps.

7 The term potentially net acid generating is used to indicate the result if the material is allowed to weather
aerobically, although net acid generation may be averted by measures such as flooding.
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4.2.3 Analyses and Test Procedures

Prediction data is derived from one time analyses of the present composition (e.g. static
laboratory tests), repetitive measures of changes in composition over time (e.g. kinetic laboratory
tests and on-site field trials), calculations and models (e.g. mineral equilibrium solubility models)
and previous experience (Figures 4.1 and 4.2). In some cases, standard calculations are used to
convert the measurement or measurements into common units of interest (e.g. % sulphide-S is
multiplied by 31.25 to convert it into kg CaCOs equivalent/tonne acid potential).

As with all aspects of drainage chemistry prediction, the physical, hydrogeologic, hydrological
and geochemical conditions that control weathering and leaching must be considered in the
selection of which tests to conduct and the interpretation of their results. An important
consideration in the interpretation of test results is the difference between laboratory or small-
scale test conditions and the actual materials at the site with respect to key parameters such as the
rate of air entry, temperature, particle size and the ratio of solid to water.

The “Wheel” Approach for Drainage Chemistry

On-Site
Monitoring
Data Field
Kinetic Tests
Acid-Base
Accounting

Laboratory
Kinetic Tests

Drainage Chemistry

NAG Testing —

Retention
Tests

Total Metals & M 1
Whole Rock Ineralogy

Figure 4.1 Drainage chemistry prediction should be based on results from a variety of tests
(Morin and Hutt, 1999).
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Recommended Flow Chart for the Prediction of
Mine Site Drainage Chemistry

Review the general objectives and questions (Chapters 2, 3 and 4), some technical theory
and information (Chapter 5) and the background site and project information (Chapters 6
and 7).

Identify rock and waste units exposed or disturbed by mining, milling, concentrating and
construction (Chapter 6).

Determine the form and extent of each rock and waste unit that will occur in each mine
component, such as tailings and waste rock dumps (Chapter 7).

Determine the temperature, degree of aeration, hydrogeology and drainage volume of each
mine component. This can be estimated from site hydrology and hydrogeology and climate
data (Chapters 6 and 7).

Collect samples of rock and waste units that are representative of the units and the mine
components they form, following recommendations on sample numbers, size, mass,
description and handling (Chapter 8).

*

Conduct and interpret static tests (Chapters 9to 17 and 20 to 21) to determine the
composition of the selected samples (Chapter 8).

*

Conduct and interpret kinetic tests (Chapters 18 to 21) based on static test results
(Chapters 9 to 17) for the selected samples (Chapter 8).

*

Predict drainage chemistry as a function of time for each mine component (Chapter 7),
based on adjustments to static and kinetic test results for the expected flow, contributing
mass and degree of aeration or submergence (Chapter 6 and 20 to 21).

* Carry out after each step:
- revise classification of rock and waste units as needed; and
- tentatively create management units and determine their monitoring, mitigation
and materials handling requirements and the resulting exposure conditions.

Figure 4.2 Recommended flowchart for the prediction of drainage chemistry.
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Some tests have very specific procedures and data interpretation requirements and it is very

Some tests have very specific procedures
and data interpretation requirements and
it is very important to follow closely the
recommended methodology.

important to follow closely the recommended
methodology (e.g. NP measurements, Chapter 13).
Aspects of other analytical procedures (e.g.
analysis of the concentration of soluble or
dissolvable constituents) or tests (e.g. trickle

leach tests) should be modified to match site
conditions (e.g. composition and volume of leachate). Different procedures for measuring the
same or similar properties may give different results. It is therefore important to identify the
analysis procedure as well as the property when reporting or discussing test results.

Information should be derived from a variety of sources and tests. There is no single piece of
evidence or test that can provide a reliable prediction of drainage chemistry on its own
(Figures 4.1 to 4.3).
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Figure 4.3 Evidence from several sources can provide a more reliable prediction of the drainage
chemistry (from Stephen Day of SRK).

4.2.4 Measures of the Present Composition of Materials at the Site (Static Tests)

Depending on site specific conditions, the following static tests and calculations may be used for
drainage chemistry prediction:

o whole-rock or near total element analysis by XRF or ICP after fusion or strong acid
digestion,;
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o soluble constituent (selective dissolution) analyses:

O total mass soluble if leached or flooded (especially for weathered and oxidized
materials);

o pH analyses:

0 surface rinse pH for weathered material, or
0 crushed sample pH (paste pH) for unweathered material;

o sulphur species and acid potential analyses and calculations, in some cases including
sulphide, acid leachable sulphate, acid insoluble sulphate and total sulphur and forms of
sulphide-sulphur;

o neutralization potential analysis and calculation:

0 Bulk Neutralization Potential;
= Sobek neutralization potential, or
= Modified neutralization potential.
O carbonate content and calculation of carbonate neutralization potential, including
detection of iron and manganese carbonates;
o Acid Base Accounting statistics derived from the above:
0 Neutralization Potential Ratio (NPR) calculation, and
0 Net Neutralization Potential (NNP) calculation.

o mineralogy and other geologic properties:
0 visual examination,

petrographic scan,

XRD scan, and

other procedures such as SEM/EDS, microprobe or laser ablation may be added to

answer specific questions that cannot be answered by the generic procedures

listed above;

o physical analyses (especially for kinetic tests):

O particle size analyses, and
0 surface area; and
o NAG procedures.

(elNelNe]

Static test results are generally used in conjunction with data from other static and kinetic tests

) - — (see Figures 4.1 and 4.2, and Chapter 9),
Static test results are generally used in conjunction | jnformation on weathering conditions

with data from other static and kinetic tests, (Chapters 5 and 6) and other inputs to
solubility modeling, information on weathering drainage chemistry and previous
conditions and other inputs to drainage chemistry experience at other similar mine sites.
and previous experience at other similar mine sites. | gy example, soluble concentration of

different chemical species may be used
along with the volume and chemistry of the flood water and solubility modeling to predict trace
element dissolution and the resulting drainage chemistry if geologic materials are flooded. The
acid and neutralizing potential, along with the mineralogy and humidity cell reaction rates, may
be used to predict approximate times to the onset of acidic drainage under aerobic weathering
conditions. An important part of the interpretation of laboratory kinetic test results is evaluating
the impact of the differences compared to field conditions. Information from static tests is
required to select samples for kinetic testing that are representative of the conditions of concern
and to assess the kinetic test results.
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4.2.5 Measures of Reaction Rates and Changes in Drainage Chemistry (Kinetic Data)

Depending on site specific conditions, the following static tests and calculations may be used for
drainage chemistry prediction:

J rates of sulphide oxidation and the depletion rates of neutralizing minerals (humidity cells);

o weathering and drainage chemistry (trickle leach columns, on-site test pads and wall-
washing stations); and

o weathering, drainage chemistry and loadings from any existing dumps, impoundments and
mine workings (monitoring of entire or parts of project components).

An important consideration in the selection of kinetic test work is the parameter to be measured
or predicted. Measurements of the rates of sulphide oxidation and the depletion of neutralizing
minerals require very different test conditions from kinetic tests used to measure solubility
constraints and to predict drainage chemistry.

4.3 Step 3 — Verify the Predicted Compositions of the Materials and Drainage
Chemistry and Address Significant Information Gaps

Step 3 consists of the tasks needed to verify, refine and fill gaps in the predictions of material
composition, weathering rates and conditions and drainage chemistry made in Step 2.
Verification typically includes operational material characterization and the follow-up
monitoring of weathering and drainage. Additional study requirements will depend on the site,
project, previous sampling and analysis, existing information, deviations from the predicted
performance and environmental protection needs.

4.3.1 Operational Material Characterization

The purposes of operational material characterization include:

o verify, refine and address gaps in the characterization of materials excavated, exposed or
otherwise disturbed by the project;

o segregate materials requiring different handling, disposal or mitigation; and
J create an inventory of the composition of materials excavated, exposed and/or otherwise
disturbed by the project.

It would be important to check pre-development predictions of drainage chemistry properties,
such as mineralogy and ABA characteristics during development and production for the same
reason that mines conduct detailed sampling and analysis during mining to check pre-mine
predictions of ore grades. Unlike ore analysis, where the concern is with the average and whole
sample composition, drainage chemistry depends on the range in composition, and composition
of different size fractions (e.g. < 2 mm fraction of waste rock or tailings slimes and sand that
segregate during deposition). The sampling and analysis requirements for different materials
during different stages of a project are discussed in more detail starting in Chapters 7, 8 and 9.
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4.3.2 Monitoring Weathering, Drainage Conditions, Drainage Chemistry and
Residual Effects

Previously, monitoring was primarily to detect environmental impact and measure permit
compliance. In an effective drainage chemistry prediction program, monitoring of weathering,
drainage conditions and drainage chemistry is also conducted to:

o verify, refine and address gaps in the predictions of future drainage chemistry and
contaminant loadings;

° inform corrective actions, and

o provide early warning of potential problems allowing proactive resolution, adaptive
management and the timely implementation of contingency plans.

Monitoring should include measurement of geochemical (e.g. pH and redox), hydrologic (e.g.
flow rates), hydrogeological (e.g. rate of discharge and height of the water table) and ecological
(e.g. aquatic plant invasion) properties and processes that cause mineral instability and changes
in drainage chemistry and contaminant loadings. For example, the analysis of samples from long
term monitoring sites set up on the surface of project components can be used to measure
mineral depletion, changes in weathering conditions and the onset of acidic drainage chemistry.
The monitoring of individual seeps is used to detect changes in drainage chemistry that may be
masked in the composite drainage from a large project component (e.g. Figure 3.3). Monitoring
of properties such as heat and rate of oxygen depletion can be used to predict the rate of sulphide
oxidation and locate regions of the waste rock dump with the highest rates.

Another objective for monitoring is the mapping of residual contaminant concentrations that are
a potential concern in site components, such as vegetation, for those who may drink the water or
digest the flora and fauna. In addition to sulphidic materials and materials impacted by sulphidic
drainage chemistry, mapping should also indicate materials potentially contaminated by air (e.g.
dust) and water borne (e.g. sediment) sulphidic particles.

It is recommended that monitoring occur until there is no longer the potential for deleterious
drainage chemistry. Since processes such as lag time to acid drainage production or mine wall
collapse may take many years to occur, long term monitoring will usually be required.

4.3.3 Follow-Up Studies to Address Information Gaps

Not all prediction questions can be fully answered in the initial prediction of drainage chemistry
or prior to project development. Most projects need operational, closure and post-closure studies
to verify and refine predictions, fill information gaps, complete closure plans, reduce risks,
estimate the liability and address unforeseen concerns. For example, for most sites it is valuable
to set up on-site field test pads to improve the understanding of site and material specific
weathering and the relationship between previous laboratory measurements and actual field
weathering rates.

Common reasons for conducting follow-up studies discussed in Section 3.13 include:

o the relatively short term nature of pre-development kinetic tests;
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o differences between materials and conditions in pre-development laboratory tests and the
actual materials and weathering conditions at the site;

o changes to the project plans alter the materials or weathering conditions;

o uncertainty about future site conditions such as the composition of waste rock fines,
ultimate pit walls or the height of the water table; and

o a lack of samples from the perimeter of the project (e.g. waste rock far from the ore zone)
prior to development.

There is often great value in continuing to run laboratory kinetic tests during subsequent stages
of project development and setting up field test pads and study sites on project components to
improve the understanding of weathering. Properties that are difficult to predict prior to project
development include the composition of waste rock fines and materials segregated during
tailings deposition and changes during ore processing. Additional weathering studies may be
needed once the composition of these materials and the location of final walls are determined.
Changes to the mine plan will likely require additional prediction studies and changes in the
operational material characterization and monitoring of weathering and drainage (Section 3.14).

4.4 Prediction During Different Stages of Project Development

The stage of the project, along with gaps in the existing prediction data and proposed new
developments, will determine the information required, when it will be required and potential
sources of test materials and test sites. From the perspective of prediction, the main stages of the
project include:

o exploration;

feasibility studies and project planning;
construction;

mining and processing;

closure; and

post-closure.

Although the materials and methods may change depending on the stage of project development,
it is important that prediction be conducted throughout the life of a project with closure planning
starting at the mine planning and mine development stage. One objective in conducting
prediction at each stage is to demonstrate
It is important that prediction be conducted that the project has the necessary facilities,
throughout the life of a project. Thisincludes | plans, understanding, site  capacity,
all major stages of a project: exploration, mine | resources and intent to sustain the mitigation
planning, construction, mining and processing, | needed for environmental protection
closure, and post-closure. (Section 3.5). This includes identification
and contingency plans to deal with
significant gaps in the prediction of drainage chemistry. Another common consideration at every
stage of the project is that sampling, analysis, test work and the interpretation of prediction
results should be completed in time to meet the proactive, decision making needs of a project.
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4.4.1 Minimum Mass of Material Requiring Prediction

Prediction is required if the material is capable of producing a significant environmental impact.
The lowest or minimum mass capable of producing a significant impact may decrease with:

increases in sulphide and trace element content;

increases in particle surface area (e.g. smaller particle size);

increases in drainage volume;

increases in mineral reactivity and contaminant solubility (e.g. acidic weathering
conditions and drainage pH); and

o reductions in dilution and/or attenuation prior to a sensitive receptor.

For example, the surface area and drainage inputs of drill cores are typically too low to be a
concern.

For exploration, the British Columbia Ministry of Energy, Mines and Petroleum Resources
typically use a criterion of 1,000 tonnes of sulphidic material before any prediction is required.
A small sized pile (i.e. less than 1,000 tonnes) typically has limited drainage inputs and a low
particle surface area. Criteria of this sort should not substitute for common sense. The minimum
tonnage for conducting prediction may need to be reduced where:

o the sulphidic material is highly reactive;

o the sulphidic material has high concentrations of soluble contaminants;

o there is significant drainage through the pile; or

o there is very little attenuation or dilution between the discharge source and the sensitive
environment.

Sensitivity analyses can be conducted to predict the minimum mass capable of producing a
significant environmental impact using project site data and/or assumptions regarding the site
and project conditions. A simple example of a sensitivity analysis showing the required
watershed area for dilution by background drainage, to prevent exceedance of downstream water
quality objectives by hypothetical dump drainage, is provided in Table 4.1. The calculations in
Table 4.1 assume dilution is permissible, a 3 m dump height is in place and no geochemical
interactions occur, such as precipitation/dissolution or adsorption/desorption.
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Table 4.1 Required area for dilution to prevent hypothetical drainage from small rock
dumps from exceeding downstream water quality objectives.

Neutral pH Acidic pH
with Zinc with Copper
Downstream Objective mg/L 0.03 0.004
Background Concentration mg/L 0.005 0.001
Dump Drainage Concentration = mg/L 2 20
Dump Mass tonnes 1000 100
Bulk Density t/m’ 1.5 1.5
Dump Volume m’ 670 67
Dump Height m 3 3
Dump Area mi 220 22
. I m 18,000 150,000

Required Area for Dilution ha 13 15

Assumptions: 1) Flows per unit area from the waste rock dump are the same (same

timing, lag, and rate) as from the rest of the watershed.

2) The only source of dump drainage is incident precipitation. Drainage
from upstream does not flow through the waste rock pile.

3) The watershed for dilution is the catchment area above the mixing
point with the waste rock drainage.

4) There are no geochemical interactions in the receiving environment,
such as precipitation/dissolution or adsorption/desorption, that
would reduce the contaminant load.

4.4.2 Exploration

Exploration includes a wide range of activities and the prediction requirements depend on the
degree of exposure or disturbance of sulphidic geologic material. Exploration activities such as
collecting rock chips and soil sampling disturb relatively little sulphidic overburden or bedrock
and drainage chemistry prediction is usually not required. Diamond drilling and trenching
expose or disturb more sulphidic overburden or bedrock and the drill core and overburden should
be placed in locations with relatively little leaching and away from sensitive resources. Drainage
chemistry prediction will only be required if the amount of drilling and trenching is extremely large.

Exploration activities that may result in the excavation or movement of large masses of sulphidic
bedrock or overburden and where drainage chemistry prediction may be required include:

o excavation of an exploration adit;
o removal of a bulk bedrock sample for processing; and
o construction of large rock cuts for a road or drill pad.

The excavation or movement of sulphidic bedrock or overburden by these activities may rival a
small mine.
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One reason for conducting prediction testing during advanced exploration is for environmental
protection. In addition, starting the prediction

Starting the prediction of drainage chemistry | of drainage chemistry as soon as possible,
as soon as possible during exploration will | assuming that there is adequate knowledge of
increase the time available for a cost- the deposit and material to test, will increase
effective, phased prediction program and any the time available for a cost-effective, phased
time intensive kinetic test work. prediction program and any time intensive

kinetic test work. This will minimize delays
during mine development if further data collection is needed to address unacceptable uncertainty
regarding some aspect of the future drainage chemistry (Sections 3.13 and 3.20).

Creation of a data base of prediction materials, methods, results and relevant properties of the
project and site should accompany the initiation of drainage chemistry prediction (Section 3.24).

4.4.3 Feasibility Studies and Project Planning

The objectives of prediction during feasibility studies and project planning prior to excavation
and processing are to:

o predict the potential future drainage chemistry, determine the magnitude and spatial
variability in influential properties and processes, and predict the timing of significant
changes; and

° determine what excavation, waste handling, disposal, mitigation, financial resources,
monitoring, operational material characterization and supplemental prediction is required.

Prediction during project planning consists of Steps 1 and 2 from Sections 4.1 and 4.2. Typically
this requires a:

o review of the general properties of the project and the site; and
o prediction of both the most probable drainage chemistry and the potential for any
unacceptable conditions or performance.

Prediction of drainage chemistry should be done for all materials that will be excavated or
exposed for construction and during mining. This work should reduce the uncertainty regarding
drainage chemistry to a level at which effective impact prevention strategies can be selected and
the potential liability determined.

Because of the site specific nature of the problem and large potential environmental impacts and
costs, even for conceptual planning and approval, a comprehensive prediction of future drainage
chemistry may be required to indicate what, where and when mining, processing, mitigation and
closure measures are required to protect the environment.

An important part of pre-mining prediction is indicating what operational material
characterization and supplemental prediction studies should be performed. In the development
of plans for operational material characterization, thought should be given to the purpose, the
time available to obtain results, what parameters are to be measured, materials to be samples and
the sampling procedure and frequency of operational material characterization. Materials and
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methods may vary depending on whether the purpose is verifying the predicted composition,
segregating materials or determining the composition of materials not previously sampled.

Most pre-mining material characterization comes from the sampling and analysis of drill core.

One potential challenge in pre-mining
One potential challenge in pre-mining prediction | prediction is the lack of waste rock or
is the lack of waste rock or tailings with which to | tailings with which to predict the difference

predict the difference in composition between in composition between drill core and the
drill core and the resulting waste rock fines or resulting waste rock fines or tailings
tailings fractions. fractions. Prior to mining, there may be

limited information on the impact of
blasting on the composition of waste rock fines or processing on the composition of the tailings.
Some information on the composition of tailings may be available from metallurgical testing.

Another potential challenge is the lack of drill core data from deeper in, or at the edge of, the
deposit. In the past, un-mineralized (less mineralized) material at the edge of the deposit had
been assumed to have a negligible sulphide mineral content and therefore little potential for
problematic drainage chemistry, when in fact this was not the case (Price and Yeager, 2004).

If it has not already been done, a data base of prediction materials, methods and results and
relevant properties of the project and site should be created (Section 3.24).

4.4.4 Construction, Mining and Processing

The objectives of prediction during construction, mining and processing are as follows.

o Verify and refine prediction during project planning and fill gaps.

. Segregate materials requiring different handling, disposal or mitigation.

o Track trends in material composition, weathering and leaching conditions and site drainage
chemistry.

o Check what financial resources, monitoring and supplemental prediction is required.

J Create an inventory of the composition of materials excavated, exposed and/or otherwise
disturbed by the project.

o Provide early warning of potential problems in excavation, waste handling, disposal,
mitigation and operational material characterization, allowing proactive corrective actions
and implementation of contingency plans.

Operational characterization of the material composition during construction, mining and
processing and monitoring of the weathering and resulting drainage chemistry, is needed to
predict the drainage chemistry of each material created, exposed or disturbed by the project
(Figure 4.4a).  Characterization of material composition becomes far more difficult once
materials are buried (e.g. waste rock) or the access to portions of the project is cut-off. Gaps in
pre-development predictions that operational material characterization should check, include the
composition of:

o geologic materials which were impossible to sample;
° waste rock fines;
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o tailings sand and slimes; and
o the composition of the final mine walls.

In addition to materials produced or exposed by mining and processing, operational
characterization should be conducted on materials removed or deposited to construct
infrastructure such as roads, foundations, dams and any soil and overburden stripped in the first
phase of mine construction. Operational characterization is required even if the construction
materials are a long distance from the mine. Experience at a number of sites has shown that
materials some distance from the mine can produce problematic drainage (Section 3.2 and
Figure 4.4b).

Visual evaluation of the geochemical composition has not proven accurate and will not suffice.
There have been a number of instances where rock
Visual evaluations of the geochemical | was capable of generating acidic drainage despite no
composition has not proven accurate | visual sign of sulphide minerals (Price and Yeager,

and will not suffice. 2004). Detailed laboratory analysis and testing of
spatially and geologically representative samples is
required to determine geochemical properties such as the sulphide concentration, predict the
drainage chemistry and assess whether the drainage chemistry will have an environmental
impact.

As in all phases of prediction, sampling and analysis should occur with sufficient time to review
and act on the results that indicate materials are a potential source of problematic drainage
chemistry. Ensuring sufficient time to sample, analyze and act on the results will be very
important where material characterization is used to segregate materials with different disposal
requirements or verify processes such as desulphurization (Section 7.11.9.4). Evaluation criteria
should be based on analyses that can be conducted quickly at on-site laboratory facilities.
Accountability for the different activities in material characterization and effective
communication of the results to all the responsible parties will also be needed to ensure
successful handling of materials that are a potential source of problematic drainage chemistry.

Operational monitoring of the weathering and seepage chemistry should start as soon as possible
(Figure 4.4c). The geochemical and physical heterogeneity and changing plans for mine
components are challenges when monitoring the weathering and seepage from project
components. One solution is to construct field test pads in an undisturbed area of the site using
well-characterized materials that are representative of the range in composition of the materials
of concern. Loadings are as important as concentrations and therefore flow should be monitored,
along with drainage chemistry. One target of weathering and seepage monitoring will be wastes
that are left exposed for some period of time prior to flooding. Field trials may be set up to
monitor the weathering of waste rock fines, tailings sand and slimes and to determine field
weathering rates and on-site climatic effects.

Not all prediction questions regarding future weathering and drainage chemistry can be answered
prior to mining. Most mines need operational and in some cases post-operational studies to
address unknowns with regard to future weathering and drainage chemistry in closure, mining,
processing and materials handling plans (Figure 4.4d). The need for additional studies will
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depend on gaps in previous material characterization and drainage chemistry prediction and
changes in the environmental protection needs. Additional operational material characterization,
prediction studies and changes to the monitoring of weathering and drainage may also be needed
to address changes to mine plans (Section 3.14) and management issues that arise from
deviations from the expected composition, size and location of mine workings and waste
materials or the timing of activities such as mine closure.

4.4.5 Closure Planning

The first prediction of post-closure drainage chemistry should be conducted during initial mine

] . } planning and the first closure plan should be
The first prediction of post-closure drainage | included in the first mine plan. Revised

chemistry should be conducted during initial | ,redictions of post-closure drainage chemistry

mine planplng and .the flrs_t C|OSl_JFe plan should occur at regular intervals (e.g. every

should be included in the first mine plan. five years) and whenever there are significant
changes to site or project conditions (e.g. changes in drainage chemistry or mine expansion).

It is important to start addressing outstanding prediction questions in the closure plan early in the
mine life so the mine can use its operating resources, facilities, equipment and personnel to
conduct long term laboratory studies, set-up field studies and act on the results. Reduced
facilities, equipment, resources and personnel after closure will likely increase the costs of
monitoring and studies. Starting to address outstanding prediction questions in the closure plan,
early in the mining process, will also provide more time to evaluate different solutions and
implement any changes to the mitigation plan.

Mine closure may be a difficult time to conduct prediction work and collect data if budgets are
cut, facilities are dismantled, workers worry about their own and their families’ future, most of
the staff departs, and equipment is removed. The imminent departure of key staff and equipment
may create tight timelines for the proposed prediction work and its review. Corporate memory
loss regarding important aspects of the project and the site may occur long before closure due to
staff transfers. Without adequate data base management, staff departure may result in the loss of
knowledge of previous prediction activities, what information exists, how it was collected and
where it is stored (Section 3.24).
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Figure 4.4a Sampling and analysis of drill chips is used to characterize sulphidic
materials mined at the Ekati Mine.

Figure 4.4b Characterization of rock quarried next to the tailings dam at Kemess South,
a considerable distance from the mine, indicated it was potentially net acidic and therefore unsuitable
for dam construction (photo from Harold Bent, Northgate Minerals Ltd.).
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Figure 4.4c During mining, prediction also includes monitoring weathering prior
to mitigation (in this case flooding) and the volume and chemistry of the associated drainage (photo
of Eskay Creek Mine in northwest British Columbia).

Figure 4.4d During mining, the Huckleberry Mine continually refined its prediction
of water quality for the portions of the East Zone pit and plant site that will not be flooded.

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



CHAPTER 4 4-19

Another important consideration in encouraging an early start to operational studies closure
planning is the reduced access after portions of the mine close. This is especially important for
open pits and underground mines where access to mine workings and backfill may become
unsafe soon after the mining of those areas ceases (Price, 2005).

In addition to prediction analyses and tests, more detailed and accurate site and project
information may be required for the prediction of drainage chemistry as the project develops.

4.4.6 After Mine Closure
The objectives of prediction after mine closure are to:

verify and refine previous predictions and fill gaps;

track trends in weathering and drainage conditions and site drainage chemistry;

determine what financial resources, monitoring and supplemental prediction is required;
maintain an inventory of the composition of materials excavated, exposed and/or otherwise
disturbed by the project; and

o provide early warning of potential problems, allowing proactive corrective actions and
implementation of contingency plans.

After a mine closes, many properties and processes controlling weathering and drainage
conditions are in flux and there are a number of possible scenarios regarding future drainage
chemistry (Section 3.8). Post-closure prediction should continue for as long as there is a need for
the proactive detection and resolution of potential drainage chemistry problems (Section 3.10).

Closed mines may conduct laboratory and field studies and monitoring to address unknowns
regarding future weathering and drainage chemistry and address deviations from the predicted
drainage chemistry. Monitoring should track changes in weathering and drainage properties and
processes that are in flux and whose future impact on drainage chemistry may be uncertain
(Figure 4.5 and Section 3.13).

Changes to the landscape, drainage inputs and flow paths due to mining may result in
considerable uncertainty about post-closure
Changes to the landscape, drainage drainage conditions and the rate and location of
inputs and flow paths due to mining may | drainage discharge. Construction of raised tailings
result in considerable uncertainty about | impoundments and groundwater rebound as mine
post-closure drainage conditions. workings flood after mine closure may raise the
height of the water table and increase sub-surface
drainage inputs and leaching. Conversely, reduced drainage inputs as a result of cessation of
tailings deposition, maintained diversion ditches and unflooded mine workings may lower the
water table and increase sub-surface oxygen entry. Underground workings and open pits may
have the opposite effect.
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Figure 4.5 After a mine closes, operational monitoring of weathering and seepage
may continue to track changes in properties and processes that are in flux
(photo of Pinchi Lake Mine in northwest British Columbia from Bruce Donald
of TeckCominco Ltd.).

Post-closure monitoring may also be needed for tracking potential drainage chemistry changes
due to the subsidence of mine workings, site reclamation, climate changes and off-site
development. Land development, logging and beaver activity upstream of the site may change
the location of drainage inputs and increase the magnitude of runoff and drought events. Natural
and anthropogenic climate change may impact a wide range of drainage and weathering
processes. The monitoring of reclaimed areas may include assessing the impacts of the uptake of
contaminants by vegetation and wildlife using the site on wildlife populations, and resource use
by local residents.

Post-closure prediction should continue for as long as there is significant uncertainty regarding
weathering and leaching and a potential need for the proactive detection and resolution of
drainage chemistry problems (Section 3.10). An important part of this is providing sufficient
resources to store previously collected site information and to regularly update and review new
study results and monitoring records.

4.4.7 Omissions and Errors in Previous Stages of the Project

Comprehensive, cradle to grave predictions of drainage chemistry and adoption of the best
prediction practices are relatively new

Older mines generally lack detailed material phenomena. ~As a result, older mines
characterization and may have gaps in the prediction | generally lack detailed ~material
of drainage chemistry that need to be addressed. characterization and may have gaps in

the prediction of drainage chemistry
that need to be addressed.
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Common omissions at older mines include a failure to:

o record the masses of different geologic types of tailings and waste rock types and where
they were placed (e.g. within impoundments, dumps and other mine components);

o conduct operational sampling and analysis of the geochemical composition of different
fractions;

o conduct long term kinetic tests on well-characterized samples that are representative of the
materials of concern; and

o provide the necessary documentation of methods (e.g. fizz rating for Sobek-NP analyses)
for the interpretation of analysis and test results.

In some instances, it may not be possible to collect missing information at a later stage of the
project and the resulting uncertainty increases the difficulty in predicting future seepage
chemistry. For example, geochemical studies during later phases of operations may characterize
the waste rock on dump surfaces and mine walls. However, uncertainty would remain on the
composition of the finer size fraction of the waste rock and on the distribution of waste rock
types deeper within large, heterogeneous dumps that were built in several lifts. Sampling of
existing mine components is discussed in Chapter 8.

Other common omissions that may be difficult to rectify are a lack of long term field tests on
well-characterized representative materials or proper documentation of the test methods (e.g. fizz
rating for Sobek-NP analyses) that can be used in the interpretation of laboratory results.
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5.0 PARAMETERS AND PROCESSES CONTROLLING
DRAINAGE CHEMISTRY

Some Important Points in this Chapter

There are a large number of parameters and processes that affect site specific drainage
chemistry from sulphidic geologic materials. This chapter discusses the more important ones
from a geochemical perspective.

A large number of parameters and processes affect the drainage chemistry from sulphidic
geologic materials. They include environmental variables such as temperature and precipitation,
and site specific parameters such as location of excavations and mining methods. An
understanding of these factors and processes, and their potential impact on drainage chemistry is
necessary in designing a prediction program and interpreting the results.

5.1 Introduction

The primary processes causing problematic drainage chemistry from sulphidic geologic materials
are oxidation of the sulphide minerals

Although impacts from sulphide oxidation and and the subsequent dissolution and
dissolution most commonly result from acidic transport of potentially deleterious
drainage and metal leaching, environmental elements, such as Cu and Zn by migrating
impacts may also occur from drainage with a drainage. Oxidation of sulphide minerals

near neutral or basic pH. It is important to note results from exposure to (1) moisture and
that constituents of non-sulphide minerals may (2) oxygen or some other oxidizing agent
also be a drainage chemistry concern. such as ferric iron. Oxidation transforms

the relatively insoluble chemical species
in sulphide minerals into more soluble and mobile species, such as ionic copper and zinc.
Depending on the concentration and the associated chemical conditions, a portion of the
dissolved ions may precipitate as secondary minerals, such as sulphates, carbonates and
hydroxides. For example, oxidation changes the copper, iron and sulphur in the sulphide mineral
chalcopyrite (CuFeS,) into ions (e.g. Cu*", Fe’" and SO4*) and secondary minerals, such as
copper carbonate (e.g. malachite Cu,CO3(OH);) and iron hydroxide (Fe(OH)3).

In addition to being a reactant, water dissolves and carries the chemical species released by
sulphide oxidation. Dissolved elements can then be transported into surface and ground water
bodies where they may come in contact with sensitive receptors.

In addition to releasing potentially harmful elements, sulphide oxidation can also produce
acidity, which if not neutralized will lower the pH. Increased acidity and a lower pH increase the
solubility of many elements of concern (e.g. Cu) and can increase the rates of sulphide oxidation
and other weathering reactions, producing even more solutes.
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It is also important to note that it is not just the chemical components of sulphide minerals and
their weathering products that are a drainage chemistry concern. Other minerals in sulphidic
rock, especially minerals that are relatively soluble under various pH conditions (e.g. gypsum),
may also contribute to drainage chemistry problems. Examples of potential contaminants in non-
sulphide minerals include Fe and Mn from carbonates (e.g. the dissolution of siderite is greatly
increased by a decrease in pH) and Al and Fe from silicates.

5.1.1 Geologic Materials

The two main types of geologic materials are bedrock and non-lithified or particulate materials.
Differences in the parent material and the mode of
formation of bedrock and non-lithified materials results
in differing physical, chemical and weathering
characteristics, whereas differences in the physical and
chemical composition and in the susceptibility to
weathering of geologic materials leads to variations in drainage chemistry.

The two main types of geologic
materials are bedrock and non-
lithified or particulate materials.

Bedrock is a general term used for solid masses of rock produced by igneous, metamorphic and
sedimentary processes. It is largely inorganic but may also contain organic materials such as
coal. Bedrock may be exposed at the surface but is more commonly buried beneath non-lithified
materials.

Non-lithified materials or particulate matter are surficial and consist of inorganic and organic
particles produced by one or a combination of the following processes: weathering; biological
accumulation; anthropogenic and volcanic activity; deposition by water, wind, ice or gravity;
chemical precipitation from solution; and secretion by organisms. Other terms for non-lithified
materials include unconsolidated materials, soil, earth and overburden. Anthropogenic non-
lithified surficial materials include waste rock and tailings.

At metal mines, the term overburden refers to naturally non-lithified materials. At coal mines,
overburden is also used to describe bedrock on top of coal seams. The term soil refers to the
upper portion of non-lithified materials that has been altered due to plant growth, climate effects,
drainage, macro and microorganism activity or topographical position. The term is also used for
material that either serves or has the potential to serve as a medium for the growth of terrestrial
or wetland plants.

The main constituents of inorganic matter in geologic materials are minerals. Minerals are
inorganic and have a characteristic chemical composition, crystal form, physical properties and
an orderly internal structure. Less commonly, some inorganic matter in geologic material may
be amorphous, lacking detectable crystal structure or order.

Most inorganic geologic materials contain more than one, and often many different, types of
minerals. Minerals are classified according to their chemical composition and structure. In
addition to the sulphide minerals, other important groups of minerals include carbonates,
aluminosilicates and silicates. The common constituents of carbonate minerals are carbon and
oxygen. Many carbonate minerals are relatively soluble under acid conditions and are an
important source of alkalinity. The common constituents of aluminosilicate minerals are silica,
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aluminum and oxygen; silicates are dominated by silica and oxygen. Phyllosilicates are a
subgroup of silicate and aluminosilicate minerals with a layered structure and include the
minerals biotite, muscovite, smectite and kaolinite.

Minerals are also classified according to when they were formed. In this Manual, primary
minerals refer to those that were created at the time the
rock was formed and include minerals formed by
igneous, hydrothermal or metamorphic processes.
Secondary minerals are minerals formed at or near the
surface by alteration, dissolution or precipitation, usually
at the expense of primary minerals. There is also a distinction between ore minerals, which are
of potential economic value, and gangue minerals which are not.

In this Manual, primary minerals
refer to those that were created at
the time the rock was formed.

Amorphous inorganic materials are often produced by weathering. Two of the most common
examples are coatings and flocs of iron and aluminum oxyhydroxide. Lime treatment of acidic
drainage also produces amorphous iron oxyhydroxide flocs.

Organic geologic materials include rock types such as coal and non-lithified surficial materials
such as peat. Organic matter may also be present in largely inorganic geologic materials such as

mudstone.

The behaviour of bedrock and non-lithified surficial materials depends on the:

o particle size and structure of the non-lithified material;
o grain size and fabric of the lithified material; and
o type, concentration, surface area and elemental composition and speciation of minerals,

amorphous inorganic matter and organic matter.

The crystals or multi-crystal fragments within bedrock or a particle are called grains. Grains
may be described by their size and mineralogy. Examples of grains include the sand sized
mineral quartz in a sandstone bedrock or a particle of sandstone rock.

Particles refer to separate fragments in non-lithified materials. The dimension of particles can be
measured by sieving, settling velocities and image analysis. Particle size categories include the
various types of coarse fragments (>2 mm), such as boulders, stones and gravel, and the
different soil sizes (< 2 mm), such as sand (62.5 um - 2 mm), silt (2 pum - 62.5 um) and clay
(<2 um). Nanoparticles and colloids are even smaller.

In this document, the texture of a rock refers to the relative proportions of different sized grains
within bedrock or a particle. The fabric refers to the spatial and geometrical configuration of all
the components within bedrock or a particle including texture, structure and preferred
orientation. The structure of bedrock or a particle refers to the grain-size distribution, general
disposition, attitude, arrangement or relative positions of different rock types and fabrics,
including bedding, stratification, laminations, faults, fractures and folds.

Similar to rock descriptions, the texture of particulate matter refers to the relative proportions of
different sized particles. Examples of materials with different textures include the boulder to
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clay particles in waste rock and till, and the silt and sand sized particles in metal mine tailings.
The fabric and structure of non-lithified materials refers to the size distribution and spatial
arrangement of particles and voids, including bedding, stratification, aggregation and bulk
density. Fabric usually refers to an individual layer or section, while structure can refer to more
than one layer or section or a whole project component.

Element species refers to a chemical entity such as an ion, atom or molecule. Speciation refers
to the chemical form in which an element is present or the process whereby various forms of an
element become differentiated into ions.

5.1.2 Exposure of Sulphidic Geologic Materials

Oxidation, dissolution and other weathering reactions that contribute to drainage chemistry are
naturally occurring reactions that result when sulphidic
Oxidation, dissolution and other | bedrock and non-lithified materials are exposed to air and
weathering reactions that water (Blanchard, 1968; Lett et al., 1996). Drainage from
contribute to drainage chemistry | oxidizing outcrops of sulphide bearing rock (i.e. gossans)
are naturally occurring reactions. | often has elevated sulphate, rust coloured iron staining
and decreased pH values. Although locally significant
and in some instances extensive, the extent of sulphide oxidation in bedrock outcrops is often
limited by the relatively shallow depth that oxidation penetrates beneath the surface and the slow
rate of exposure of the surface area of the sulphide rock by natural processes.

The drainage chemistry from sulphidic geologic materials is a major concern for the mining
industry. Many base and precious metal, and some coal and diamond mines, excavate and
expose large amounts of sulphidic rock to air and water.

The exposure of large amounts of sulphidic geologic materials to air and water and the resulting
drainage chemistry problems are not restricted to mining. Road building and other forms of
construction can also excavate large amounts of sulphidic rock. Examples include the
construction of roads for forestry (Koyanagi and Panteleyev, 1994), various highways (Daniels
and Orndorff, 2003; Hammarstrom et al., 2005; Morin et al., 2003) and the Halifax Airport in
Nova Scotia (Hicks, 2006). Sulphide oxidation resulting in acidic drainage and related problems
may also arise when sulphidic marine sediments are drained, either naturally or by anthropogenic
activities, such as farming (Pons et al., 1982).

5.1.3 Elements of Concern

Elements of concern due to their potential toxicity and abundance in some sulphidic geologic
materials include: aluminum, antimony, arsenic, barium, beryllium, cadmium, chromium,
cobalt, copper, iron, lead, manganese, mercury, molybdenum, nickel, selenium, silver, strontium,
sulphur, thallium, and zinc. Antimony, arsenic, molybdenum, selenium and sulphur generally
occur as oxyanions (e.g. SO;%) in oxidized environments. Aluminum, barium, beryllium,
cadmium, chromium, cobalt, copper, lead, manganese, mercury, nickel, silver, strontium,
thallium and zinc generally occur as cations (e.g. Zn™").

The total concentration of an element in drainage is simplistically the sum of the concentrations
of the element existing as dissolved species, either as free ions or complexes with ligands, and
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the concentrations associated with suspended solids. The distinction between a dissolved and
suspended element is often based on a filter size, such as 0.45 um. In reality, polymers and
colloids may not behave geochemically as if they are either dissolved or suspended.

Toxicity is primarily chemical in nature and derived from dissolved concentrations. However,
toxicity may also result from physical impacts, such as precipitation of iron oxyhydroxides and
gypsum which prevents the aeration of fish eggs in stream gravels.

5.1.4 Metal Leaching and Acid Rock Drainage

Metal leaching (ML) is a common problem associated with drainage derived from oxidizing
sulphidic geologic materials. The term “metal” is used
because elevated concentrations of major metals such
as Fe and Al and trace metals such as Cu and Zn in the
drainage are the most common cause of environmental
concern. “Leaching” is used because dissolution and
transport are required for problems to occur. However, the use of the term “metal leaching” for
problems associated with the drainage chemistry of oxidizing sulphidic geologic materials is
potentially misleading, because environmental impacts may also occur from elevated
concentrations of metalloids such as As and non-metal species like Se and sulphate.

Metal leaching is a common
problem association with drainage
derived from oxidizing sulphidic
geologic materials.

Another common term used to refer to the drainage from oxidizing sulphidic geologic materials
is “acid rock drainage (ARD)” or its alternative “acid mine drainage (AMD)”. However, the
latter is less appropriate because acidic drainage from sulphidic materials is not produced solely
by the mining industry. The term ARD is used because impacts are most common and often
greater when the drainage is acidic due to the resultant higher rates of sulphide oxidation and
other weathering reactions and higher solubility of many potentially harmful elements. Use of
the term ““acid rock drainage” for problems associated with the drainage chemistry derived from
oxidizing sulphidic geologic materials is potentially misleading because environmental impacts
may also occur from drainage with a near-neutral or basic pH.

Although often lower than at acidic pH, solubility limits and dissolved concentrations can still
exceed environmental guidelines for elements, such as antimony, arsenic, cadmium, cobalt,
manganese, mercury, nickel, selenium and zinc, released by the oxidation and dissolution of
sulphide minerals (Stantec Consulting Ltd., 2004). In contrast, the solubility of molybdenum can
be higher in near-neutral and alkaline drainage compared to acidic drainage. Even metals, such
as Al, Fe, and Cu, whose solubility is greatly reduced at near-neutral compared to acidic pH’s,
can exceed environmental guidelines if there is insufficient dilution and attenuation prior to
entering a sensitive receiving environment.
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5.1.5 Acid, pH, Acidity and Alkalinity

An acid is a substance that can donate a hydrogen ion (H") to another substance and a base is one
that can donate a hydroxide ion. pH is a measure of
hydrogen ion activity [H'] in solution. The pH scale is
based on the negative logarithm to the base 10 of the
hydrogen ion activity and a decrease of one pH unit
corresponds to an order of magnitude increase in

An acid is a substance that can
donate a hydrogen ion to another
substance and a base is one that

can donate a hydroxide ion.

hydrogen ion activity.

The strict chemical definitions of categories of drainage chemistry based on pH are:

o neutral pH is pH 7 with equal aqueous activity of hydrogen and hydroxide ions;
o an acidic drainage has an excess of hydrogen ions and a pH value lower than 7; and
o a basic or alkaline drainage has an excess of hydroxide ions and a pH value greater than 7.

This Manual more generally defines a near-neutral pH as between 6.0 to 8.0, an acidic pH as < 6
and an alkaline pH as > 8.0.

Acidic drainage is derived from materials with an insufficient capacity to neutralize all the acidic
products of sulphide and elemental sulphur oxidation and the dissolution of acidic sulphate
minerals. In the context of mining, this may be referred to as acid mine drainage (AMD).

The onset of acidic drainage is the first appearance of acidic pH values in drainage. Detection
sensitivity will depend on the monitoring location(s) and frequency. Zones of pervasive acid
weathering, with significant ARD generation, may occur locally or internally within a particular
mine component, prior to the detection or occurrence of persistent acidic drainage pH values at a
downstream monitoring point.

The point of concern regarding pH is site specific and will depend on:

o availability, weathering and solubility of the contaminants of concern;
o government guidelines; and
o intended usage of the water.

Drainage acidity and alkalinity are analytically determined measures of the capacity of a solution
to neutralize a strong base and acid, respectively. Acidity and alkalinity are measured by
titration. Their concentrations depend on the drainage chemistry and the prescribed pH end point
used in the titration, which should be always be noted (e.g. acidity to pH 8.3).

Acidity is a measure of the concentration of hydrogen ions and certain dissolved metal ions and
complexes, such as aluminum and iron, capable of producing excess hydrogen ions, at some
point over the defined range in titration pH. Acidity provides a measure of the amount of lime a
treatment plant would require to raise the pH and precipitate metals. The acidity of a solution
generally increases as its pH decreases. However, solutions with similar pH values may have
very different acidities.
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Near-neutral oxic drainage may have low concentrations of aluminum, iron and hydrogen ions,
yet still have elevated concentrations of acidity to pH 8.3. For example, sphalerite oxidation can
produce near-neutral drainage with elevated acidity in the form of dissolved zinc. Anoxic
drainage with a near-neutral pH can contain elevated acidity in the form of Fe*".

The alkalinity concentration depends on the excess bicarbonate, carbonate and hydroxide in
solution or the ability of a dissolving solid to produce an excess of such bases.

Net drainage pH refers to the overall drainage pH for a specified sulphidic geologic material, at
present or at some time in the future. Procedures used to measure or predict the net drainage pH
and the assumed future geochemical conditions should be clearly identified. Unless otherwise
specified, geologic constituents are assumed to be exposed to oxidizing weathering conditions
with sufficient time for complete oxidation of the sulphide minerals.

The net drainage pH will depend on the cumulative rates of acid and base addition from all
contributing internal and external sources. External sources may include dust, precipitation and
groundwater. Internal sources include mineral weathering and the reactions of organic and
dissolved species. Differences in the cumulative rates of acid generation and acid neutralization
and thus drainage pH, may occur:

o at the micro-scale level (e.g. porewater);

o in different rock types and locations in mine component (e.g. surface, sub-surface) with
different weathering conditions (e.g. acrobic or flooded locations); and

o with different times of exposure (e.g. present or sometime in the future).

Where possible, differences in the rates of acid and base addition, acid neutralization and
drainage pH at different scales, locations, times and under different weathering conditions should

be indicated (e.g. net acidic drainage at the surface of tailings in the future).

Net acidic material if leached will immediately produce acidic drainage. An acidic rinse pH is

— — evidence that a sample is presently net acidic. Although a

Net acidic material if mine component or sample as a whole is net acidic, some
leached will immediately portion of the surface of particles or fracture surfaces (micro-
produce acidic drainage. sites) and the interior of particles may produce alkaline or near-

neutral pH drainage. Neutralization Potential (NP) measured
in a net acidic mine component or sample is either physically unavailable (e.g. occluded within
particles and not exposed to air or drainage) or insufficiently reactive to produce near-neutral pH
or alkaline drainage.

Net neutral sulphidic geologic material if leached produces near-neutral pH drainage. This
results from equal rates of acid neutralization and acid generation.

Acid Potential (AP) measured in a presently neutralized mine component or sample is
(1) physically unavailable (e.g. partially occluded within particles and not exposed to air or
drainage) or (2) presently insufficiently reactive to produce acidity.
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Net alkaline material if leached will produce drainage with basic pH. Although a mine
component or sample is predominantly near-neutral or alkaline, some parts, grains or fracture
surfaces may produce acidic drainage.

5.2 Weathering Processes and Reactions

Weathering is the name given to the processes by which geologic materials (e.g. bedrock, rock

— - particles and minerals) are altered on exposure to
Weathering is the name given to the surface temperature and pressure, and to

process by which geologic mate“als_ atmospheric agents such as air, water and biological

are altered on exposure to atmospheric activity  (Ollier, 1969; Birkeland, 1974).

conditions and agents. Weathering reactions are responsible for the

majority of the chemical species in the drainage from geologic materials, reflecting chemical and
physical instability, although other sources can include:

wind borne sediment;
water borne sediment;
organic matter;
inflowing drainage; and
atmospheric inputs.

Because weathering includes both physical processes and chemical reactions, it may alter the
physical and/or chemical properties.

Drainage chemistry from sulphidic geologic materials depends on the net result of all weathering
processes. Although sulphide oxidation and the dissolution of oxidation products are a major
source of the chemical species in the drainage, other weathering reactions and the weathering of
other minerals will contribute chemical species in solutions and affect the release and solubility
of chemical species from sulphide minerals.

For example, physical weathering and the precipitation of weathering products will influence the
exposure of sulphide minerals to oxygen. Carbonate dissolution will neutralize acidity and is
often the major source of calcium and magnesium. Hydrolysis and cation exchange reactions
with silicates and hydroxides often cause the release of sodium and potassium. Redox reactions
may increase or decrease the solubility of secondary minerals formed from the products of
sulphide oxidation. Consequently, an understanding of all the weathering processes and
reactions is required when designing a prediction program and analyzing the results.

Physical weathering processes include:

o unloading due to excavation;
. thermal expansion and contraction of minerals; and
. ice and salt crystal formation and plant root growth in fractures and cracks.

Chemical weathering reactions include:

o hydration;
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cation exchange;

hydrolysis;

oxidation and reduction; and
dissolution and precipitation.

Properties of the solid phase, drainage chemistry and solutes that are important in determining
the mechanism, rate and products of weathering reactions are provided below (Langmuir et al.,
2004).

Solid Phase:

mineral type and chemical composition,

organic matter,

surface coatings,

surface area and site density or exchange capacity of anion and cation sorbing solids,
aeration, and

microbial activities and rates.

Drainage Chemistry:

e pH,

Eh,

dissolved oxygen,

solute composition and concentrations (activities),
dissolved organic carbon,

ionic strength, and

temperature.

Solutes:

chemical species and speciation,
complexation chemistry,
solubility,

precipitation chemistry,

oxidation reduction behaviour, and
vapor pressure.

5.2.1 Physical Changes Resulting from Weathering

The main contributions of physical weathering are fracturing and breaking particles, increasing
the surface area and exposing fresh mineral surfaces to chemical weathering. Because chemical
weathering reactions are surface dependent, the physical weathering processes, such as hydration
and thermal expansion and contraction that increase the surface area, also increase the rate of
chemical weathering reactions. For example, breaking apart and increasing the surface area of a
unit mass of sulphide minerals will increase the overall rate of sulphide oxidation and metal
leaching. However, if the reduction in particle size is large enough to reduce air entry and water
percolation, it may reduce the rate of dissolution and oxidation.
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Temperature changes may create fractures along mineral grain boundaries and break apart
minerals that differ in their rates of thermal expansion and contraction. The growth of ice and
salt crystals along grain boundaries can create and increase the size of fractures. Salt crystals
may form due to increases in solute concentrations resulting from other weathering reactions or
evaporation. Rock particles may also be fractured and broken apart by chemical weathering as
dissolution, hydration and cation exchange reactions expand or reduce the size of crystal grains.

5.2.2 Dissolution and Precipitation

Dissolution refers to the entrainment of soluble chemical species by water. Dissolved species are
generally free ions or complexes with a ligand,
although neutral species (e.g. H4SiO4) can also
occur. Ligands are either an anion or a neutral
molecule. Common ligands include hydroxyl, carbonate, bicarbonate, and sulphate ions.

Dissolution refers to the entrainment of
soluble chemical species by water.

Reaction 5.1 shows the production of zinc cation and sulphate anion as the result of oxidative
dissolution of sphalerite.

ZnS + 20, < Zn* + SO,” (5.1)

In near-neutral drainage, calcium is often the cation present in the highest concentration.
Gypsum precipitates (reverse of Reaction 5.2) when the rates of sulphide oxidation and of
reactions releasing calcium into solution produce concentrations of sulphate and calcium that
exceeds gypsum's solubility limit.

CaS0,4+2H,0 « Ca’ + SO4* + 2H,0 (5.2)
Non-sulphate sources for calcium include a number of carbonate and silicate minerals.

Dissolution of carbonate minerals is accelerated by, and neutralizes the acidity produced by,
sulphide oxidation (Reaction 5.3) and by carbonic acid (Reaction 5.4).

CaCO; + H" — Ca’" + HCOy (5.3)
CaCO; + H,CO3 — Ca*™ + 2HCO;5” (5.4)

Carbonic acid is formed by the dissolution of CO, in water.

CO, + H,O — H,COs3 (5.5)
Section 5.6.1 contains further discussion of the dissolution of carbonate minerals.
The concentration of different dissolved complexes and free ions will depend on drainage
chemistry properties such as pH and the concentration of alkalinity and other major anions and

cations. The major inorganic species in a hypothetical pH 8, oxygenated drainage are listed in
Table 5.1.
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Table 5.1 Major inorganic species in hypothetical pH 8, oxygenated drainage
(from Langmuir et al., 2004 and based on Stumm and Morgan, 1996); the right column
is the percentage of the total metal concentration occurring as free ion.

Percent as Free
Condition Metal/Element Major Species Metal Cation
As(V) HAsO,*
Cr(VI) CrO4*
Oxyanions Mo(VI) MoO4*
Se(VI) Se04*
V(V) HVO.*, H,VO,
Na" Na" 100
K" K" 100
Predominantly free Mg Mg o4
aquo-ions Ca2 Ca2 94
Sr* Sr** 94
Ba®* Ba®* 95
Ag(D) Ag’, AgCI° 60
Al(III) Al(OH);(s), AI(OH),", AI(OH)4 1x107
Be(II) BeOH', Be(OH),° 0.15
Cd(ID) Cd**, CdCO5° 50
Co(ID) Co**, CoCO5° 50
Complexed with Cudh CuCOs” 2
OH’, COs*, HCOy, Fe(III) Fe(OH)s(s), Fe(OH),", Fe(OH), 2x 107
cr Hg(II) Hg(OH),’ 1x10®
Mn(IV) MnOx(s)
Ni(II) Ni*", NiCOs° 40
Pb(II) PbCO;° 5
TI(D), TI(TD)* TI*, TI(OH), TI(OH), 2x 107"
Zn(11) Zn*", ZnCO;° 40
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Solid liquid interactions can separate dissolved chemical species into insoluble or solid forms.
This may occur through:

o ion exchange onto mineral surfaces and organic matter (Section 5.2.7);

o co-precipitation or adsorption as a trace or minor impurity into a mineral or amorphous
solid phase; and

o precipitation as a mineral.

Dissolved species may precipitate, forming the major component of a mineral when their
concentrations exceed a mineral’s solubility limit. If
Dissolved species may precipitate, | the rates of mineral dissolution and precipitation are
forming the major componentof a | relatively rapid, mineral solubility limits will control
mineral when their concentrations | the maximum concentrations of dissolved chemical
exceed a mineral’s solubility limit. species. The dissolved concentration of a chemical
species may exceed the solubility limit if the rate of
precipitation is relatively slow or the rate of dissolution exceeds the rate of precipitation.

The identity of dissolved and precipitated chemical species, the solubility limits and maximum
dissolved concentrations depend on a large number of factors. Some of the most important are
elemental speciation and the pH and Eh (redox) of the drainage. Changes in the pH and redox
may dramatically alter the nature of dissolved species, mineral solubility and maximum
dissolved elemental concentrations. The impact of redox on solubility is discussed in
Section 5.2.3. The impact of pH and Eh on the solubility and speciation of iron determines some
key aspects of sulphide oxidation.

Aqueous complexes play a major role in the solution and precipitation of elements in the
environment. Mineral precipitation is controlled by the activity product of the pertinent free ions
and not the aqueous complexes. Therefore, the higher the proportion of the total dissolved
concentration of ions in aqueous complexes, the higher the total ion concentration must increase
in order to reach the mineral solubility or saturation limits. For example, an increase in the
concentration of dissolved ZnCO5” will increase the total dissolved Zn concentration, but will not
increase the concentration of free Zn ions or the solubility limit for solid Zn carbonate.

The formation of dissolved complexes also influences adsorption. Metal carbonate and sulphate
complexes are usually poorly adsorbed to organic matter and mineral surfaces, whereas metal
hydroxide complexes are strongly adsorbed (Langmuir et al., 2004).

Dissolution of some metals that are relatively insoluble at near-neutral pH, such as Al, Fe or Cu,
may be increased if they bond with organic acids and form soluble organic complexes.
Complexation or chelation can increase the leachability and reduce the toxicity of some
elements. The maximum dissolved concentration of one particular chemical species may also be
changed by the presence of other anions and cations. For example, the maximum aqueous
concentration for sulphate is much lower in the presence of high concentrations of Ca than high
concentrations of Mg because of the much lower solubility of CaSO4 compared to MgSOy,.

Further discussion of dissolution and precipitation occurs in Chapter 20 on Modeling Drainage
Chemistry.
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5.2.3 Oxidation and Reduction (Redox)

Oxidation is the process of losing an electron and increasing the valence. Reduction is the
process of gaining an electron and decreasing the valence. Examples of oxidation reactions are
as follows:

Oxidation of ferrous iron (+2) to ferric iron (+3)
Fe*' +1/40, + H" — Fe*" + 1/2H,0 (5.6)

Oxidation of the +2 form of the manganese ion to the +4 form and the precipitation of pyrolusite
Mn®" + 1/20, + H,0 — MnO, + 2H" (5.7)

Oxidation of the -2 sulphide-sulphur in galena to +6 sulphate-sulphur in the relatively
insoluble anglesite
PbS + 20, — PbSO,4 (5.8)

Oxidation reactions are often reversible with sufficiently reducing conditions and time.

The order of redox reactions occurring as a function of Eh is shown in Figure 5.1. Notably,
oxidation of sulphide to sulphate typically precedes the oxidation of ferrous iron to ferric iron.
This is why high concentrations of ferrous iron can appear in the drainage from rapidly oxidizing
sulphidic geologic materials. With a decrease in the redox potential, reduction of ferric iron to
ferrous iron often precedes the reduction of sulphate to sulphide, followed by the precipitation of
Fe(II) sulphides and less abundant sulphides of Cd, Zn, Co, Ni, Pb, Ag, Cu, Hg, and Mo.

Electron transfer in oxidation/reduction reactions generally involves only one or two electrons in
each step. Consequently, if there is a large change in valence, such as the case for sulphur, redox
reactions often involve a number of steps. The oxidation of manganese is potentially
complicated by the fact that there are two valence states, +3 and +4, higher than the +2
manganous ion and a number of more complex manganese oxide minerals contain manganese in
more than one valence state.

Redox reactions may be catalyzed by bacteria. Oxidation reactions may be catalyzed by
chemolithotrophic bacteria, such as Acidithiobacillus and Thiobacillus species that use the
energy released by the oxidation. Reducing bacteria use the oxidized chemical species as a
terminal electron acceptor to oxidize organic carbon. Sulphide produced from sulphate by
reducing bacteria may then precipitate metals as metal sulphides.
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Figure 5.1 The Eh and sequence of oxidation-reduction reactions. From Langmuir et al., 2004
(modified from Stumm and Morgan, 1996).
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Oxidation and reduction reactions change both the size and charge of an ion, disrupting minerals
directly or indirectly by accelerating other weathering
reactions such as hydrolysis and hydration.
Consequently, minerals containing reduced S, Fe and
Mn typically weather more rapidly under oxidizing
conditions. Although oxidation reduces the ionic
radius, it can also increase the degree of hydration.
The resultant changes in the size of mineral grains
may weaken the strength of the rock particles.

Oxidation and reduction reactions
change both the size and charge of an
ion, disrupting minerals directly or
indirectly by accelerating other
weathering reactions.

The oxidation state of some elements in water is shown in Table 5.2. Trace elements with more
than one common valence include Cr(IIl and VI), Cu(I and II), Hg(0, I and II), Mn(II, III and
IV), Sb(Ill and V) and Se(-1I, 0, IV and VI). Different valence states change the reaction of
elements with biological functions and often affect their toxicity. As(III) is more toxic than
As(V) and is also the precursor of methylated As species. The opposite is true for chromium,
where the reduced species Cr(III) is much less toxic than Cr(VI).

Changes in valence also changes elemental solubility. For example at near-neutral pH, the
oxidized forms of iron and manganese, Fe(IIl) and Mn(IV), readily hydrolyze forming insoluble
secondary minerals, whereas Fe(II) and Mn(II) are relatively soluble. The redox state of iron and
manganese also impacts adsorption and co-precipitation and therefore the solubility of trace
elements. Fe(Ill) and Mn(IV) oxyhydroxides produced by weathering or during processes such
as roasting and drainage treatment can co-precipitate or adsorb a large number of trace elements
and are especially effective in co-precipitating those that exist as anions, such as arsenic,
antimony and molybdenum. Consequently, a layer of Fe(Ill) and Mn(IV) hydroxide or oxy-
hydroxide can be effective in scavenging potentially toxic elements, thereby minimizing their
concentration in solution.

Reductive dissolution of Fe(Ill) and Mn(IV) oxides produces not only Fe(II) and Mn(II) ions but
also releases co-precipitated trace elements into solution. The process is responsible for the trace
element release observed from the decrease in redox potential when soluble carbon or nutrients
are imported into impoundments storing lime treatment sludge, roaster products or weathered
mine wastes.
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Table 5.2 Common oxidation states, oxidized forms, and reduced forms in water are the
best predictors of toxicity for trace metals (adapted from Langmuir et al., 2004; oxidation
states in parentheses are found in mineral systems only).

Oxidation Oxidized Best Predictor of
Metal States Forms Reduced Forms Toxicity
Aluminum 3+ AP AP
Beryllium 2+ Be®* Be** Be®*
Barium 2+ Ba®" Ba®" Ba®"
Strontium 2+ S St
Cadmium 2+ cd* cd* cd*
Zinc 2+ Zn*" Zn*" Zn*"
Cobalt (34+), 2+ | (Co*),Co* Co*" Co™"
Nickel (3+),2+ | (Ni*), Ni?* Ni* Ni**
Manganese (4+)2’J(r3+)’ (hl\/f[r:;;)’ (Mn*"), Mn** Mn**
Lead (4+), 2+ Pb** Pb** Pb**
Silver 1+, (0) Ag’ Ag'/Ag(s) Ag'
Copper 2+, 14,0 Cu*" Cu/Cu(s) Cu™
Mercury 2+, 14,0 Hg>* Hg'/Hg(1) CH;Hg
Thallium | 47 G0 ((?;:)) ThO(s)/TI*
Arsenic 5+, 3+, 0 HAsO4* H3;As0;°/As(s) AsO4”
Antimony 5+,3+,0 Sb(OH)s Sb(OH);°/Sb(s)
Chromium 6+, 3+ CrO4”~ Cr’”, Cr(OH)5(s) CrO4”
"
Molybdenum 6+5’ Jr(f(ii;r)’ HMoOy4 Mooﬁ,[i)l\éliz())g(s)/ MoO,*
Selenium | 6+, 4+,(0),2- |  SeO4” Se05*/Se(s)/ HSe” SeO4”
Vanadium 5+, 4+, 3+ H,VOy VO**, V(OH);°
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5.2.4 Galvanic Effects

Sulphide minerals are semi-conductors and vary in their rest potential®. The higher the rest
potential, the harder it is to oxidize the mineral. In the presence of an electrolyte such as water
and with good physical contact between sulphide mineral grains with differing electrode
potential, galvanic (electrochemical) interaction may increase the rate of oxidative dissolution of
the mineral with the lower rest potential (anode) and impede oxidation of the sulphide mineral
with a higher rest potential (cathode). Therefore, galvanic interactions may control the sequence
in which a suite of sulphide minerals oxidize (Kwong et al., 2003).

The rest potential of selected sulphide minerals measured in 1.0 M H,SO4 at room temperature is
shown in Table 5.3. This table should only be used as a general guide to the relative reactivity of
different sulphide minerals for several reasons. Similar to other weathering properties, the rest
potential of sulphide minerals varies with their relative concentration of major chemical
constituents and trace contaminants, the surrounding drainage chemistry and other site specific
factors. It is also important to note that the physical contact between grains of different sulphide
minerals required for galvanic interactions usually only occurs if the sulphide mineral
concentrations are high or the sulphide minerals are concentrated in one area, such as a vein.

Table 5.3 Rest potential of selected sulphide minerals
(adapted from Kwong et al., 2003).

Mineral Formula Rest Potential
(in volts vs. SHE*)

Pyrite FeS, 0.63
Chalcopyrite CuFeS, 0.52
Chalcocite Cu,S 0.44
Covellite CuS 0.42
Galena PbS 0.28
Sphalerite ZnS -0.24
Pyrrhotite Fe(l_x)S -0.28

*Standard hydrogen electrode

Notably, pyrite among the common sulphides has the highest rest potential. Also, variability in
the rest potential of pyrite is less than that between pyrite and other sulphide minerals (Abraitis et
al., 2004).

Differences in the timing of oxidation of different sulphide minerals due to galvanic interaction
may have a large impact on the evolution of drainage chemistry. Galvanic interaction observed
at the Red Dog mine, between sphalerite (ZnS), pyrite (FeS;) and galena (PbS), accelerated the
oxidation of sphalerite and delayed the oxidation of pyrite and galena (Day et al., 2003).

% Rest potential is defined as, “The potential difference across the mineral-solution interface when the mineral
is at electrical equilibrium with respect to electrochemical processes” (Abraitis et al., 2004).
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The oxidation of sphalerite at Red Dog produced near-neutral pH drainage, with elevated zinc.
Similar drainage chemistry associated with a delay in pyrite oxidation until sphalerite is depleted
is also observed in the massive sulphide tailings at the Faro Mine.

5.2.5 Hydration and Dehydration

Hydration and dehydration refers to the addition and removal of water molecules. In
Reaction 5.9, gypsum is dehydrated, forming anhydrite and in the reverse reaction anhydrite is
hydrated, forming gypsum.

CaS04°2H,0 «> CaSO4 + 2H,0 (5.9)

The increase in mineral volume accompanying hydration can cause physical disintegration of
rock particles.

5.2.6 Hydrolysis

Hydrolysis refers to a water molecule splitting into hydronium (hydrogen) and hydroxide ions, as
shown in Reaction 5.10, where these ions can then alter the structure of a pertinent mineral.

H,0 - H + OH (5.10)

Hydrolysis reactions where the hydrogen ion replaces a base cation are major weathering
processes for common silicate minerals.

Hydrolysis of K-feldspar with hydrogen from Reaction 5.10 replacing K is:
KAISi;0g + H;O — HAISi;05 + K"+ OH (5.11)

The replacement of base cations by hydrogen ions in hydrolysis is accelerated by an increase in
- - the hydrogen ion concentration. Thus, a decrease in
HydroIYSIS reactions where th? pH typically increases the rate of silicate mineral
hydrogen ion replaces a base cation | weathering.  Potential sources of hydrogen ions
are major Weat_h_erlng processes for include organic acids produced from decomposing
common silicate minerals. vegetation, carbonic acid (H,COs;) and acidity
produced by sulphide oxidation. Silicate hydrolysis is the major acid neutralization mechanism
in near-neutral pH, carbonate free geologic materials. Less well bound cations on broken edges
of mineral grains or interlayer base cations in clay minerals are especially susceptible to removal
by hydrolysis. This is particularly true if the minerals have a high surface area (e.g. fine
grained), physical flaws and charge imbalances (Jambor et al., 2005).

The hydroxide ion of Reaction 5.10 may also be consumed by a hydrolysis reaction.
Consumption of a hydroxide ion and the production of acidity occur in the hydrolysis of Al and
Fe ions, which are reversible reactions and typically buffer the pH between 4.5 and 5.5 and 3.0
and 3.5, respectively.
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Hydrolysis of AI*" releases 3 H' as follows:

A" + 3H,0 — AI(OH); + 3H" (5.12)
Hydrolysis of Fe’* also releases 3 H' as shown in Reaction 5.13:

Fe*" + 3H,0 — Fe(OH); + 3H" (5.13)

5.2.7 Ion Exchange

In addition to precipitation as secondary minerals, dissolved chemical species may also be
removed from solution by exchange with weakly held
ions or ions adsorbed on positively or negatively
charged surfaces. lon exchange reactions are usually
controlled by the mass balance of ions in solution and
on the exchange sites and result in the release of the
exchanged ions into solution until the exchange is
complete. Benefits of ion exchange include lowering
the concentration of potentially toxic elements and acidity released into solution by sulphide
oxidation. A potential disadvantage is that the exchange of alkali and alkaline earth metals with
protons on exchange sites in naturally acidic soils may result in a short term decrease in the
seepage pH after the addition of high salinity mine water until exchange is complete.

Dissolved chemical species may be
removed from solution by exchange
with weakly held ions or ions
adsorbed on positively or
negatively charged surfaces.

The materials with the highest unit mass ion exchange capacities are clay minerals, organic
matter, and oxyhydroxides of Al, Fe and Mn. Fe and Al oxyhydroxides and organic acids can
strongly influence the store and release of trace elements, as well as the transport of the latter
when occurring as mobile colloids.

The surface charge of clays, except for kaolinite, is largely independent of pH, whereas the
surface charge of organic matter and the oxyhydroxides is strongly pH dependent (Langmuir et
al., 2004). Organic matter and kaolinite typically remain negatively charged at low pH. On the
other hand, oxyhydroxides have positive surface charges at low pH and the positive surface
charge increases as the pH decreases, making these phases more effective exchange sites for
anions under low pH conditions (Figure 5.2). Oxyhydroxides also have negative surface charges
at high pH, and the exchange capacity for metals thus increases with increasing pH (Figure 5.2).

5.2.8 Microbial Action

Microbial action can increase the rates of many chemical and physical weathering processes
(Nordstrom and Alpers, 1999). One well known example is the microbial catalysis of ferrous
iron oxidation at low pH with the resultant dissolved ferric iron oxidizing pyrite. By increasing
the concentration of ferric iron, the bacteria may increase iron hydrolysis or the rate of sulphide
oxidation (Nordstrom, 2003). Research suggests that the microbial communities involved in
sulphide oxidation and the weathering of sulphidic geologic materials is complex, with many
different microbial species and supportive interrelationships that have yet to be identified.
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Figure 5.2. Adsorption of various metal cations and oxyanions, each at 5 x 10”7 M, by ferrihydrite
(Fe[III] = 10° M) as a function of pH at an ionic strength of 0.1 mol/kg. There are 2 x 10™ M of
reactive sites on the oxyhydroxide. The dashed curves are calculated (from Langmuir et al., 2004,
after Stumm, 1992).

5.2.9 Mineral Alteration by a Combination of Weathering Reactions

Mineral alteration often involves a number of different weathering reactions occurring
simultaneously or in series. The sequence of weathering reactions depends on the sequence of
weathering conditions and is very important in determining the drainage chemistry. Previous
weathering may contribute to future weathering by:

o changing a particle, chemical compound or element into a form that dissolves relatively
quickly (kinetically reactive) and has relatively high solubility (thermodynamically
reactive); or

o changing the drainage chemistry into such a composition that facilitates fast dissolution of
chemical species or minerals (kinetically reactive) and in relatively high concentrations
(thermodynamically reactive).

In Reaction 5.14 for example, ferrous iron is released by the hydrolysis of fayalite by carbonic
acid. Ferrous iron is relatively soluble and may remain in dissolved form under neutral pH and
reducing conditions. If sufficiently oxidizing conditions exist, the dissolved ferrous iron would
oxidize to ferric iron, which at neutral pH is no longer soluble and would mostly precipitate as a
ferric mineral such as the hydroxide shown in Reaction 5.13.
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Fe,SiO4 + HoCOs + 3H,0 — 2Fe?" + HCO;™ + H,Si0, + 30H (5.14)

Oxidation of ferrous to ferric iron may occur in the crystal lattice, with the change in valence of
iron disrupting the charge balance. Other cations
may then leave the crystal lattice to maintain
neutrality. This in turn may cause the lattice to
collapse or be more vulnerable to other
weathering  processes. Common minerals
containing iron that may exhibit this form of
weathering include amphiboles, biotite and chlorite.

An important weathering sequence occurs
when oxidized conditions are followed by
reducing conditions resulting in reductive
dissolution of previously precipitated
products of sulphide oxidation.

A potentially important weathering sequence occurs when oxidized conditions are followed by
reducing conditions resulting in reductive dissolution of previously precipitated products of
sulphide oxidation (Section 5.3.3). Reductive dissolution of previously precipitated products of
sulphide oxidation often results in high drainage concentrations of trace elements, such as
arsenic, previously co-precipitated with Fe(III).

5.2.10  Rate of Weathering
The rate of weathering and the resulting chemical species released will depend on the:

o chemical and physical composition of the weathering geologic materials;

o chemical and physical environmental conditions, including the supply of reactants, pH,
temperature and Eh; and

o form of chemical and physical instability.

Mineral weathering rates depend on a number of compositional variables (Jambor and Blowes,
1994; Plumlee et al., 1999; Abraitis et al., 2004):

exposed mineral surface area;

mineralogy;

electrochemical properties such as rest potential;
stoichiometric differences in the ratio of major constituents;
crystal morphology and structural defects; and

trace elements impurities.

The rate of weathering may vary widely. Physically and chemically unstable geologic materials
may persist if:

° their rate of removal is lower than their rate of formation; or
o the length of weathering has been insufficient.

53 Sulphur Species

Sulphur containing minerals are the primary sources of acidity and several contaminant elements
in sulphidic geologic materials. The types of reaction, the chemical species released and the
reaction rates are a function of the:
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o oxidation state of the sulphur;
o major, minor and trace cations bonded with the sulphur; and
o weathering and leaching conditions.

The primary reduced inorganic sulphur species are sulphide and sulphosalt minerals.
The most oxidized inorganic sulphur species found in nature are sulphate minerals (SO4%).

Sulphur species with intermediate oxidation states include elemental sulphur and thiosalts.
Thiosalts are partially oxidized sulphur oxyanions (e.g. S,05%, S30¢ and S40¢%).

The fourth category of sulphur species is organic sulphur, which may occur in geologic materials
that contain organic matter. These include coal, mudstones, organic surficial materials, such as
peat and other geologic materials that presently or in the past have supported plant growth.

5.3.1 Sulphide Minerals

A sulphide mineral is an inorganic compound characterized by the linkage of a disulphide (S,*)
or monosulphide (S*) with a metal (e.g. Pb in galena). A sulphosalt is a sulphide mineral
containing a metalloid in addition to a metal (e.g. As in arsenopyrite). Monosulphide minerals
with sulphur in the negative two (-2) oxidation state include galena, sphalerite, and pyrrhotite.
Disulphides with sulphur in the net negative one (-1) oxidation state include pyrite and
marcasite.

Sulphide minerals form the majority of ore minerals and are the primary sources of many
potentially deleterious elements and acidity, especially in unweathered sulphidic geologic
materials.

Information on the formula and structure of sulphides as well as other minerals can be found on
the internet and in a wide range of mineralogical texts. Table 5.4 shows the formulae of the main
structural components of some common sulphide minerals, grouped according to the ratio of
sulphur to metal and metalloid. It is important to note that Table 5.4 is by no means an
exhaustive list.

The most common sulphide mineral is iron sulphide pyrite, which has the formula FeS,.
Because it is so common, pyrite has been the most studied sulphide mineral and is assumed to be
the source of sulphide in standard ABA calculations (Chapters 12 and 14). Pyrite forms under a
wide range of geological and environmental conditions. It can be a primary or secondary
mineral and is found in sedimentary rocks and coal beds, base and precious metal deposits, as
well as uranium and diamond mines.

Another common iron sulphide mineral at metal mines is pyrrhotite (Feqss3-1)S). Pyrrhotite
occurs in basic igneous rocks and is found in sedimentary exhalative massive sulphide deposits
and is associated with pentlandite and chalcopyrite in Cu-Ni deposits at the base of mafic
intrusions.
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Table 5.4 Formulae for some common sulphide and sulphosalt minerals.
M,S Chalcocite Cu,S
M;S, Bornite CusFeSy
MS Pyrrhotite FC(0.83_1)S
Chalcopyrite CuFeS, Enargite CuzAsSy
Covellite CuS Galena PbS
Sphalerite (Zn,Fe*)S Cinnabar HgS
Realgar As4S4 Tetrahedrite (Cu,Fe,Ag,Zn)12SbaS13
Tennantite (Cu,Ag)10(Fe,Zn),As4S13  Pentlandite (Ni,Fe)oSg
Cobalt-Pentlandite (Co,Ni,Fe)oSg
M,S; Orpiment As$>S;3
Stibnite Sb,S; Bismuthinite Bi,S;
MS, Pyrite FeS,
Marcasite FeS, Arsenopyrite FeAsS
Molybdenite MoS,

The iron sulphide marcasite (FeS,) has the same formula as pyrite, but has an orthorhombic
instead of isometric structure. Marcasite forms under low temperature and near-surface
conditions, but from more acidic solutions than pyrite and is found in zones of supergene
enrichment and in clay, shale and coal beds.

Elements released during sulphide mineral oxidation into drainage may derive from the major
constituents, minor elements or trace impurities of the weathering sulphide. Common trace
elements that form sulphides under low redox conditions include: Ag, As, Cd, Co, Cu, Hg, Mo,
Ni, Pb, Sb, Sb and Zn. Common metals that do not form sulphides under the same conditions
are: Al, Ba, Cr, Mn and Sr.

The most common sulphide mineral in which Pb is a major constituent is galena (PbS). For Mo,
it is molybdenite (MoS,) and for Zn, it is sphalerite (Zn,Fe*)S. The most common Ni sulphide
is pentlandite (Ni,Fe)9Ss. The most common iron arsenic sulphide mineral is arsenopyrite
(FeAsS).

Common Cu sulphide minerals include chalcocite (Cu,S), bornite (CusFeS4), chalcopyrite
(CuFeS,), enargite (CuzAsSs), covellite (CuS), tetrahedrite [(Cu,Fe,Ag,Zn);»SbsS;3] and
tennantite [(Cu,Ag);o(Fe,Zn),AssS;3], of which chalcopyrite is the most abundant. Tetrahedrite
is also widespread and is the most common copper sulphosalt. Chalcocite and covellite are
primarily formed by supergene enrichment of copper released from the alteration of other copper
sulphide minerals.
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Mined rock and processed tailings, especially at metal mines, often contain detectable amounts
of several sulphide minerals (e.g. Table 5.5). Diagnostic features for visual identification of
sulphide minerals include crystal form, cleavage, colour, luster and streak.

Table 5.5 Sulphide mineral contents of different tailings
(adapted from Blowes et al., 2003).

Copper Heath Kidd Nickel Waite*
Mine Cliff Campbell | Delnite Steele Creek Rim Amulet | Nordic
Ore Type Ni-Cu Au Au Zn-Pb-Cu | Cu-Zn Ni-Cu Zn-Cu-Pb U
silicate 93% - 75% 10% 75-85% 90-95% 60% 90%
sulphide 6% 1.5% 5% 85% 15-25% 5-10% 30-40% 5%
carbonate <1% - 20% <2% 1-5% 0.2% <5% <0.1%
arsenopyrite - present <1% - - - - -
chalcopyrite | <0.5% traces - 2% 0.5% <0.5% 4" 0.07%
galena - - - 1% 0.05% - - 0.1%
marcasite - - - - - <0.5% - -
pentlandite <0.5% - - - - <0.5% - -
pyrite <0.5% present 3-5% 70% 18.6% 0.6% 1™ 4.9%
pyrrhotite 6% 1.40% 1% 5% 1-2% 9% 2n -
sphalerite - present - 3% 1.3% - 31 0.03%

*In the Waite Amulet tailings, the sulphides are ranked according to their abundance.

The concentration of different sulphide minerals may not provide enough information about
potential contaminants and their mineral source where the sulphides are solid solutions or
contain considerable trace constituents or impurities. Sphalerite, pentlandite and tetrahedrite are
examples of common sulphide minerals that are solid solutions with considerable variability in
the chemical species forming the major constituents.

Trace constituents or impurities in sulphide minerals may represent a major portion of the total
concentration of many trace elements in a rock and a major source of them in solution. Trace
element impurities may occur as a substituted component in the mineral lattice or as microscopic
intergrowths or with inclusions in other minerals.

Abraitis et al. (2004) reported the maximum and minimum detectable concentrations of minor
and trace element impurities in pyrite. The maximum reported values were 9.6 wt% As, 2.2 wt%
Co, 0.7 wt% Sb, 0.3 wt% Au and 0.2 wt% Ni. Copper, Ag and Sn may also occur as minor
elements in the pyrite lattice, but are more commonly present within mineral inclusions. The
presence of As distorts the pyrite lattice and leads to the incorporation of trivalent metals and
other less compatible trace elements. The presence of As in pyrite is often strongly correlated
with the content of other trace elements, which may include: Ag, Bi, Cd, Hg, Mo, Pb, Pd, Pt,
Ru, Sb, Se, Te, Tl, and Zn. Lead and Zn in pyrite primarily occur in the form of inclusions of
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galena and sphalerite, giving Pb and Zn contents of up to 0.9 wt%. Zones with different
stoichiometric deviations and trace element impurities may occur within a single pyrite grain.

Similar to pyrite, chalcopyrite may contain minor to trace amounts of many elements such as:
Ag, Au, Pt, Pb, Co, Ni, Mn, Sn and Zn replacing Cu or Fe, and As or Se replacing S. Common
impurities in pyrrhotite include: Ni, Co, Mn and Cu. Impurities in other sulphide minerals
include: Mn and Cd in sphalerite, Co in arsenopyrite and Bi, Sb and Ag in galena. Sphalerite is
typically the principal source of Cd, although Cd is generally < 1 wt% (Jambor et al., 2005).
Gold may be found in pyrite as intergrowths. Accurate measurement of the chemical
composition of different minerals using procedures such as electron microprobe analysis
(Chapter 17), may be required to assess metal leaching where solid solution or trace constituents
can significantly impact the rate of oxidation and the resulting drainage chemistry.

Differences in the chemical composition and physical properties of sulphide minerals may
significantly impact the rate of oxidation and the
resulting drainage chemistry.  Properties that
increase the rate of sulphide oxidation include an
increased surface area, structural deformities and a
change in balance resulting from chemical
impurities. The ability to measure these properties
and the understanding of their cumulative impact on
oxidation rates are limited. Therefore, oxidation rates should be predicted using tests conducted
on specific geologic materials from a site (Chapters 9, 18 and 19).

Differences in the chemical
composition and physical properties of
sulphide minerals may significantly
impact the rate of oxidation and the
resulting drainage chemistry.

Most sulphide minerals are relatively insoluble. However, oxidation, producing compounds such
as sulphates, carbonates and hydroxides, have solubilities sufficiently high to produce
environmentally significant concentrations of solutes in the drainage. Possible exceptions
include the arsenic sulphides orpiment (As,S3) and realgar (AssS4), and the antimony sulphide
stibnite (Sb,S3).

5.3.2 Dissolved Sulphur

Sulphide oxidation in excavated and exposed sulphidic geologic materials will result in elevated
concentrations of aqueous sulphate in drainage. However, elevated sulphate may also result
from the dissolution of sulphate minerals produced by other geological processes and sulphide
oxidation in bedrock prior to excavation.

Sulphate is the stable chemical form of dissolved sulphur over most of the ranges in drainage
redox potential and pH. Hydrogen sulphide and bisulphide are the stable forms of dissolved
sulphur under highly reducing conditions. Bisulphate (HSOy) is the stable form of dissolved
sulphur under more oxidizing, low pH conditions, accounting for approximately 10% of the total
sulphate at pH 3.0 and predominating below pH 2.

The concentration of sulphate in solution will depend on the solubility limit of sulphate minerals
formed from the major cations (Czerewko et al., 2003). The solubility limit for calcium sulphate
is relatively low, often giving SO4* < 1.4 g/L. The solubility limits for sodium and magnesium
sulphates are much higher, giving maximum SO4> concentrations of approximately 240 g/L and
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180 g/L, respectively. Thus, a lack of calcium and dominance of sodium and magnesium will
greatly increase the concentration of dissolved sulphate.

5.3.3 Sulphate Minerals

Sulphate minerals can play an important role in drainage chemistry both as a sink and a source of

major cations, acidity and potentially harmful trace

Sulphate minerals can play an clements, in addition to sulphate itself.  The
importan_t role in drainage Cher_nistry concentration and composition of sulphate minerals
asa S_mk an(_j asource of major will depend on the initial sulphate mineralogy in a
cations, in addition to sulphate itself. | oeologic material and sulphate mineral precipitation

and dissolution after project development. Prior to excavation, sulphate mineral precipitation
and dissolution can result from:

o hydrothermal alteration;
o evaporative or marine conditions during deposit formation; and
o bedrock oxidation and leaching.

After excavation, sulphate mineral dissolution and precipitation will depend on the:

o rates of sulphide oxidation and other weathering reactions;
e  concentrations of dissolved sulphate and other chemical species; and
J solubility products of sulphate minerals.

Sulphate minerals may also be produced by sulphide oxidation during ore processing and sample
storage.

The dissolution of sulphate minerals produced by pre-excavation geological processes, oxidation
during ore processing and sample storage may result in elevated solute concentrations in the
initial drainage from mine wastes and kinetic tests (e.g. humidity cell leachate, Chapters 18 and
19). Prior identification and measurement of the sulphate minerals are required to determine
whether chemical species, such as sulphate, in the initial drainage from mine wastes and kinetic
tests come from active sulphide oxidation or dissolution of pre-existing sulphate minerals.

The reaction between products of sulphide oxidation and other minerals will play a large role in
determining dissolved cation concentration and thus the type of sulphate minerals that will
precipitate when they become supersaturated. An acidic pH may result in the precipitation of Fe,
Al and trace metal sulphates. Acid neutralization by calcite or lime increasing the concentration
of dissolved calcium may result in the precipitation of gypsum.

Common cations in sulphate minerals include alkaline earth metals like magnesium, calcium,
strontium and barium, major metals like aluminum and iron, and trace elements such as lead and
zinc (Table 5.6). Sulphate mineral composition is often complex and differences in composition
can greatly alter a mineral's solubility.

Other chemical differences among sulphate minerals include: basic vs. acidic ions; hydrated vs.
anhydrous; hydroxyl-containing vs. hydroxyl-free; and for iron sulphates, ferrous versus ferric iron.
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Table 5.6 Examples of common sulphate minerals associated with sulphidic geologic
materials.

Anhydrous sulphates (ASO,)
e anhydrite (CaSOy)
e barite (BaSO,)
o celestite (SrSOy)
e anglesite (PbSO,)
Highly Soluble, Hydrated Sulphates (ASO,4 * bH,0)
e gypsum (CaSO42H,0)
o melanterite (FeSO,4*7H,0)
e rozenite FeSO4*4H,0
e szomolnokite FeSO,4*H,O
e romerite Fe*"(Fe’"),(SO4)4214H,0
e copiapite Fe*'(Fe’")4(S04)6(OH),*20H,0
e coquimbite (Fe*"),(SO4);*9H,0
e aluminite Al,(SO4)(OH)4*7H,O
e alunogen Al,(SO4);°17H,0
e alum KAI(SO4),*12H,0
e epsomite MgSO4*7H,0
Lower Solubility, Hydroxy Sulphates [A,(SO4).(OH)q]
with or without water of crystallization
o jarosite [KFe;(SO4)(OH)s]
o alunite [KAI;(SO4)2(OH)s)
e fibbroferrie [Fe’" (SO,)(OH)*5H,0]
e schwertmannite [FegOg(OH)sSO4]
e basaluminite [Al;SO4(OH),¢*5H,0]

Sulphate minerals vary widely in their solubility, ranging from very low solubility minerals such
as barite, to highly soluble ones capable of making important contributions to drainage chemistry
like soluble sulphate minerals. The solubility of a sulphate mineral affects both its stability in
the field and the analytical methods used for its measurement. Under oxidizing conditions:

o anglesite (PbSO,) and barite (BaSO4) have extremely low solubility;

o anhydrite (CaSO,) and gypsum (CaSO4°2H,0) are moderately soluble; and

o hydrated iron sulphates such as melanterite (FeSO4*7H,0) and sodium and magnesium
sulphates have high solubility.

Examples of sulphate minerals with slower reaction rates of dissolution and precipitation include

members of the alunite-jarosite group.

Solubility products and drainage chemistry will determine the maximum dissolved free ion
concentrations of pertinent chemical species upon dissolution of sulphate minerals. For example,
precipitation and dissolution of melanterite (FeSO4¢7H,0), gypsum (CaSO42H,0), anglesite
(PbSOy) and barite (BaSO4) may control pore water concentrations of Fe*, Ca®", Pb>” and Ba®",
respectively (Alpers et al., 1994). The precipitation and dissolution of minor or trace impurities
in sulphate minerals may be an important sink or source for potentially toxic trace elements. For
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example, the melanterite pictured in Figure 5.3 contained 1.2% Cu, 2.4% Zn and 0.14% Al, in
addition to 23% Fe and 14.2% S.

Figure 5.3 Melanterite precipitated along a seepage path.

53.3.1 Calcium Sulphate Minerals

The two most common sulphate minerals, both pre-existing and following sulphide oxidation,
are the calcium sulphates, anhydrite (CaSO4) and gypsum (CaSO4°2H,0). Anhydrite is a
common alteration mineral found in potassic, sericitic and advanced argillic alteration zones, and
in deposits influenced by seawater and aerobic weathering. Gypsum is widely distributed in
sedimentary rocks and may form by hydration of anhydrite and precipitation from drainage
containing elevated concentrations of sulphate and calcium. Anhydrite and gypsum may be
removed from the uppermost leached portions and re-precipitated deeper in a deposit. The
reasons for the widespread occurrence of gypsum include:

. relatively high concentrations of dissolved calcium commonly occur in water draining
sulphidic geologic materials; and

. low solubility of gypsum compared to sulphates of other major elements such as
magnesium, potassium and sodium.

The sources of elevated calcium needed to precipitate calcium sulphate in excavated or exposed
sulphidic geologic materials include dissolution of calcium carbonate, hydrolysis of reactive
calcium silicates and lime additions during processing. Acidity produced by sulphide oxidation
will accelerate the dissolution of calcium carbonate minerals and hydrolysis of calcium silicates.
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Gypsum solubility commonly limits the concentration of dissolved sulphate and calcium in a
water body. Even at lower pH values where gypsum solubility increases, gypsum often has the
lowest solubility product of any major element sulphate mineral. A decrease in the concentration
of dissolved calcium will typically lead to an increase in dissolved sulphate.

Dissolution of anhydrite produced by previous hydrothermal alteration or residual gypsum from
previous weathering is often responsible for elevated sulphate and calcium in the initial drainage
from mine wastes and kinetic tests.

5332 Iron Sulphate Minerals
Sulphate may precipitate from highly acidic, iron and sulphate rich drainage as iron sulphate

Sulphate may precipitate from highly minerals. These can be separated into two groups:

acidic, iron and sulphate drainage as highly soluble hydrated iron sulphates and less
’iron sulphate minerals. soluble, often anhydrous, ferric iron hydroxysulphate

minerals.

Hydrated iron sulphate minerals precipitate due to evaporation or other changes in drainage
chemistry that increases the solute concentrations or reduces the mineral solubility products
(Nordstrom, 1982; Cravotta, 1994). Hydrated iron sulphate minerals generally will rapidly re-
dissolve if there is an increase in flow of dilute water through the mine waste (e.g. rain events,
snow melt). Due to their high solubility, dissolution of hydrated iron sulphate minerals during
flushing events may produce high concentrations of acidity and trace metals.

Hydrated iron sulphate minerals include species that contain ferrous or ferric iron or both of
them. Melanterite (Fe*"SO4+7H,0), is the most common hydrated iron sulphate mineral and
often the first to precipitate from the oxidation of pyrite and pyrrhotite. According to Alpers
et al., (1994) other common minerals of this hydrated type are:

o ferrous iron sulphates rozenite (FeSO4*4H,0) and szomolnokite (FeSO4°H,0);

o ferrous and ferric iron sulphates copiapite [Fe*" (Fe*")4(S04)s(OH),+20H,0] and romerite
[Fe* (Fe’)2(S04)4214H,0]; and,

o ferric iron sulphate coquimbite [(Fe*),(SO4)3*9H,0].

The formation and subsequent transformations of hydrated iron sulphates will depend on the
initial solution composition, degree of oxidation, temperature, humidity and pH (Petruk, 2000).

Field and laboratory studies indicate that increasing oxidation, dehydration and neutralization
will alter the hydrated ferrous iron sulphate minerals through a sequence of transformations that
reduce the ratios of Fe*"/Fe’”, H,O/Fe and SO4OH, respectively (Jerz and Rimstidt, 2004).
Decreasing the moisture content or increasing the temperature or acidity will result in the
dehydration of Fe?"'SO4enH,0, reducing the number of waters of crystallization, n, from 7 to 1.
For example, with increasing temperature and evaporation, melanterite may dehydrate to form
species such as rozenite (Fe” SO4+4H,0). Increasing oxidation, dehydration and neutralization
may convert it into species such as copiapite [Fe’ (Fe')4(SO4)s(OH)220H,0]. Oxidation,
dehydration and neutralization of hydrated iron sulphate minerals will eventually lead to the
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precipitation of iron hydroxysulphate and oxyhydroxide minerals such as jarosite and goethite,
respectively (Nordstrom, 1982).

Ferric hydroxysulphate minerals are less soluble than hydrated ferrous sulphate minerals.
Examples of ferric hydroxysulphate minerals include fibbroferrie [Fe’"(SO4)(OH)*5H,0],
schwertmannite [FegOg(OH)sSO4] and the different members of the jarosite group with a general
formula, AFe;(SO4)2(OH)s, where the A site may be filled by K, Na, H;O, NH4, Ag or %2 Pb.
Ferric hydroxysulphate minerals, such as jarosite, are usually secondary minerals formed in a
weathering environment. They are much less common than aluminum hydroxysulphate
minerals, such as alunite, in precipitates from hydrothermal solutions associated with hot springs,
and volcanic vents.

Divalent ions such as Cu, Mg, Mn, Ni, Pb and Zn and the trivalent ion Al are commonly
incorporated as solid solution impurities in iron sulphate minerals. These impurities can affect
the order in which various iron sulphates are formed and conversely, the order of formation will
alter the concentration of substituting cations (Jambor et al., 2000) in the sulphates.

5333 Aluminum Sulphate Minerals

Sulphate may also precipitate from acidic drainage as relatively soluble hydrated aluminum
sulphate  minerals, such as alunogen
[Al;(SO4)3°17H,0)], and less  soluble
minerals, such as alunite with a general
formula BAI3(SO4),(OH)s, where the B site
may be filled by K, Na and/or NHy. In addition to its formation by acid sulphate weathering,
alunite is a common product of silicic and advanced argillic alteration in geothermal systems
with acid-sulphate water around fumaroles where sulphuric acid reacts with alkali feldspar and
muscovite. Evaporative concentrations of hydrated aluminum sulphate minerals will also lead to
the formation of alunite (Nordstrom, 1982). The most common of the various hydrated
aluminum hydroxysulphate minerals that have been identified is basaluminite
[Al4SO4(OH)9*5H20], a poorly crystalline mineral commonly observed to precipitate in
locations where mixing with higher pH water increases the pH of a sulphate rich drainage with a
pH of between 4 and 5 to above pH 5.

Sulphate may precipitate from acidic
drainage as soluble hydrated aluminum
sulphate minerals and less soluble minerals.

5334 Barite (BaSO4) and Celestite (SrSO4)

Two relatively common sulphate minerals formed from alkali earth metals are barite (BaSO,)
and celestite (SrSO4). Barite has an extremely low solubility even under highly acidic conditions
and is found in a wide range of deposit types. Celestite is more soluble and less common than
barite. Although a solid solution may exist between BaSO4 and SrSO,, most minerals are
distinctly Ba or Sr rich (Hanor, 2000). Barite and celestite sometimes occur as a replacement of
anhydrite and gypsum.

Although barite and celestite are less soluble than gypsum, concentrations of Ba and Sr in most
drainage are typically too low for these minerals to control sulphate concentration. Barite is
highly resistant to weathering due to its extremely low solubility. Both barite and celestite may
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be destroyed by the reduction of sulphate to hydrogen sulphide. However, the stability field of
barite extends into the low redox region where sulphide minerals and reduced sulphur species
rather than sulphate are stable.

Radium is also an alkaline earth metal and co-precipitation by barite and celestrite provides an
important mechanism for the attenuation of dissolved radium in the wastes from uranium mining
(Alpers et al., 1994). Reductive dissolution of barite in flooded uranium tailings colonized by
aquatic vegetation can release radium into the overlying water cover.

5.3.3.5 Other Sulphate Minerals

Sulphate minerals may form from trace elements such as Cu, Mg, Mn, Ni, Pb and Zn (Jambor et
al., 2000). The anhydrous sulphate mineral anglesite (PbSO,4) has an extremely low solubility
over a wide range in pH conditions and is a common product of oxidation of galena. With the
exception of sparingly soluble species such as barite, celestite and anglesite, sulphate minerals
with trace elements as a major constituent, typically only occur where there are relatively low
concentrations of dissolved iron (Alpers et al. 1994).

5.4 Sulphide Oxidation
5.4.1 Different Aspects of the Sulphide Oxidation Reaction

Sulphide oxidation may release contaminants and acidity into solution, produce heat and
consume oxidants. Sulphide oxidation occurs when sulphide minerals are exposed to water and
a dissolved oxidant. The mechanisms, reactants, products and steps involved in sulphide
oxidation have been reviewed in a number of publications (Rimstidt and Vaughan, 2003;
Nicholson, 1994). Based on pyrite, the most common sulphide mineral, the overall reaction
components and products of oxidation by oxygen and ferric iron are shown in Reactions 5.15 and
5.16.

FeS, + 3.50, + H,O — Fe*" + 2H" + 2S0,* (5.15)
FeS, + 14Fe®” + 8 H,O — 15Fe* + 16 H + 2S0,4* (5.16)

These reactions are simplistic since they include many assumptions about the surrounding
environmental conditions and local geochemistry, as explained below.

Sulphide oxidation consists of anodic and cathodic reactions. The anodic part of the sulphide
oxidation reaction is the loss of electrons from sulphide-sulphur, giving rise to sulphate-sulphur.
Sulphide oxidation removes seven electrons from disulphide and eight electrons from sulphide-
sulphur. Research suggests that almost all the sulphur is oxidized to sulphate and almost all the
sulphur remains on the mineral surface during this stage of oxidation (Rimstidt and Vaughan,
2003). The only observations of the production of non-sulphate-sulphur are the low
concentrations of intermediary partial sulphide oxidation products (e.g. sulphite and
thiosulphate) detected when pH exceeds 7 (Moses et al., 1987). There may be some delay in the
oxidation of intermediary, partial oxidation products species at lower temperatures
(Section 7.6.2).
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During sulphide oxidation to sulphate, the concentration of metal cations is reduced. A
substantial reduction may occur at mineral surfaces in minerals where metal cations have a high
mobility, such as copper in copper-iron sulphides or iron in pyrrhotite. However, in most
sulphides, the depletion of metal cations during oxidation is limited to a thin layer at the surface.

The cathodic reaction is an aqueous process in which a dissolved oxidant accepts electrons from
a metal cation (e.g. Fe[II]) on the mineral surface. The cathodic reaction is the rate determining
step in sulphide oxidation (Rimstidt and Vaughan, 2003).

Potential oxidants include oxygen, ferric iron (Fe’"), nitrate (NO;) and peroxide (H,O,). The
type and rate of supply of the oxidizing agent will depend on the drainage chemistry, especially
the pH and redox potential. Ferric iron is relatively insoluble and oxygen is the dominant
oxidant above pH 3.0 to 3.5 (Figure 5.4). The rate of pyrite oxidation by oxygen decreases
slightly as pH decreases, but below pH 3.5, the concentration of dissolved ferric iron greatly
exceeds that of oxygen, increasing the overall oxidation rate and ferric iron becomes the most
important oxidant.

Below pH 3.5, bacterial oxidation of ferrous iron to ferric iron becomes a rate limiting step in
sulphide oxidation (Singer and Stumm, 1970).
However, it is important to note that the oxygen
supply may limit the rate of bacterial oxidation of
ferrous iron to ferric iron.

Below pH 3.5, bacterial oxidation of
ferrous iron to ferric iron becomes a rate
limiting step in sulphide oxidation.

The results depicted in Figure 5.4 are for a well mixed system “containing 1 kg of AMD solution
containing 250 mg/kg of Fe'?, a Fe" concentration buffered by equilibrium with hydrous ferric
oxyhydroxide (HFO; pKsp= 4.89), and approximately 9 mg/kg dissolved O, (air saturation) in
contact with 1 m? of pyrite. This reference model of 1 m* pyrite/1 kg of solution is equivalent to
a coarse sand (1.7 mm diameter) containing 10% pyrite, or a fine sand (0.17 mm) containing 1%
pyrite and assumes that the pyrite grains are not occluded from contact with solution by either a
coating or by trapping inside other minerals” (Williamson et al., 2006).

A/M, the surface area to mass ratio, has been provided “to illustrate the effect of reactive mineral
surface area on the rates for both the DO and Fe™ reactions” (Williamson et al., 2006).

Like all models, the data presented in Figure 5.4 is a simplification of a complex reality. The
lower field reaction rates compared to those observed in kinetic tests, such as a humidity cell, are
due to the fact that natural systems are more heterogeneous and not well mixed. Micro-sites with
a range in pore water pH and lower oxidant supply will have lower oxidation rates than well
mixed systems. Variability in mineralogy, oxidant supply, pH, temperature, grain size, amount
of pore solution and other parameters make quantitative prediction of sulphide oxidation rates
very challenging.
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Figure 5.4 Comparison of the rate of oxidation of pyrite by ferric iron and dissolved oxygen for
different ratios of area to mass (m2/kg - A/M - from Williamson et al., 2006).

There has been a lot written about the potential role of microbes in accelerating sulphide
oxidation. The consensus is that the primary effect of microbes in sulphide oxidation reaction is
to convert ferrous iron (Fe™) to ferric iron (Fe™) under acidic drainage conditions (Nordstrom
and Alpers, 1999; Nordstrom, 2003).

The semi-conducting properties of sulphide minerals and the electrochemical nature of the
oxidation reaction result in the anodic and cathodic parts of the reaction happening at different
sites.  Electrons produced by the oxidation of sulphide-sulphur to sulphate-sulphur are
transported from the anodic site to the oxidant at a cathodic site. The electrical conductivity of
sulphides may vary widely. For example, the conductivity of pyrites varies between 0.02 and
562 (© cm)”', with an average value of 48 (Q cm) ' (Abraitis et al., 2004). Much of the variation
in conductivity results from deviations in stoichiometry (e.g. sulphur deficiency) and variability
in the trace element composition (Section 5.3.1).

The reaction components, reaction products and the rates of sulphide oxidation vary with the
following (Rimstidt and Vaughan, 2003):

o composition of the sulphide minerals;
o drainage chemistry and hydraulic and atmospheric conditions;
o type and rate of supply of the oxidizing agent;
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o whether the reaction is abiotic or microbially mediated; and
o the microbial activity.

Oxidation rates and different reactivity rankings for sulphide minerals may be a function of a
number of variables (Jambor and Blowes, 1994; Plumlee, 1999; Abraitis et al., 2004) including:

o exposed surface area;
o mineralogy;
o electrochemical properties such as rest potential;

o stoichiometric differences in major constituents;
o crystal morphology and structural defects; and
o trace element impurities.

Depending on the grain size, exposed mineral surface area can vary by many orders of
magnitude; it is therefore likely an important

Depending on the grain size, exposed factor in sulphide oxidation (Rimstidt and

mineral surface area can vary by many Vaughan, 2003). Surface area may be increased
orders of magnitude, therefore it is a if secondary weathering products crystallizing in

major factor in sulphide oxidation. fractures wedge sulphide crystals apart

(Section 5.7.3).

5.4.2 Products of Sulphide Oxidation
The acidity, iron, trace elements and sulphate produced by sulphide oxidation can:

dissolve as free ions or complexes and remain in solution;

precipitate as solids;

react with other sulphide minerals, potentially accelerating their oxidation; and
react with the drainage, host rock minerals and other weathering products.

Products from subsequent reactions may augment or alter the drainage and the precipitated solids
produced by sulphide oxidation. Reactions with host rock minerals and other drainage may
neutralize some or all of the acid (Section 5.6). Acidic flow which is not neutralized will
discharge as acid rock drainage. Reactions with host rock minerals and previous reaction
products may release other chemical species into solution. Products from the oxidation of
sulphide minerals and their reaction with other host rock minerals may dissolve or precipitate as
secondary minerals and amorphous coatings.

5.4.3 Products of the Oxidation of Iron Sulphide Minerals

The products of the oxidation of iron sulphide are sulphate, ferrous iron and protons (Reactions
5.15 and 5.16). The mineral phases and soluble chemical
species produced after these products are released will
depend on the environmental conditions, especially the
drainage chemistry.  Goethite rather than ferrihydrite
(Fe(OH)3) is the primary ferric oxyhydroxide observed
after iron sulphide oxidation takes place at slightly acid or near-neutral pH (Blowes et al., 2003).

The products of the oxidation of
iron sulphide are sulphate,
ferrous iron and protons.
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As shown in Reaction 5.17, oxidation of pyrite (FeS,) with subsequent oxidation and hydrolysis
of the released iron at a pH above 3.0 to 3.5 produces a mole of goethite (FeEOOH), two moles of
sulphate and two moles of acidity per mole of sulphide-S. In this reaction, half of the acidity is
generated by the oxidation of the sulphide-S (Reaction 5.18) and the other half comes from the
oxidation of ferrous iron (Fe*") to ferric iron (Fe*") and its hydrolysis to goethite (Reaction 5.19).

FeS, + 15/40, + 5/2H,0 — FeOOH + 2S04* + 4H+......pH > 3.5 (5.17)
S,* +7/20, + H,O — 2S04> + 2H" (5.18)
Fe*' + 1/40, + 3/2H,0 — FeOOH + 2H" (5.19)

The same amount of acidity is produced per mole of sulphide-S when the iron species resulting
from pyrite oxidation is ferrihydrite (Reaction 5.20).

FeS, + 15/40, + 7/2H,0 — Fe(OH); +2S04> +4H"......pH>3.5 (5.20)

The oxidation reaction for pyrrhotite (FeS) and precipitation of iron as ferrihydride also produces
two moles of H' per mole of sulphide-S as in pyrite (FeS;) (Reaction 5.21).

FeS + 9/40, + 5/2H,0 — Fe(OH); + SO4* + 2H" (5.21)

Under strongly oxidizing conditions and a pH below 3.0 to 3.5 at which ferrous iron is oxidized
to ferric iron but the ferric iron does not hydrolyze to ferric oxyhydroxide, the oxidation of pyrite
will produce one mole of H" and 3 moles of Fe’" (Reaction 5.22).

FeS; + 15/40, + 1/2H,0 — Fe*" + 2SO0, + H'....... pH<~35 (5.22)

A notable difference between the oxidation of pyrite and pyrrhotite is that when the pH is less
than 3.0 to 3.5 and there is no iron hydrolysis, pyrrhotite oxidation consumes rather than
generates hydrogen ions and the reaction may therefore increase the pH (Reaction 5.23).

FeS + 9/40, + H" — Fe' + SO, + 1/2H,0 (5.23)

Kwong and Ferguson (1997) reported that the relative reactivity of different iron sulphide
minerals was marcasite > pyrrhotite > pyrite. Rimstidt and Vaughan (2003) concluded that the
higher rate of oxidation of marcasite compared to pyrite is largely attributable to a higher surface
area. Framboidal pyrite, with a high surface area, oxidizes much more rapidly than euhedral
pyrite (Pugh et al., 1984; White and Jeffers, 1994).

An important feature of iron sulphide oxidation at a pH < 3.5 is that ferric iron (Fe'") generated
by the oxidation of ferrous iron can serve as the sulphide oxidizing agent (Reaction 5.23).
Leaching of ferric iron may oxidize sulphide minerals below the depth of oxygen penetration.

5.4.4 Products of Oxidation of Trace Element Sulphide Minerals

Oxidation reactions at pH > 3.5 for some of the more common sulphide minerals in which trace
elements are a major component (chalcopyrite (CuFeS,), covellite (CuS), galena (PbS),
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sphalerite (ZnS), chalcocite (Cu,S), molybdenum (MoS;) and arsenopyrite (FeAsS)) are shown
below (Reactions 5.24 to 5.30).
Trace metals and metalloids released from sulphide minerals may:

o dissolve either as free ions or complexes;

° precipitate as sulphates, oxides, hydroxides, or carbonates;

o be chelated by organic acids;

o adsorb on the surfaces of materials such as iron oxyhydroxides; or

o co-precipitate with other solid phases.
CuFeS, + 17/40,+ 5/2H,0 — Fe(OH); +Cu®" + 2S0,* + 2H" (5.24)
CuS + 20, — Cu*" + SO4* (5.25)
CusS + 5/20, + 2H™ — 2Cu*" + SO,* + H,0 (5.26)
PbS + 20, — Pb*" + SO (5.27)
ZnS + 20, — Zn*" + SO~ (5.28)
MoS; + 9/20, + 3H,0 — MoO4™ + 2S04” + 6H" (5.29)
FeAsS + 7/20, + 4H,0 — HAsO,> + Fe(OH); + SO, + 4H" (5.30)

The difference in acid (H") produced per mole of sulphide-S for oxidation reactions in which
trace metals and metalloids become dissolved cations or oxyanions may be important because,
unlike ferric iron, many trace metals and metalloids are relatively soluble under slightly acid and
near-neutral pH conditions. Circumneutral drainage can contain relatively high dissolved
concentrations of trace elements such as nickel, cobalt, zinc, molybdenum, arsenic, and
antimony. Concentrations of molybdenum, arsenic, and antimony in particular may remain
elevated even as pH increases above 7.

Studies conducted at a number of tailings impoundments indicate that the general order of
sulphide mineral depletion is as follows: pyrrhotite > galena > sphalerite > bornite > pentlandite
> arsenopyrite > marcasite > pyrite > chalcopyrite > molybdenite (Jambor et al., 2005). As
stated previously, differences in the rate of oxidation may be due to differences in surface
exposure and site specific structural and chemical differences (Section 5.4.1). Studies have
shown that fine grained pyrite weathers twice as fast as coarse granular pyrite (Kwong, 1993 and
1996). Kwong and Lawrence (1994) suggested that Co substituting for Fe might retard the
weathering rate of pyrite, while Jambor et al. (2005) noted that an increase in iron content
increases the oxidation and dissolution rate of sphalerite.

The formation of rims of secondary minerals with low solubility may slow the rate of sulphide
oxidation. Iron oxyhydroxide layers may form around oxidizing iron containing sulphide
minerals when the pH is > 3.5, but will not be present at lower pH. Rims of anglesite (PbSO,)
may form around galena regardless of the pH, causing galena to persist relative to other sulphide
minerals.
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5.5 Acidity from Dissolution of Acidic Sulphate Minerals

The dissolution of sulphate minerals may release acidity in the form of acidic cations, such as
A", Cu*, Fe*, Fe'', H;0", NH,, Pb”" and Zn™"
The dissolution of sulphate Formation of dissolved complexes and precipitation of the
minerals may release acidity | released acidic cations as oxides, oxyhydroxides, hydroxides
in the form of acidic cations. or carbonates will convert the dissolved acidity into H" and
reduce the pH. Oxidation of reduced cations, without
subsequent complex formation or precipitation, will consume protons. The most common
occurrence of this is the oxidation of ferrous (II) to ferric (III) iron (e.g. Reaction 5.31).

Fe®'(aq) + (1/4)0x(g) + H'(aq) — Fe’'(aq) + (/4)H;0(aq) (5.31)

The most common acidic sulphate minerals are the iron and aluminum hydrated and hydroxy
sulphates. Under oxidized, near-neutral pH conditions, dissolution of iron and aluminum hydrated
and hydroxyl sulphate minerals will also result in the oxidation of ferrous to ferric iron and
hydrolysis of the ferric iron and aluminum. Reactions 5.32 to 5.35 show the overall reaction for
melanterite(FeSO4+7H,0), romerite [Fe* (Fe’),(S04)4214H,0], coquimbite[(Fe*),(SO4)3+9H,0]
and copiapite [Fe* (Fe’")4(S04)s(OH),220H,0] under oxidized, near-neutral pH conditions.

FeS04=7H,0(s) + (1/4)0x(g) — Fe(OH)s(s) + S04~ (aq) + (9/2)H,0 + 2H'(aq)  (5.32)

Fe? (Fe’)2(S04)4= 14H,0(s) + (1/4)04(g) — 3Fe(OH)s(s) + 4S04>(aq) + (11/2)
H,0 + 8H(aq) (5.33)

(Fe*)2(S04)3=9H,0(s) — 2Fe(OH)s(s) + 380,47 (aq) + 3H,0 + 6H'(aq) (5.34)

Fe” (Fe’)4(S04)s(OH),220H,0 + (1/4)0x(g) — 5Fe(OH)3(s) + 6S04~(aq) +
15/2H,0 + 12H'(aq) (5.35)

The ferric-hydroxy-sulphate jarosite, which is stable at a pH < 4 and relatively soluble (but
kinetically slow) above about pH 4.7, will undergo hydrolysis in moist environments to release
the stored acidity (Reaction 5.36).

KFes(S04)2(0H)g(s) — K + 3FeOOH(s) + 28047 (aq) + 3H'(aq) (5.36)

Jarosite, containing one mole of acidic cations, such as H;0", NH,, AgJr or ¥ Pb’, rather than
potassium will produce two moles of acidity for each mole of sulphate-sulphur dissolved. This is
illustrated in the reaction below for hydronium jarosite.

H30Fe3(SO4)2(0OH)s + 2H,0 — 3Fe(OH); + 4H+ + 2S04 (5.37)

The impact of the dissolution of less soluble iron and aluminum hydroxy-sulphate minerals, such
as jarosite or alunite, on drainage pH will depend on the rate of dissolution and hydrolysis.
According to Alpers et al. (1994), leach studies showed a drop in the pH of deionized water from
6 to 3 or 4 after contact with natural and synthetic jarosites. There is a wide range in the
composition of jarosite minerals and their reactivity is also variable. In communication with Lapakko
(in 2005), Alpers speculated that a hydronium jarosite may buffer pH in the range of 1.5 to 3.
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5.5.1 Displacement of Acidity on Exchange Sites

Upon percolating through the soil, base cations in near-neutral seepage containing high
concentrations of sulphate dissolution or sulphide

If the soil water has Iittle orno | oxidation products can exchange with acidity (e.g. H
alkalinity, the released H™ and Al and AI’") adsorbed on acidic organic or mineral soils
may decrease the drainage pH. (Reaction 5.38). If the soil water has little or no

alkalinity, the released H™ and AI’" may decrease the
drainage pH. This phenomenon is potentially responsible for the acid drainage and decrease in
drainage pH observed from non-acid generating waste rock dumps located on top of slightly
acidic peat soils (Price, 2005).

2CH;COOH + Ca*" — 2CH;CO0-Ca + 2H" (5.38)

The impact of cation exchange on drainage pH will depend on the:

o cation and alkalinity concentrations in the leachate from the project components;
o exchangeable acidity of the underlying soils; and
o sensitivity of the downstream drainage pH to inputs of acidity.

5.6 Acid Neutralization and Production of Net Acidic Drainage

The rates of sulphide oxidation, acid generation and neutralization, the drainage pH and the time
to onset of net acidic drainage are determined by a large number of site specific mining,
geological and environmental factors. Oxidized sulphide bearing rock does not always create
acidic drainage. In many cases, alkalinity released from other minerals, immediately adjacent or
further upstream or downstream to the oxidizing sulphides, may neutralize the acid in the
immediate vicinity or downstream of the acid generating sulphide minerals. Acidic drainage will
only occur if the rate of acid generation is greater than the rate of neutralization and there is
sufficient water to transport the acid weathering products.

Where the rate of neutralization is already slower than that of acid generation, the onset of net
acidic weathering conditions and acidic drainage will occur immediately upon mineral exposure
and leaching. However, it may take many years before weathering or leaching conditions cross
the biological, physical and chemical thresholds necessary to produce net acidic drainage. The
observation that acidic drainage has not yet occurred is, on its own, no assurance that it will not
occur in the future. It took 10 to 20 years to exhaust the neutralization sufficiently to produce
acidic drainage at the Island Copper Mine (Morin and Hutt, 1997). Even under acidic
conditions, much of the released chemicals may precipitate as secondary minerals and it may
take many years to produce the worst concentrations of acidity and potential toxins.

Acid (H") produced by sulphide mineral oxidation can be neutralized by a wide variety of
reactions. The rate of acid generation and the
composition of the neutralizing minerals will
determine the extent of neutralization. The
three general categories of neutralizing minerals
are carbonates, hydroxides and silicates. The dissolution and precipitation of carbonate and
hydroxide minerals and the dissolution of silicate minerals determine the resulting drainage pH

The rate of acid generation and the
composition of the neutralizing minerals
will determine the extent of neutralization.
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and acidity. The ranges in pH buffering observed after acid neutralization by common carbonate
minerals calcite and siderite and aluminum and iron hydroxide minerals are shown in Table 5.7.

Table 5.7 The pH range resulting from acid-neutralization by common carbonate and
hydroxide minerals (from Blowes et al., 2003).

Mineral Phase | pH Range
Calcite 6.5-75
Siderite 48-63
Al(OH); 4.0-43
Fe(OH); 25-35

5.6.1 Neutralization by Carbonate Minerals

Carbonate minerals consist of the carbonate ion (COs>) and various cations. The most common
cations in carbonate minerals are Ca, Mg, Fe and Mn. The formula and percent by weight of the
main constituents in pure Ca, Mg, Fe and Mn carbonate minerals are shown in Table 5.8. The
most common carbonate mineral is the calcium carbonate, calcite. Other common carbonate
minerals are dolomite (CaMg[COs],), ankerite (CaFe[COs],) and siderite (FeCOs). Trace
elements may also form carbonate minerals (e.g. smithsonite (ZnCO3)). The copper carbonate
hydroxides azurite (Cu3;[CO;];[OH],) and malachite (Cu3[CO;],[OH],), azure blue and bright
green respectively, are two other common examples.

Table 5.8 The formula and percent by weight of the main components in pure Ca, Mg, Fe
and Mn carbonate minerals (taken from Jambor and Blowes, 1994).

Mineral Formula CO, Ca0O | MgO FeO MnO
Calcite CaCO; 4397 | 56.03
Magnesite MgCO; 52.19 47.81
Siderite FeCO; 37.99 62.01
Rhodochrosite MnCO; 38.29 61.71
Dolomite CaMg(CO;3), 4773 | 3041 | 21.86
Ankerite CaFe(COs), 40.76 | 25.97 33.27
M:rglﬁzfilfem Ca(Mg,Fe)(COs), | 43.97 | 28.01 | 10.07 | 17.95
Kutnohornite CaMn(COs3), 40.93 26.08 32.99

Calcium and magnesium carbonate minerals, including calcite (CaCOj;), magnesite (MgCO3),
dolomite (CaMg[COs],) and ankerite (CaFe[COs],) are commonly the most effective minerals in
neutralizing acid. Reactions 5.39 and 5.40 show the acid-neutralizing reaction for calcite
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(CaCOs) above and below pH 6.4, respectively (Drever, 1988). Calcite neutralization buffers the
pH at 6.5 to 7.5 (Table 5.7).

CaCO;(s) + H'(aq) — HCOs'(aq) + Ca*(aq) (5.39)
CaCO;(s) + 2H (aq) — H,COs(aq) + Ca*'(aq) (5.40)

Of the calcium and magnesium carbonate minerals, calcite dissolves most rapidly (Busenberg
and Plummer, 1986). The rate of dolomite dissolution is about an order of magnitude slower
than calcite (Busenberg and Plummer, 1982). Ankerite is more resistant to dissolution than
dolomite and siderite is even more resistant than ankerite (Jambor and Blowes, 1998). The rate
of magnesite dissolution is about four orders of magnitude slower (Chou et al., 1989).

The pH buffering by iron and manganese carbonates depends on the degree of aeration. As
shown in Reaction 5.41, the dissolution of FeCOs initially consumes acidity in a similar manner
to calcite (Reaction 5.40). However, under oxygenated conditions, the subsequent oxidation and
hydrolysis of the released iron produces equivalent acidity (Reaction 5.42) to that consumed in
Reaction 5.41, so there is no net neutralization under acrobic conditions (Reaction 5.43).

FeCO; + 2H" — Fe*" + H,CO; (5.41)
Fe*" + 5/2H,0 + 1/40, — Fe(OH); + 2H" (5.42)
FeCOs + 5/2H,0 + 1/40, — Fe(OH); + H,CO; (5.43)

Iron and manganese carbonate, in minerals such as siderite and rhodochrosite, only provide net
acid neutralization under anaerobic conditions. The rate of siderite dissolution under anoxic
conditions is reported to be three orders of magnitude slower than that of calcite (Greenberg and
Tomson, 1992). The anaerobic conditions required for iron and manganese carbonates to
provide net neutralization may materialize from the partial flooding or the slow oxygen diffusion
and rapid oxygen consumption within fine textured waste materials (e.g. tailings).

The reaction between sulphate derived from sulphide oxidation and calcium from carbonate
dissolution may result in the saturation and precipitation of gypsum. Fe(Il) produced by iron
sulphide oxidation and HCO;™ released by calcite dissolution may combine and precipitate as
secondary siderite. Following the depletion of more soluble calcium carbonate and magnesium
carbonate minerals, the dissolution of primary and secondary siderite can buffer the pH to near
4.8 (Table 5.7).

Many carbonate minerals are solid solutions in which the percentage of Ca, Mg, Fe and Mn
components (Klein and Hurlbut, 1993) and their neutralizing potential under aerobic conditions,
can vary widely. Calcite tends to be nearly pure, although it potentially contains up to 5 and
2 wt% FeO and MgO, respectively and a complete solid solution series extends to rhodochrosite
(MnCQOs3). There are almost complete solid solution series between dolomite, ankerite and
kutnahorite, and siderite with magnesite and rhodochrosite.

Electron microprobe analyses of calcite, dolomite, ankerite and siderite grains in the Asitika
Group of rock from the Kemess Mine indicate the relative purity of calcite and the presence of
significant Fe in dolomite, and Ca+Mg in siderite (Table 5.9). Notably, the median % Ca+Mg
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component was 29% in the siderite, providing significant net neutralization, while the median %
(Fe+Mn) in the dolomite was only 9%.

The rate of dissolution and precipitation of carbonate minerals is fast relative to the rates of other
reactions and pore water movement. Therefore, dissolution and precipitation of carbonate
minerals are usually equilibrium controlled. Increases in either the CO, pressure or the H'
concentration will increase the rate at which carbonate minerals dissolve.

Table 5.9 Electron microprobe analysis of percentage of Ca, Mg, Fe, Mn, Ca+Mg and
Fe+Mn COjs in calcite, dolomite, ankerite and siderite grains in Asitika Group
rock from the Kemess Mine.

Calcite | Dolomite | Ankerite | Siderite
5" Per 92 50 37 2
%Ca Median 97 56 38 5
95" Per 99 58 51 11
5" Per 0 27 11 17
%Mg Median 0 36 22 25
95" per 5 40 29 32
5" Per 0 1 32 55
%Fe Median 0 6 37 69
95" per 3 16 40 78
5" Per 0 1 1 0
%Mn Median 2 2 1 2
95" per 3 7 1 6
5" Per 95 81 59 21
%Cat+Mg | Median 97 91 62 29
95" per 99 97 67 42
5" Per 1 3 33 58
%Fe+Mn | Median 3 9 38 71
95" per 5 19 41 79

5.6.2 Neutralization by Aluminum and Iron Oxyhydroxides

After the depletion of carbonate minerals, pH buffering reactions are commonly dominated by
the dissolution and precipitation of first aluminum and then iron oxyhydroxides (Reactions 5.44
to 5.46).

A" + 30H — Al(OH); (5.44)
Fe’" + 30H — Fe(OH); (5.45)
Fe’" + 30H — FeOOH + H,0 (5.46)
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The dissolution and precipitation of aluminum ions derived from minerals such as gibbsite
(Al(OH);) buffer the pH between 4.0 and 4.3 (Blowes et al., 2003). Aluminum ions may also be
produced by the weathering of aluminosilicate minerals such as the plagioclase-feldspar
anorthite (CaAl,;Si,0g).

The dissolution and precipitation of iron ions derived from minerals, such as goethite (FeOOH)
and ferrihydrite (Fe(OH);), buffer the pH between 2.5 and 3.5 (Blowes et al., 2003). Iron ions
are also produced by the oxidation of iron sulphides and the weathering of other iron containing
minerals such as biotite and chlorite.

Although the dissolution of aluminum and iron oxyhydroxides will not maintain near-neutral pH
conditions, the consumption of acidity can significantly reduce treatment costs and the trace
metal concentrations, though generally not to a level that meets water quality standards.

The rate of dissolution and precipitation of aluminum and iron oxyhydroxides is generally fast
relative to the rates of other reactions and pore water movement. Therefore, these reactions are
usually equilibrium controlled.

When the pH remains above 4.8 due to dissolution of minerals such as siderite and calcite, iron
from sulphide oxidation and aluminum from aluminosilicate dissolution will precipitate
replacing the weathered grains or as coatings of metal hydroxide and hydroxyl sulphates, such as
amorphous Fe(OH); and Al(OH);, gibbsite, ferrihydrite, goethite and schwertmannite (Blowes
and Ptacek, 1994). In some instances, precipitated metal hydroxide and hydroxyl sulphates may
form cemented layers or hard pans.

5.6.3 Neutralization by Silicate and Alumineosilicate Minerals

After the depletion of carbonates, iron and aluminum hydroxides, the dissolution of
aluminosilicate minerals may become the primary acid neutralization mechanism.

The weathering of silicate and aluminosilicate minerals, such as the plagioclase-feldspar
anorthite (Reaction 5.47) and the olivine forsterite (Reaction 5.48), can neutralize acid and is a
primary source of Fe and Al ions (Section 5.6.2).

CaAlSi,Ox(s) + 2H'(aq) + Ho0(aq) — Ca*(aq) + ALSi,Os(OH)4(s) (5.47)
Mg>SiO4(s) + 4H'(aq) — 2Mg>*(aq) + HiSiO4(aq) (5.48)

There are a large number of silicate and aluminosilicate minerals, with a wide range of forms,
geochemical compositions, weathering rates and susceptibility to different weathering processes.
Weathering of silicate and aluminosilicate minerals and the dissolution of the resulting reaction
products and secondary minerals will be primarily responsible for the dissolved K, Na, Si and Al,
and a portion of the dissolved Fe, Ca and Mg in the drainage.

The rate of silicate and aluminosilicate weathering is slow relative to the rates of other reactions
and pore water movement and therefore is usually kinetically limited. Even the rates of acid
neutralization by the most reactive silicate and aluminosilicate are much slower than that of
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carbonate minerals and are only capable of maintaining near-neutral pH conditions if there is a
very slow rate of acid production (e.g. a low iron sulphide concentration) (Lapakko and
Antonson 1994; Lapakko et al. 1997; Lapakko and Antonson 2002).

Various attempts have been made to classify the relative reactivity of silicate and aluminosilicate
minerals. One of the earliest was the Goldich Stability Series ranking silicate minerals from least
to most stable (Figure 5.5) in a weathering environment (Goldich, 1938).

According to Jambor (2003), the rates of weathering of the most reactive silicate minerals,
anorthite, olivine and wollastonite, are 200 times slower than that of calcite; those for pyroxenes
and amphiboles are 10,000 times slower. Properties which can strongly influence the rate of
silicate weathering include flaws in the minerals and surface area. One of the fastest silicate
weathering reactions is the leaching of K from the interlayer of phyllosilicate minerals such as
biotite (Jambor, 2003).

Most easily weathered

Olivine Ca plagioclase feldspar
Pyroxene
Amphibole

Biotite Na plagioclase feldspar

Potassium feldspar
Muscovite

Quartz

Least easily weathered

Figure 5.5 The Goldich Stability Series ranking silicate minerals from the most
to the least weatherable.
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5.7 Other Properties and Processes that Control Weathering Reaction Rates and
Drainage Chemistry

A large number of parameters potentially control weathering reaction rates and the resulting
drainage chemistry. A few of these, including surface area, physico-chemical settings,
temperature and pH, are discussed below.

5.7.1 Size, Surface Area and Arrangement of Particles

The size, surface area and arrangement of particles and the resulting fabric and structure, will
affect drainage chemistry through their influence on the following properties and processes:

° mineral surface area;

o pore size distribution and arrangement;

J hydraulic properties and drainage conditions such as hydraulic conductivity, suction,
moisture retention, infiltration, flow paths, leaching, discharge and flooding; and

o air permeability, air movement and oxygen supply in a waste deposit.

Mineral surface area is a function of the particle surface area. Pore size distribution and
arrangement is a function of the particle size distribution and particle arrangement. Pore size
distribution and arrangement, along with drainage and air inputs, in turn determine hydraulic,
drainage and atmospheric properties and processes.
Particle surface area is primarily a function of the particle size distribution as a result of the
- - - - exponential increase in particle surface area per unit
Particle §urface EIEte) Is.prlm_arllya mass with a decrease in particle size (Birkeland,
. fl_Jnct_lon of the particle size i 1974).  Other parameters that will increase the
_d'Str'bUt_'on due to the exponentlal_ particle surface area include particle shape, surface
Increas_e in the surfacse area _per u.nlt roughness, fractures and lattice defects. Plate-shaped
mass with a decrease in particle size. crystals have a greater surface area per unit volume
than cube- and sphere-like shaped particles.

The initial particle size distribution, surface area and structure of project components will depend
on the following properties and processes:

o particle size and surface area prior to the project (non-lithified surficial materials);

o strength of the geologic materials;

° methods and conditions used to blast, excavate, remove, process, handle, dispose of
geologic materials;

. mechanical disturbance such as surface traffic and resloping;

o segregation of different particle sizes during removal from excavations, material handling
and deposition; and

o adjacent disposal of materials with a different particle size distribution or spatial
arrangement of particles and voids.

Examples of structural features created during disposal and related mechanical disturbances
include:

o slimes and sand portions of a tailings impoundment created by gravimetric segregation
from a tailings slurry on a tailings beach;
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o layers with different particle size distributions parallel to the angle of repose of waste rock
dump slopes due to differences in the original particle size distribution and particle size
segregation of the waste rock dumped;

o fine particle rich and coarse fragment rich segments of a waste rock dump created by
gravimetric segregation after end- or push-dumping waste rock onto the advancing slope of
a high waste rock dump;

o layers or bedding with a different particle size distribution created by changing flow paths,
spigot locations or the composition of a tailings slurry; and

o traffic surfaces created by vehicle movement on the bench top of a waste rock dump.

Particle size distribution, particle surface area and structure are not static properties. Over time,
particles may be:

o fractured, broken, dissolved, precipitated and cemented together by physical and chemical
weathering; and
o moved by gravity, drainage and wind erosion.

The rate of reduction in particle size and changes in particle size distribution, particle surface
area and structure by weathering and erosion will depend on the:

o physical and geochemical composition of the geologic materials;
o weathering and erosion conditions; and
o duration of exposure.

Particle breakdown may occur through dissolution or disintegration into smaller pieces.
Oxidation reaction products may also cause expansion and therefore further fracturing of
particles. Dissolution of particles will reduce the particle surface area. Breaking particles into
smaller pieces will:

° increase the mineral surface area;
o expose fresh unweathered mineral surfaces; and
o reduce the size of individual particles and pores.

The exposure of fresh unweathered surfaces may:

o change the composition of the fine particle size fraction;
o replenish the supply of reactive minerals; and
o delay mineral depletion.

Changes to the composition of the fine particle size fraction may change the drainage chemistry
and its timing predicted from the initial geochemical
composition of the fine particles. For example, particle
breakdown may replenish the supply of neutralizing
minerals such as calcite, maintaining neutral pH
drainage for far longer than that predicted from the
calcite concentration and rate of depletion initially measured in the reactive fines. Continual
exposure of fresh sulphide grains may increase sulphide oxidation rates. Differences in the

Changes to the composition of the
fine particle size fraction may
change the drainage chemistry and
its timing.
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relative rates of exposure may alter the ratio of acid generating and neutralizing minerals and the
resulting drainage chemistry.

Rapid disintegration into smaller particles may result from high concentrations of minerals that
have:

o low cohesion between mineral grains (e.g. clay minerals in sericitic rock);
o high rates of hydration and dissolution (e.g. sulphates and carbonates); or
o high rates of oxidation (e.g. sulphide minerals).

Changes in particle size and strength over time may result in material settlement, which will
reduce the height of a deposit and its pore size. Changes to the overall pore volume will depend
on the relative amounts of particle dissolution, precipitation of weathering products and
settlement. Reductions in pore size may increase the degree of saturation, reduce air movement
and increase flooding.

Weathering may also create new particles due to the precipitation of weathering products.
Precipitation of weathering products may change the size distribution, particle surface area and
arrangement of particles by coating particle surfaces, cementing particles together and creating
hard pans. Changes in particle and pore size, settlement, precipitation of weathering products
and particle migration may change flow paths, potentially leaching previously relatively
unleached portions of a project component and creating new discharge locations.

Parameters that increase the potential for erosion include:

J high wind or water velocity;
o low particle cohesion; and
. small particle size.

Dry fine sand, coarse silt particles and the particle size range of tailings sand have little or no
cohesion and are therefore very susceptible to wind
erosion. The higher moisture retention and particle
cohesion makes tailings slimes less susceptible than
tailings sand to wind erosion.

Dry fine sand, coarse silt particles
and the particle size range of tailings
are very susceptible to wind erosion.

There is presently little quantitative information about particle breakage and migration and their
impact on the physical, hydrological and geochemical properties of project components.
Although future fracturing and breaking of particles may impact drainage chemistry, the rate and
impact of these processes are typically not investigated in the prediction of drainage chemistry.

5.7.2 Mineral Surface Area

Weathering reactions such as oxidation of sulphide minerals and dissolution of carbonate
minerals are surface controlled reactions and therefore the rates of these reactions are dependent
on the mineral surface area exposed to weathering. Mineral surface area is a function of:

o mineral grain size;
o fractures, lattice defects and “roughness” of the mineral surface;
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o coatings; and
o mineral occurrence on the surface of particles.

Fractures, lattice defects and roughness of the mineral surface will increase the mineral surface
area and therefore the reactivity. They may also result in broken bonds and charge imbalances
that increase the weathering rates. Coatings, such as iron oxyhydroxides, may reduce the
exposure of mineral surfaces to weathering processes, thereby reducing reactivity.

Individual mineral grains may become fine particles and entirely liberated from the rock matrix,
interstitial to other minerals (partially liberated) or included within other minerals. The extent
that minerals occur on surfaces or within particles whose size is similar to or only slightly larger
than their grain size will affect their availability for reaction. Acid producing or acid neutralizing
minerals occluded within minerals such as quartz or coarse fragments will be unavailable for
reaction until they are exposed by other weathering processes.

The diameter of particles in which almost all the mineral grains are exposed to weathering will
The diameter of particles in which depend on the size of the mineral grains. Removal of the
almost all of the mineral grains are carbpnate minerals by weathering from the. <2 mm sized
exposed to weathering will depend par@cles, but not from the 2 to 11 mm size fraction of

on the size of the mineral grains. various volcanic and intrusive rocks suggested that the
< 2 mm fraction was the particle size fraction in which

almost all the mineral grains will be exposed to weathering (Price and Kwong, 1997).

The residence time for leachate is likely to be longer in a matrix of small particles resulting in
greater dissolution of weathering products. There are likely to be more broken chemical bonds
that increase the rate of weathering in smaller particles.

The increased rate of oxidation and dissolution of weathering products resulting from an increase
in mineral surface area will depend on the maintenance of an adequate oxygen supply and
flushing. The reduction in particle size that increases the surface area will also reduce the
hydraulic conductivity and air permeability and increase suction. At some point, lower rates of
oxygen supply and water percolation as a result of a reduction in hydraulic conductivity and air
permeability and increased suction will start to reduce the rate of oxidation and the dissolution of
weathering products.

5.7.3 Hydraulic Properties and Drainage Conditions

Hydraulic properties and drainage conditions will affect drainage chemistry through their
influence on weathering conditions such as air entry and water percolation. Important hydraulic
parameters include hydraulic conductivity, suction and moisture retention. Important drainage
conditions include rates and locations of drainage inputs, losses, flow paths and flooding.

Hydraulic properties and drainage conditions will depend on:

o climate, hydrology and hydrogeology of the site (Chapter 6);
o drainage use and water management of the project;
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o physical properties of the project components, such as the pore size distribution and
arrangement; and
o atmospheric parameters and conditions such as air permeability and temperature.

For example, the particle size distribution and structure and the resulting size and arrangement of
voids will affect the degree of saturation and rates of infiltration. Temperature and wind will
affect the rates of drainage losses through evaporation and transpiration.

Drainage inputs will depend on the climate, hydrology and hydrogeology of the site and drainage
use and water management of the project. Potential sources of drainage inputs include:

condensation;

incident precipitation;

surface runoff;

near surface seepage from non-lithified overburden;

groundwater from bedrock;

process water added with tailings; and

water used for dust control, drilling and other construction, mining and reclamation
activities.

Climate conditions will directly determine the volume and rates of condensation and incident
precipitation and in conjunction with the site and project hydrology and hydrogeology, the
volume and rates of surface runoff, near surface seepage and groundwater. Whether the ground
is saturated and/or frozen may also be an important factor in determining the amount of drainage
that infiltrates versus runs off, especially during snowmelt and large rain events.

The timing and relative magnitude of different drainage input and discharge sources will vary
depending on the flow paths and climatic
conditions. For example, increases in
surface and near-surface runoff are likely
to precede increases in ground water flow or
discharge during storm events. Groundwater
is likely to become a larger proportion of the drainage inputs during periods with little
precipitation or snow melt.

The timing and relative magnitude of different
drainage input and discharge sources will vary
depending on flow paths and climatic conditions.

Potential drainage losses include:

° surface runoft;

o seepage discharge to the surface or groundwater;
o evaporation; and

o transpiration if vegetation is present.

The source, rate and location of drainage inputs and flows are important because the dissolution
of weathering products will vary with the chemistry of the infiltrating water and the solid to
water ratio.
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The water balance (i.e. drainage inputs minus drainage losses) is important because flooding can
cause major changes to the weathering conditions, stopping air entry, limiting oxidation and
increasing the volume of water available for dissolution of soluble minerals. There is often a
delay in flooding all or a portion of a project component. The rate of flooding will determine the
duration of aerated weathering conditions and therefore may be important in the interpretation of
test results and prediction of the chemistry of drainage discharged from flooded excavations or
impoundments.

The rate of oxidation depends on the rate of oxygen supply. Therefore, the rate of oxidation in
flooded sulphidic geologic materials depends on both the dissolved oxygen concentration and the
rate of groundwater flow. Significant oxidation may occur if there are high rates of flow of
oxygenated water through the flooded materials. It is therefore important that tests designed to
simulate some aspect of flooded material performance duplicate the likely range in the dissolved

oxygen supply.

When predicting drainage chemistry, it is important to recognize that many of the site and project
hydraulic properties and drainage conditions are
in flux and the rate, location, chemistry and
relative contributions from different project
components may change. These changes may be
due to:

When predicting drainage chemistry, it is
important to recognize that many of the
site and project properties and drainage
conditions are in flux.

variation between individual climate events, different seasons and different years;

longer term climate change or off site natural or anthropogenic events;

project activities during different phases of the mine life; and

changes to the physical and atmospheric properties of project components by weathering
and erosion.

Project activities, such as excavation and waste disposal, will change the topographical, physical
and hydraulic properties of the landscape and will therefore change the hydrology and
hydrogeological properties such as the direction of flow.

Surface and near-surface discharge rates will depend on the initial water content, in addition to
drainage inputs. Dry mine wastes are temporary drainage sinks and it may take decades or more
to achieve a balance between drainage inputs and outputs. Newly deposited waste rock dumps
will initially be drainage sinks and maximum leaching and discharge will not occur until the
waste rock dumps become saturated. The rebound of the regional water table after mining may
not occur until the mine wastes are wet and the excavated underground workings and open pits
are flooded, processes that may take decades.

The creation of new drainage sources and flow paths during mine construction may permanently
lower or raise the regional water table. Flooded impoundments may raise the water table. Mine
workings may lower the regional pre-mining water table, although the extent to which this
occurs is uncertain until flooding, subsidence and collapses are complete, tens or hundreds of
years or more after mining is completed.
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Changes to important drainage conditions such as drainage inputs, infiltration, flow paths and
flooding may be due to natural or anthropogenic events. These include stream migration and the
construction or collapse of beaver dams and storm drains. Although the project may not be the
cause of these events, they may dramatically change the drainage chemistry and contaminant
loadings from various project components.

5.7.4 Atmospheric Properties and Processes

Atmospheric parameters and processes that have a major impact on the rates of sulphide
oxidation and other weathering conditions may significantly influence the weathering processes
and drainage chemistry. Some of the more important ones include:

composition of gas phase of the project component;

air permeability of the project component;

external climatic conditions;

rates and locations of air inputs, consumption, discharge and flow paths, and the resulting
composition of air within the project component;

external and internal air temperature; and

o wind erosion and atmospheric fallout.

Air properties and processes within a project component vary with a large number of inter-
related external and internal physical,

Air properties and processes within a project drainage and geochemical parameters and
vary with a Iarge number of inter-related processes. The Comp()sition of the gas

external and internal phySiC3.|, drainage and phase in a project component will depend
geochemical parameters and processes. on the:

o types and rates of chemical reactions;
o temperature; and
o rate of air entry from the atmosphere.

Chemical reactions occurring in a project component will reduce the concentration of some
chemical species in the gas phase and increase the concentrations of others. Sulphide oxidation
and other oxidation reactions, such as the oxidation of ammonium from blasting powder and
aerobic decomposition of organic matter, will consume oxygen. Carbonate dissolution and
bacterial metabolic reactions will produce carbon dioxide. Sulphate reduction may produce
hydrogen sulphide.

Changes in temperature will alter the solubility of different gases. Higher temperatures will
decrease the solubility of oxygen and carbon dioxide and increase the solubility of water vapour
in saturated mine wastes.

Changes in the concentrations of oxygen, carbon dioxide or water vapour will occur where the
rates of sulphide oxidation, bacterial reactions, carbonate dissolution or the evaporation of water
are high compared to the rate of air supply. The pore gas composition will therefore be a
function of the rate of air movement, distance from the surface and chemical reactivity of the
geologic materials.
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Changes in gaseous composition in various project components may pose a human health
concern. Increased concentrations of carbon dioxide and hydrogen sulphide and lower oxygen
concentrations may be deadly. Air quality should be checked before entering mine workings,
confined locations or depressions at the base of mine wastes.

The rate of air inputs and movement within the project component will depend on the internal
and external parameters that control air permeability and drive air movement. Air permeability
will depend on parameters, such as the:

length of flow paths;
particle size distribution;
particle arrangement; and
moisture content.

Air permeability is a function of the minimum diameter of the air filled portion of the voids
along flow paths. The higher the degree of saturation and the smaller the pore size, the lower is
the air permeability. Materials with larger particles and larger pores are likely to have relatively
low pore water contents and high air permeability. Silt sized tailings slimes, with relatively
small sized pores, low hydraulic conductivity and high suction are likely to have a relatively high
pore water content and low air permeability.

The principal mechanisms of air movement are advection and diffusion. Advection can move air
— - - (and oxygen) relatively quickly over large
The principal mechanisms of air distances. Air flow by diffusion is much slower but
movement are advection and diffusion. | may be an important mechanism in fine textured or
compacted layers lacking large, interconnected pores.

Air flow by diffusion occurs primarily in response to concentration gradients created by the
lower oxygen and higher carbon dioxide concentrations in the gas phase of the project
component compared to the surrounding atmosphere.

Air flow by advection can be driven by differences in air temperature, wind and barometric
pressure, and changes in gaseous composition. Thermal gradients will result in lighter, hotter air
rising (chimney effect) and heavier, colder air sinking. Heat released by sulphide oxidation is
often sufficient to increase air temperatures within the project component. Increased internal
temperatures can initiate upward temperature and density driven convection currents where it is
possible to “draw” atmospheric air into the base and sides.

The magnitude of thermal convection depends on the:

sulphide oxidation rate;

air permeability;

differences in the internal and surrounding air temperatures; and
magnitude and direction of the pressure and density gradients.

Thermal convection may result in a positive feedback loop between sulphide oxidation, heat
production and the oxygen supply. A higher rate of sulphide oxidation increases heat
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production, leading to increased air movement and the oxygen supply, which in turn increases
the rate of sulphide oxidation and heat production.

The largest differences in temperature between the overlying air and the hot internal atmosphere
will occur when external temperatures are low. Consequently, in materials with similar physical
and chemical properties, higher convection currents, rates of oxygen supply and heat production
will occur in cold climates and during the coldest season. Conversely, an increase in the
overlying air temperature will usually reduce the thermal gradient and therefore the rate of
oxygen supply to sulphide oxidation.

Convective air movement within a project component may also result from changes in its
composition which would change the density of the gas. An increase in water vapour will reduce
the density and increase the buoyancy of the gas phase. An increase in the concentration of
carbon dioxide will have the opposite affect, increasing the density and reducing the buoyancy.

Convective air movement due to pressure may also result from changes in the water content,
barometric pumping and wind. Reduction in water content may increase air entry due to the
increased air permeability, in addition to the reduced air pressure. Increased external barometric
pressure will result in air entry due to compression of the internal gas phase, while a decrease in
external barometric pressure will reduce air entry. Wind pressure will result in greater air entry
on the windward compared to the leeward side of a dump.

Constructive feedback may occur between the different driving forces for convection, such as
temperature, gas composition and air pressure. For example, higher temperatures that increase
sulphide oxidation will also increase the concentration of water vapour and the air pressure,
producing more airflow into the pile, which supplies more oxygen and further increases the rate
of sulphide oxidation and internal heating.

Higher air density within a dump, due to higher carbon dioxide and lower oxygen concentrations,
coupled with summer air temperatures that match
or exceed internal dump air temperatures, may
reverse the direction of air flow, resulting in air
entering the wupper dump surface, moving
downwards and exiting at the base. The
discharge of air with higher carbon dioxide and hydrogen sulphide and lower oxygen
concentrations is a potential human health concern and air quality should be checked before
entering confined locations or depressions at the base of sulphidic mine components.

The discharge of air with higher carbon
dioxide and hydrogen sulphide and lower
oxygen concentrations is a potential
health concern.

Air movement will vary in different portions of a dump. In addition to the windward side,
greater air entry typically occurs along the upper sides and adjacent upper surface of a dump.
The geometry of a dump will impact air entry and where cells of air circulation can develop.
The greater the height to width ratio of the dump, the greater is the potential for advective air
movement (Ritchie, 2003).
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Solid phase atmospheric inputs and losses include wind blown sediment and other forms of
atmospheric fallout. Examples include wind erosion of tailings, wind blown dust from an ore
stockpile and atmospheric fallout from an off site agricultural or industrial operation.

5.7.5 Temperature
The temperature of project components will depend on heating or cooling due to the:

o overlying air;

o surrounding or underlying ground;

o drainage; and

o sulphide oxidation.

The impact of seasonal decreases or increases in overlying air temperatures on internal
temperatures will depend in part on the depth within a project component. The greatest influence
of changes in overlying air temperature will occur near the surface. Temperatures deep within a
project component will be less of a function of seasonal temperature and depend more on the
average overlying air temperature, plus heat added from or lost to the ground and drainage and
heat produced by sulphide oxidation.

Sulphide oxidation is an exothermic process and may raise temperatures well above the ambient

air temperature. Heat from high rates of sulphide

Sulphide oxidation is an oxidation in project components with high concentrations
exothermic process and may raise | of sulphide minerals, pH values low enough to dissolve
temperatures well above the ferric iron and high rates of air entry may result in
ambient air temperature. temperatures exceeding 40°C and in some instances

exceeding 60°C. High temperatures may melt snow and
kill vegetation. Temperatures may become high enough for project components to catch fire,
especially if the material is coal.

Permafrost may develop beneath the depth of seasonal melting if project components have low
rates of sulphide oxidation and the average overlying air temperatures are well below freezing.
In addition to heat produced by sulphide oxidation, high solute concentrations will lower the
temperature required for drainage to freeze. It is important to consider future climate warming,
in addition to the heat from sulphide oxidation, when considering climate impacts on drainage
chemistry and whether materials will remain frozen.

The influence of temperature on weathering and drainage chemistry will occur through its
impacts on:

atmospheric properties, such as air density and solubility of different gases;

rates of physical weathering processes, such as freeze thaw and thermal expansion;
sulphide oxidation;

bacterial activity;

carbonate solubility;

formation and dissolution of secondary minerals (e.g. weathering products);
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o concentration of solutes upon freezing;
o dissolved oxygen solubility ; and
o reactivity of other acid buffering minerals, including silicates.

The effect of temperature on the rates of chemical reactions is described by the Arrhenius
equation that relates temperature (T, in Kelvin) to reaction rate (K, Reaction 5.49) or the relative
reaction rates (K;, K;) at different temperatures (T;,T2; Reaction 5.50). Ea is the activation
energy of the reaction, and R is the gas constant.

K = AelF¥RD (5.49)
hl(K]/Kz) = Ea(Tl—Tz)/R(Tsz) (5.50)

Cold temperature effects on geochemical processes were reviewed by SRK and Mehling (2006).
The variation in the rate of pyrrhotite oxidation calculated using the Arrhenius equation
(Reaction 5.49) at different temperatures compared to that at 20°C is shown in Figure 5.6 for two
selected activation energies of 50 to 60 KJ/mol. It can readily be seen that the relative reaction
rate at 4°C, using these activation energies, are 0.31 to 0.24, respectively (Figure 5.6).

The rates of sulphide oxidation at 4°C relative to that at 20°C (K4/K20) measured in laboratory
tests for pyrite and pyrrhotite varied from 0.1 to 1, but were most commonly between 0.2 and 0.4
(Table 5.10). The variable effects of temperature on the rate of sulphide oxidation as evident
from the data shown in Table 5.10 are attributable to mineralogical differences and the
confounding effects of temperature on other contributing properties and processes.
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Figure 5.6 Relative reaction rates as a function of temperature calculated with the Arrhenius
equation for the oxidation of pyrrhotite with activation energies of 50 to 60 KJ/mol (from Day et al.,
2005).
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Table 5.10 Relative reaction rates for sulphide oxidation at 4°C and 20°C in laboratory
tests by different mines (from Day et al., 2005).

Site Tests Mineral K4/K20
Calculated pyrrhotite, pyrite 0.24 to0 0.31
Diavik 4 pyrrhotite 0.3t0 0.4
Ekati 2 pyrite 0.26
arsenopyrite 0.29
Pogo 4 Py
pyrite 0.4t00.8
pyrite 1
) pyrite 0.37,0.40
Red Dog Mine 4 -
pyrite 0.11
pyrite, sphalerite 0.11
rite, arsenopyrite 0.23
Ulu Lake 4 by - by
pyrite 0.23
Windy Craggy 11 pyrrhotite, pyrite 0.34 to0 0.67

Other potential impacts of a decrease in temperature include the following.

o A decreasing temperature increases the solubility of CO,, which in turn will lower the pH
and increase the solubility of carbonate minerals and the dissolved concentrations of metals
such as zinc that would precipitate as carbonates.

J Partial freezing of drainage will increase solute concentrations in the remaining water so
long as no mineral solubility limits are exceeded. Higher solute concentrations may
increase contaminant concentrations and may also decrease the freezing point.

o The oxygen concentration in drainage increases with decreasing temperature from 7 mg/L
at 35°C to 14 mg/L at 0°C at atmospheric pressure. Dissolved oxygen increased by a
factor of 1.4 as the temperature decreased from 15°C to 0°C (Elberling, 2001).

The overall effect of colder temperatures may depend on factors with opposite effects. Over a
similar temperature decrease (35°C to 0°C), oxygen diffusivity in flooded tailings decreased by a
factor of 1.6, resulting in an overall 90% reduction in the oxygen flux (Elberling, 2001).

The overall effect of a lower temperature on the rate of carbonate dissolution and the depletion of
the carbonate neutralizing potential will depend on the relative magnitude of the lowering of pH
due to an increase in the solubility of CO, compared to the increase in pH due to the decrease in
the rate of acid generation caused by a reduced rate of sulphide oxidation. The overall effect of a
lower temperature on dissolved metal concentrations will depend on whether metal
concentrations are controlled by the rate of sulphide oxidation or, the solubility limits of
carbonate or non-carbonate minerals.
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5.8 Drainage Chemistry from Sulphidic Geologic Materials

As a result of the relatively high concentrations of rapidly weathering minerals, drainage from
exposed sulphidic geologic materials typically contains elevated concentrations of sulphate, base
cations, metals and trace elements (Table 5.11). However, due to variable composition and
weathering conditions, the drainage chemistry is highly variable. For example, pH may range
from less than 1 to more than 9, with similar large ranges in the concentration of acidity and
alkalinity.

Sulphidic geologic materials commonly contain a number of rapidly weathering minerals in
addition to the sulphides themselves. These include carbonates, sulphates, oxyhydroxides, fine
grained phyllosilicates and organic compounds. Consequently, many elements are derived from
more than one source. Elevated sulphate, trace elements and iron may come from sulphide
oxidation. Sulphate and trace elements may be products of hydrothermal alteration (e.g. sulphate
from gypsum) or organic matter (e.g. Se). Base cations (e.g. Ca, Mg, Na, K) could result from
the dissolution of carbonate and sulphate minerals and the hydrolysis of silicate minerals.

The total concentration of an element in drainage is the sum of its concentrations in dissolved

species, either as free ions or complexes with ligands and those associated with suspended solids.

Table 5.11 Examples of sulphidic mine drainage from mines in eastern Canada; except for
pH, concentrations of all parameters are in mg/L (from Blowes et al., 2003).

Heath
INCO Steele Nordic
Copper Campbell (old Kidd Nickel Waite Elliot
Cliff Mine Delnite basin) Creek Rim Amulet Lake
pH 3-8 6.5-8.5 6.8-7.8 1-7.5 3-7 3-6.5 2.5-7.5 1.4-5
Fe 27-1637 135 35 48000 0.5-400 9810 10000 23000
SO, 5890 50-6100 1900-2600 85000 2000-22000 24200 20000 50000
Zn 1.8 2.5 1.5 3690 0.1-4100 7.49 250 15
Ni 12.48-66.07 <0.05 4.75 10 3 396 15 25
Cu 9.76 <0.02 0.2 70 3 5.05 60 15
Pb 0.11 <0.5 0.27 10 2.5 0.35 5.1 6
As 0.2 80 45 - <0.10 - - -
Co 0.6-0.97 0.1-0.4 - 100 - 8.9 8.9 35

In addition to dissolved elemental concentrations, other important drainage properties include
chemical speciation (e.g. the redox state of arsenic), temperature, TSS, redox potential, organic
acids, conductivity, hardness, alkalinity, acidity and pH. These properties impact the rate and
form of kinetic weathering reactions, solubility limits (the maximum carrying capacity), the
resulting drainage chemistry and the environmental impact of the drainage.
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5.8.1 Dependency of Metal Solubility on pH

The solubility of most metals and metalloids released into solution either directly or indirectly by
sulphide oxidation is strongly pH dependent. Under
oxidizing conditions, the solubility of most cations
increases as the pH decreases from near-neutral and
slightly basic to more acidic pH values. Some cations (e.g.
Be[ll], Zn[II], AI[IIT], and Fe[III]) are amphoteric and their
solubility also increases as the pH increases from near-neutral and slightly basic to more basic
pH values.

The solubility of most metals
and metalloids released into
solution by sulphide oxidation
is strongly pH dependent.

At neutral pH, anionic species of As, Cr, Mo, S, Se, and V generally form weak, soluble
complexes with monovalent or divalent cations, but at acidic pH’s they may be precipitated by
high concentrations of dissolved Fe(Ill) and AI(III). The solubility of elements that exist as
oxyanions such as As, Cr, Mo, S, Sb will increase with an increase in pH due to the concurrent
reduction of the anion exchange capacity of oxyhydroxide minerals.

The dissolved concentrations of many chemical species will depend on the precipitation and
dissolution of sulphate, carbonate and oxyhydroxide minerals. Decreasing the pH will also
decrease the precipitation of Al, Fe and Mn oxyhydroxides and sulphate or carbonate minerals.

5.8.2 Iron

If the pH is near-neutral, iron released by weathering will precipitate in-situ directly, either
replacing the weathered mineral or as coatings or suspended flocs. If the pH is sufficiently
acidic, drainage from weathering sulphidic geologic materials typically contains elevated
concentrations of dissolved Fe.

In addition to iron sulphides, other iron sources include silicates, carbonates and oxyhydroxides.
Reductive dissolution of secondary iron oxyhydroxides may occur when oxidized sulphidic
materials are flooded or when the water table is raised by the construction of tailings
impoundment over previously oxidized non-sulphidic materials such as topsoil. Ferric iron gives
mine drainage and surfacing groundwater its red or orange colour.

5.8.3 Aluminum

Aluminum (Al) occurs in only one oxidation state (+3) in geologic materials. Aluminum is
amphoteric and its solubility increases as the pH decreases below 4.5 to 5.5 and above pH 7. If
the pH is near-neutral, aluminum released by weathering will precipitate in-situ, directly
replacing the weathered mineral as coatings or as suspended flocs.

Dissolved aluminum may derive from a wide variety of reactions and dissolutions of hydroxide,
silicate and sulphate minerals. Aluminum oxyhydroxide solids include both minerals and
amorphous material, with increasing crystallinity decreasing the Al solubility.  Higher
concentrations of dissolved Al typically occur at acidic pH’s rather than at basic pH’s due to the
higher rates of aluminosilicate weathering reactions.
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The passage of suspended colloidal size aluminum oxyhydroxide through filters used to prepare
a dissolved sample may result in Al analyses exceeding the solubility limits.

5.8.4 Barium

Ba occurs in only one oxidation state (Ba®"). One of the least soluble barium minerals is barite
(BaSQ,), which often limits Ba concentrations in drainage.

5.8.5 Strontium

The two most common minerals of Sr*" are strontianite (SrCO3) and celestite (SrSO4). Modeling
calculations indicate that celestite and strontianite are generally too soluble to limit Sr
concentrations. Strontium’s solubility is commonly limited by co-precipitation with the Ca
carbonates or adsorption by clays (Langmuir et al., 2004).

5.8.6 Cadmium, Zinc and Nickel

Under aerobic conditions, below pH 8, dissolved concentrations of Zn, Cd and Ni are commonly
controlled through adsorption or co-precipitation with oxyhydroxides of iron, manganese, and
aluminum. Above pH 8§, dissolved concentrations of Zn, Cd and Ni are commonly controlled by
the precipitation of minerals, such as carbonates.

5.8.7 Lead

Lead solubility is restricted by its strong adsorption by Fe and Mn oxyhydroxides and the
insolubility of lead minerals such as anglesite (PbSQO4) and cerrusite (PbCOs).

5.8.8 Manganese

Manganese has three possible valence states: 2+, 3+ and 4+. In addition to forming its own
minerals, manganese can substitute for iron, magnesium and calcium in many other common
minerals. The ion Mn”" is more stable than Fe’" over a wide range of pH and Eh conditions.
Mn*" is stable under oxidizing conditions at pH < 4 and reducing conditions at pH < 9. MnO, is
stable and relatively insoluble at pH > 5-7 in strongly oxidized systems, and MnOOH and
Mn;0; are stable under pH > 8 under less oxic conditions.

Mn oxides are often stronger sorbents of trace metals than iron oxyhydroxides. Rhodochrosite
(MnCQ:s) is a relatively common Mn mineral while manganese sulphide is rare.
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6.0 SITE CONDITIONS

Some Important Points in this Chapter

Because prediction of drainage chemistry requires a great deal of site specific information,
this chapter lists and discusses many important aspects of site conditions. Local and regional
geography, climate, hydrology, and hydrogeology should be defined. Since drainage
chemistry will likely change with mining, detailed investigations of geological issues are also
needed, including spatial variations in soils, overburden and rock units. Other important
aspects of site conditions are the requirements and expectations of the local community,
requlators, company, and other stakeholders.

6.1 Introduction

An understanding of the site will be used to identify potential concerns, select samples and
analyses and interpret results for different waste materials, site components and the project as a
whole. Developing an understanding of general properties of the site should therefore be one of
the first steps in any drainage chemistry prediction program.

General properties of the site that should be reviewed prior to predicting drainage chemistry
typically include:

geography;

baseline conditions;

climate;

hydrology and hydrogeology;

regulatory, community and corporate needs for environmental protection and reclamation;
geology; and

o project history, plans and components (Chapter 7).

More detailed and accurate site and project information, paralleling the requirement for more
detailed and accurate predictions of drainage chemistry, may be required as the project develops.

6.2 Geography and Baseline Conditions

Potentially useful information about the geography and baseline conditions for the prediction of
drainage chemistry includes the type, location, dimensions, and chemical and physical properties
of the following:

o roads, navigable waters, air transportation, trails and any impediments to travel to and
around the site;

landforms and topographical features and provision of a topographic map;

pre-mining drainage, soils, vegetation, aquatic biota and terrestrial fauna;

previous causes of disturbance such as glaciation and fire;

social and archaeological features;
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. fish and wildlife species and habitat, species sensitivity, barriers to fish passage, and

habitat limitations;

. natural soil and sediment development; and
past, present and potential uses of terrestrial and aquatic resources.

Access may affect the ability to conduct monitoring, sampling and field trials. Baseline studies

Access may affect the ability
to conduct monitoring,
sampling and field trials.

of soils and drainage should identify local inputs and
weathering conditions and the resulting drainage chemistry.
Baseline studies are also needed to establish the type and
locations for final discharge points and discharge limits and
environmental protection and reclamation objectives

(Figure 6.1). For example, baseline studies were part of the information used to set discharge
limits for the drainage chemistry at the Huckleberry Mine (Figure 6.1). Potentially useful
information about the geography and baseline conditions should be shown on maps (e.g.

Figure 6.2).

Main Zrmie

Figure 6.1 Baseline studies were part of the information used to set discharge limits
for the drainage chemistry at the Huckleberry Mine.
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Figure 6.2 A topographical map showing the water courses and landforms associated with the
tailings impoundment and surface openings of the underground mine at the Snip Mine.

6.3 Climate

Climatic parameters and processes such as precipitation, temperature, depth of freezing and snow

Climate will be a
consideration in the
selection and design of tests.

melt will impact weathering, leaching, aqueous concentrations,
loadings, and seasonal and annual variations in drainage
chemistry. Climate will be a consideration in the selection and
design of tests. The differences in flow and temperature
between the test work and the actual mine component can

affect rates of weathering and leaching conditions. Therefore, site precipitation and temperature
should be considered in the design of kinetic tests and in the interpretation of the resulting data.

Potentially useful information about the climate for the prediction of drainage chemistry includes

the following:

precipitation;
temperature;

snow-free period;
periods of drought; and
evapotranspiration.

the proportion of precipitation occurring as snow;
snow depth and water content;
magnitude and timing of the snow melt and other major runoff events;
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Figure 6.3 An example of a monitoring station set up to measure site climate conditions.

Climatic data typically comes from long term data sites in locations with similar climatic
conditions and from monitoring stations set up at the site (Figure 6.3). Climatic conditions
within the mine wastes depend in part on the physical and chemical properties of the waste and
may differ significantly from the ambient surface climatic conditions. For example, heat
produced by sulphide oxidation may result in higher temperatures. Runoff, evaporation and
evapotranspiration reduce the amount of infiltration, which in turn may reduce leaching.

6.4 Hydrology and Hydrogeology of the Site

Hydrologic and hydrogeologic properties and processes of the site play major roles in
determining weathering conditions and the rates and
locations of leaching and discharge. Therefore, they
play major roles in determining drainage chemistry and
potential environmental impacts. When initiating a
program to predict drainage chemistry, it is important
to identify hydrological and hydrogeological features of the site and start measuring key
properties and processes as soon as possible.

Hydrology and hydrogeology play
major roles in determining
drainage chemistry and potential
environmental impact.

Potentially useful important hydrologic and hydrogeologic information regarding the project area
include the following:

° water courses, including location, flow rate and water quality, gradient, diversions,
significant sources of solutes, features that may cause large fluctuations in flow, such as
beaver dams, and other potentially important features;

. wetlands, runoff, near surface seepage and springs;
watersheds, including catchments, major drainage sources and sinks (e.g. glaciers) and the
range in elevation; and

. hydrological and hydrogeological features resulting from the project.
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These drainage features should be shown on site plans (e.g. Figures 6.2 and 6.4).

Contaminant loadings (i.e. drainage chemistry multiplied by rate of flow) from the mine
components will determine the potential for downstream environmental impacts (Figure 3.6).
When initiating a program to predict drainage chemistry, it is important to start measuring
properties and processes of the hydrology and hydrogeology of the site as soon as possible
(Section 3.20). Where feasible, weirs or some other flow measuring device should be installed to
measure flow at all locations where flow may be important for the calculation of loadings and the
water balance (Figure 6.5).

One of the greatest challenges in determining the hydrologic and hydrogeologic properties is to
identify sub-surface features, such as near-surface seepage, and processes that may occur during
wetter seasons or years. Near-surface seepage will cause runoff and flooding when the topsoil is
removed and when there is deep cutting and filling of overburden for the construction of roads or
foundations. Many wet years are likely to be encountered during the mine’s life. Soil properties
will indicate the location of near-surface seepage and where groundwater discharge and the
height of the water table will occur seasonally and during wetter seasons or years. A soil survey
can be used to predict the potential drainage inputs, leaching, erosion, flow paths and discharge
locations of each project component and therefore would be important to include as part of the
pre-mine prediction program. It would also be useful to conduct soil and topographic surveys
prior to the construction of project components.

/"‘- 1 ® .. ] Mountain
Mine

-

f m
# Stonehouse Creek

NS ‘

Figure 6.4 An aerial photograph is an effective way of showing the location of the
major water courses at the Johnny Mountain Mine.
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Figure 6.5 Weirs can be constructed to measure flow at all major water
quality monitoring locations.

6.5 Regulatory, Community and Corporate Needs for Environmental Protection and
Reclamation

Regulatory, community and corporate needs for environmental protection and reclamation are
the goal posts for evaluating the significance of predicted drainage chemistry and will impact the
prediction objectives and the required precision and accuracy. Potentially useful information
regarding regulatory, community and corporate needs for the prediction of drainage chemistry
include the following:

J regulatory agencies, their permits, requirements and guidelines for the prediction of
drainage chemistry;

J permit conditions for discharges such as discharge limits, monitoring, dilution and
receiving environment objectives, including rationale for decision and approvals;

o end land use and receiving environment objective(s), financial security and reclamation
requirements; and

J results of human health and ecological risk assessments, including valued species, species
sensitivity and potential mechanisms of exposure.

Guidance should be sought from the Provincial and Federal Government, local government, First
Nations, aboriginal groups and local residents.
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6.6 Geology

A major part of developing an understanding of the general properties of the project and site and
the first step in any drainage chemistry prediction
The first step in any drainage chemistry | program is the identification, description and
prediction program is the identification, | mapping of the bedrock and non-lithified surficial
description and mapping of the bedrock | materials (soil) that will be or has been excavated,

and non-lithified surificial materials exposed or otherwise disturbed (Section 3.2).
(soil) that will be or has been excavated, | Since much of the variability in drainage
exposed or otherwise disturbed. chemistry results from geological properties,

geological information is required to ensure that
all the possible sources of drainage chemistry are evaluated. While often overlooked in the rush
to do drainage chemistry specific tests, an understanding of site geology is critical in:

o interpreting drainage chemistry-specific tests results;
o calculating the mass of different materials; and
o designing an appropriate sampling plan (Chapter 8).

An understanding of the geology is also important in ensuring that the more expensive, less
frequently conducted analyses and tests (e.g. mineralogy and kinetic tests, Chapters 17 and 18)
are conducted on samples that are representative of the materials of concern.

The understanding of geology and the spatial distribution of different geologic materials, such as
the boundaries between different rock types and the intensity and forms of alteration, may be
revised as the project develops and new information is collected. Drainage chemistry prediction
should be adjusted for any significant revisions or refinements in the understanding of potentially
relevant geological properties.

The information required in the initial reconnaissance of rock and soil types can generally be
derived from existing geological information such as:

o bedrock and terrain mapping;

o exploration and production drill logs;
exploration reports;

metallurgical test work;

block models;

geo-environmental mineral deposit models; and
other relevant geological studies.

6.6.1 Genesis of Bedrock and Soils

Information on the formation or genesis of bedrock and soils is useful in predicting the
composition, geochemical properties and spatial differences in composition of the geologic
materials. This includes:

o deposit type;
o host and associated rock types;
o depositional materials, processes and conditions;
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o subsequent intrusion, deposition, hydrothermal alteration, supergene depletion or
enrichment and surficial weathering; and
J physical constraints on the spatial distribution.

When reviewing information on the formation of a deposit, it is important not to lose sight of the
objective, which is to determine the present
Information on genesis of the geological composition in order to predict the impact of
materials can be a useful guide to the geologic materials on the drainage chemistry.
possible or probable spatial distribution and | [nformation on the genesis of the geologic
composition of different geologic materials. | materials can be a useful guide to the possible
or probable spatial distribution and
composition of different geologic materials. However, this information needs to be confirmed
through comprehensive sampling and analysis. Due to a lack of detailed sampling and
mineralogical analysis, there is often significant speculation in exploration reports. One needs to
distinguish measured versus hypothesized properties and the potential errors and omissions in
those measurements when attempting to ascertain the resulting composition (e.g. mineralogy and
lithologies) of the rock.

6.6.2 Influence of Genesis on the Spatial Distribution of Key Properties

The genesis of geologic materials may result in spatial differences in composition that have
important effects on drainage chemistry and how the materials should be handled. For example,
spatial differences in the deposition of minerals, such as calcite and pyrite, will affect the
distribution of potentially net acidic rock. Examples of this are the pyrite halos that may
surround porphyry deposits. Information on spatial distribution should be used when designing a
sampling plan (Chapter 8).

The distribution of minerals in relation to each other and to veins and fractures may affect the
exposed surface area and subsequent reactivity when the rock is excavated. Information on the
spatial distribution of different geologic materials could be useful in the design of test work,
operational material characterization and interpretation of results.

Spatial differences in composition may result from:

o proximity to an igneous intrusion, source of hydrothermal fluids or weathering agents;
o physical differences that impact alteration, such as different fracture densities; and
. changes in the composition of migrating fluids.

Prior to mining, drilling is often primarily within the depth of ore required for the mine to be
economic and may be limited in deeper regions or waste material beyond the zone of economic
mineralization. Less frequent drilling laterally or at depth may be an important limitation in
tailings and waste rock characterization (Chapter 8). For example, in porphyry systems,
materials with higher percentages of acid generating minerals sometimes occurs beyond the ore
perimeter.

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



CHAPTER 6 6-9

6.6.3 Geo-Environmental Models of Mineral Deposits

Mineral deposits are naturally occurring masses of economically valuable metallic or non-
metallic minerals that are not necessarily economically recoverable. Geo-environmental mineral
deposit models are compilations of geological and geochemical data from known examples of
specific deposit types (Kwong, 2003; Plumlee, 1999; Seal and Foley, 2002; Seal and
Hammarstrom, 2003). Mineral deposit types are groups of mineral deposits with similar
geological characteristics, geological environments of occurrence and geological processes of
formation (Plumlee, 1999). Geo-environmental mineral deposit models for different deposit
types indicate past and present:

processes of formation;

trace element geochemistry;

mineral assemblages and alteration types; and

spatial distribution of different geochemical conditions.

Geo-environmental mineral deposit models are a means of anticipating likely geochemical
conditions and potential challenges that may arise from

Geo-environmental mineral deposit | the geological attributes associated with specific types
models can guide and support of deposits (Seal and Hammarstrom, 2003). Mineral
drainage chemistry predictions, but | deposit type and geo-environmental models cannot
should not substitute for the encompass all the possible combinations of site
required comprehensive sampling, | environmental conditions, host rock, intrusions,
analyses, and testwork. alterations and mining conditions. Therefore geo-

environmental mineral deposit models can guide and
support, but should not substitute for comprehensive site specific sampling and analysis of the
geochemical composition and prediction tests and monitoring of drainage chemistry needed as
the basis for mine or environmental plans.

The spatial distribution of different mineral assemblages and alteration types in deposits of a
similar type may provide a useful guide to the geochemical composition of un-characterized or
poorly characterized areas of a deposit. Geo-environmental deposit models are also a useful
guide to likely and less obvious geochemical conditions. For example, while skarns and other
carbonate hosted deposits are considered the least likely deposit type to generate acidic drainage
because of the plentiful acid neutralizing minerals (Kwong, 2003), the placement of high
concentrations of iron sulphide minerals in Cu and Fe skarn deposits can result in acidic drainage
from some rock units (Seal and Foley, 2002). The placement of high concentrations of iron
sulphide minerals in Cu and Fe skarn deposits has resulted in acid drainage generating tailings at
the Tasu and Texada mines in British Columbia.

6.6.4 Differentiation and Description of Geological Units

One of the tasks that should be performed as part of a review of general geological information
should include the initial separation or differentiation of the geologic materials into geological
units. The differentiation of geological units is typically based on:

. mode of primary formation (e.g. sedimentary, igneous and metamorphic for rock; or
colluvium, fluvial, marine and till for non-lithified materials);
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o distinct forms of physical or geochemical alteration resulting from hydrothermal alteration,
supergene depletion or enrichment, surficial weathering or other processes impacting the
type, style and degree of mineralization; and

o location within the excavation or relative to the mineral deposit (e.g. footwall and hanging wall).

Ideally, geologic materials can be separated into discrete, homogeneous units. However, in some
cases, the geologic materials are highly
variable, even over small distances. Where
changes occur irregularly, along continuums
or so often that it is impossible to separate the
non-lithified materials or rock mass into
discrete homogeneous units, the geologic material should be divided into “management” units,
based in part on their size and location (e.g. Table 6.1). For example, bench or adit heights may
be used to divide separately, manageable units of waste rock.

Ideally, geologic materials can be separated
into discrete, homogeneous units. However,
in some cases, the geologic materials are
highly variable, even over small distances.

Data from individual descriptions of geologic materials should be used to describe the central
tendency, variability and spatial distribution of properties and the locations and descriptions for
each geological unit. Variability is an important consideration in the segregation of different
materials and in ensuring that all potential outcomes in drainage chemistry are predicted.
Information on the variability of different analytical properties may also indicate whether
additional sub-division and segregation of rock types is needed or is practical.

Where possible, the description of geologic materials should include the following:

. location, mass (tonnes) and dimensions of material observed and being described;
o location, mass (tonnes) and dimensions of material that the sample material is intended to
represent;
mode of formation;
grain size;
structure — bedding, stratification and lamination;
fracture density — cracks, joints, faults and breaks;
rock strength and competency:
O hardness;
0 slaking characteristics;
o lithology;
o mineralogy - type, spatial distribution and quantities:
0 bulk and vein mineral assemblages;
O parent material mineral assemblages;
O alteration mineral assemblages (e.g. products of hydrothermal alteration,
supergene alteration and other forms of weathering);
O organic content;
0 location of reactive minerals (disseminated, concentrated on fracture surfaces, etc.);
o nature and extent of weathering:
0 depth and degree of processes such as oxidation;
0 evidence of solute movement and precipitation;
° colour;
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Table 6.1 A description of local geological units.

Rocktype No. of
GeROIO%?()t/ Mggel Label and ABA Description?
yp Code' Samples
Fortuna Zone
OVB Fe-oxide clay rich, sometimes hematitic, organics observed, quartz fragments can exist.
Depth ranges from 1 to 5 metres.
SAP Fe-oxide clay rich, kaolin observed as pseudomorph replacement of protolith crystals and
fragments.
Distinguished from OVB and classified as saprolite when relic textures can be observed (i.e.
crystals or fragments).
Best gold values associated with quartz-goethite-limonite- manganese veining commonly
Saprolite SAP-F (01) 72 fragmented.
Locally hematitic, this weathered profile exists commonly down to 25 metres, but observed
down to 60 metres.
The main difference between SAP-F and SAP-B is gold grade, overall grade is overall in the
Botija zone (possible Au enrichment).
SPK Similar to SAP, but the competency of the weathered profile increases; unable to scratch
or indent the core with the use of a finger. A transition to the underlying bedrock, commonly
not thicker than 10 metres.
BVOL Basement volcanic sequence exists as mafic flows and as heterolithic pyroclastics.
Basement BVOL-F (02) 9 Carbonate stable, magnetic, pyritic, no gold.
Volcanics AND and BAS Massive coherent flows, mafic, magnetic, carbonate stable.
LAT/LBT/LAP/ABT facies exist in BVOL, basalt fragments observed, carbonate stable.
PCT Pyroclastic airfall and block-ash flows, heterolithic, contains siltstone sedimentary
fragments, pumice fragments can exist, locally bedded, can be well sorted to poorly sorted.
Mineralized when affected by intense quartz -adularia alteration or when "brown" veining
(quartz-oxide) exists. This unit makes up 50% of the zone. No carbonates observed. Size
Pyroclastics PCT-F (03) 77 varies for this pyroclastic sequence.
LAT/LBT/LAP/ABT/ASH/BT Composition of the fragments vary, but commonly observed 60%
felsic volcanic fragments: 30% sedimentary fragments: 10% pumice fragments. LAT and
ASH will commonly show sorting and layering.
LBT/LAP/ABT/BT units show block size felsic volcanic fragments, dacitic in composition.
FDC Felsic dome complex, dacitic to rhyolitic in composition.
VBX and FBX are fragmental facies of this dome, commonly hematitic matrix, homolithic
Felsic Dome fragments (dacite or rhyolite in composition). 30-50% matrix / 50-70% fragments. VBXis
Combplex FDC-F (04) 73 generally very local, distal facies to the felsic dome complex and not as coarse. FBX is more
P proximal and coarser.
DAC is green, intermediate, fine grained, locally porphyritic and massive.
RHY is banded, more felsic, fine grained, with hematitized bands.
Diabase Dykes DIAB-F (05) 3 DIAB Magnetic, chloritic, carbonate stable, youngest unit, no gold.
Undefined UNF-F (06) 0
Botija Zone
Saprolite SAP-B (07) 33 SAP As described for Fortuna, deeper and appears more mineralized.
Basement . . . .
Volcanics BVOL-B (08) 16 BVOL As described for Fortuna, closer to the surface, more holes intersected this unit
Pyroclastics PCT-B (09) 42 PCT As described for Fortuna, more extensive in this zone, more ignimbritic or pupumaceous.
Felsic Dome FDC Differs from Fortuna in that no extrusive rhyolite facies are observed (i.e. no FBX or RBX).
Combplex FDC-B (10) 24 An intrusion exists which may be equivalent: RHY/ITR. The dome facies is made up of dacite
P in coherent and fragmental form.
Diabase Dykes DIAB-B (11) 0 DIAB Does not exist in the Botija zone.
Undefined UNF-F (12) 0
Fuente Zone
Volcanics VOL-F (13) 31 VQL Dacite flows, massive to vesicular and Iocfa_lly fragmental, strong pyrite disseminated and
vein controlled, carbonate stable, locally hematitic.
Undefined UNF (15) 0
Total 380

! from Geology Model by Placer Dome REG Group
% personal communication from D. Bahrey, Project Geologist
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o spatial distribution of physical, chemical and mineralogical features listed above;

o eventual or existing project components and forms of disturbance and exposure (e.g. pit
wall, tailings, ore or waste rock - Chapter 7); and

o any other diagnostic features significant to present and future drainage chemistry.

The description should indicate the method or methods used to collect the information, such as
visual evaluation or some smaller scale, more refined form of analysis. Particular attention
should be paid to aluminosilicate, sulphide and carbonate mineralogy. For example, evidence of
carbonate minerals may include the browning of iron carbonate minerals and the results of the
hydrochloric acid fizz test. Also, differences in properties such as colour and grain size may be
important in the field identification and segregation of geological units requiring separate
handling. Properties such as fracturing, rock strength and vein versus bulk mineralogy may
impact the mass and composition of the < 2 mm size fraction of post-blast waste rock.

Differences in colour may be evidence of differences in mineralogy, nature and extent of
weathering processes such as oxidation and solute precipitation. Colour is affected by moisture
and therefore it is important to state whether the colour is for moist or dry material. Comparison
with coloured chips in a Munsell colour book may be used to provide a more accurate description.

Observations of the changes caused by natural weathering processes prior to mining may provide
useful information about post-mining weathering
changes. When using pre-mining weathering to
predict post-mining weathering, one should
consider the potential effects of differences in the
time of exposure and phase of weathering and
conditions, such as air entry and leaching. Rates
of air entry and leaching and therefore the rates of
weathering reactions in natural surficial materials or naturally fractured bedrock, may be
significantly slower and the resulting weathering conditions different than in waste rock or
tailings. Natural weathering may have been occurring for many millennia, exhausting the most
rapidly weathering minerals and proceeding beyond the phase with maximum solute
concentration.

When using pre-mining weathering to
predict post-mining weathering, one
should consider the potential effects of
differences in the time of exposure and
phase of weathering and conditions,
such as air entry and leaching.

The main source of descriptive information of geologic materials prior to mining is the logging
of drill core. During mining, geological descriptions may be obtained from new diamond
drilling core, drill cuttings, mine walls and post-blast muck piles. Rock exposure and operational
material characterization during mining may provide new geological information leading to
changes in the classification and segregation of different rock types.

The description and separation of geological units should be conducted by persons with the
proper training and knowledge of bedrock and surficial geology, and the project geology
(Section 3.22).
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6.6.5 Description of Soil and Other Non-Lithified Overburden

Additional information reported for soil and non-lithified overburden, such as glacial till or
saprolite, should also include the following:

o depth and lateral extent;

o texture and particle size distribution; and

o changes and depths of changes in surface coatings, organic matter and other properties
such as pH resulting from weathering, leaching and plant growth.

Drilling into weathered, fractured or non-lithified materials breaks apart particles and mixes
weathered surfaces with fresh, unweathered surfaces,
Drilling into weathered, fractured or | altering the particle size distribution and masking the
non-lithified materials breaks apart | syrface chemistry. Alteration to the particle size

particles and mixes weathered distribution may result in misclassification of material
surfaces with fresh, unweathered type. During planning for the Huckleberry Mine in
surfaces, altering the particle size British Columbia, this resulted in the misclassification

and masking the surface chemistry. of the highly fractured, upper layer of bedrock as till
and an overestimation of the till available for dam construction. The presence of fresh,
unweathered surfaces can complicate predictions of drainage chemistry that will result from the
leaching of the existing, weathered surfaces.

6.6.6 Description of the Geologic Material in Existing Project Components
For existing project components, the geological description could also include the following:

o mode of excavation, material handling, deposition and/or exposure;

o quantity (weight, volume and/or aerial extent); and

o additional information reported for the characterization of soil and non-lithified
overburden.

6.6.7 Geological Mapping

It may be useful to prepare geologic cross sections (Figure 6.6) and plan view maps (Figure 6.7)
to show the location and spatial relationship of all:

geologic units and forms of alteration;

proposed project components, such as openpits or underground excavations;
proximity to sources of mineralization, alteration, weathering or leaching; and
existing forms of disturbance.

The project should be mapped in sufficient detail to show the topography of the project areas and
the surrounding terrain, the underlying strata and any
permanent or intermittent water courses (e.g. at least
1:5000). The mapping should also indicate if any other
disturbance has occurred or is occurring in the same
watershed.

Geologic mapping and block
models can also be used for
environmental geochemical data
interpretations and presentations.
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Figure 6.6 A description and mapping is needed for all the geologic materials excavated, exposed or
disturbed by mining.

Figure 6.7 Geological block models are used in most mines for mapping environmental geochemical
information.

6.7 References
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7.0 THE PROJECT AND PROJECT COMPONENTS

Some Important Points in this Chapter

Each project and site can be divided into components, such as open pits, underground
workings, waste rock dumps, low grade ore stockpiles, tailings impoundments and borrow
materials. Drainage predictions can then be developed for each component, based on its
unique combination of site conditions and design. These predictions require site specific
information on a myriad of combinations of physical, geochemical, biological and
engineering properties and processes. This chapter lists and discusses many of these
properties and processes, including how they may change through time. For example, initial
drainage chemistry from an open pit may reflect weathering of the mine walls, but later
chemistry may reflect the ongoing accumulation of finer grained talus with greater reactive
surface area. Also, rising or falling water tables can greatly change the rate of sulphide
oxidation while inversely affecting the loadings in drainage.

7.1 Introduction

During the various phases of a project, geologic materials are excavated, exposed, disturbed,
processed, moved, reused and deposited,
creating individual project components and the
project as a whole. The large variety of types
and combinations of materials and methods
create a wide variety of possible project
components. These include the different types

During the various phases of a project,
geologic materials are excavated, exposed,
disturbed, processed, moved, reused and
deposited. This creates individual project
components and the project as a whole.

and the various disposal options or uses for:

excavations;

waste rock;

ore and low grade ore;

processing products and wastes;
reprocessing products and wastes;
secondary wastes from drainage treatment;
sediment from drainage collection systems;
non-lithified overburden; and

borrow materials.

Some of the more common project components are listed in Table 7.1.
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Table 7.1 Common project components

Open pits Underground workings
Waste rock dumps Low grade ore stockpiles

Impounded tailings and/or other

Ore stockpiles waste products (treatment sludge)

Roads and air strips Foundations of buildings
Ditches surrounding or extending
Dams
between other components
Processing facilities Lay down areas
Load out facilities Mixture of the above

Rock cuts and borrow pits

On an area or mass basis, the largest components at most mines are the mine workings and the
impoundments and dumps used to store tailings and waste rock. The excavations and the large
volumes of excavated geologic waste materials make mine sites very different from other
industrial sites where changes to the landscape are temporary and contaminant sources can be
physically removed.

Other potentially large site components at mines are:

o supporting infrastructure, such as dams, airstrips and roads;

o stockpiles of topsoil and other non-lithified overburden removed to access mine workings,
create stable foundations or for use in reclamation and constructing mine facilities (e.g.
dams); and

o secondary wastes produced from the long term treatment of acidic drainage.

At some sites, more of the waste rock is used to construct tailings impoundment dams, roads and
airstrips than is placed in dumps. Also, a large area or volume may be required to store the
secondary products from drainage treatment due to factors such as their low density, the length
of treatment or large volumes of drainage requiring treatment.

Many mine sites have a large number of different project components with the potential to
produce problematic drainage chemistry. This is especially true at older mine sites where
material handling plans did not consider drainage chemistry and thus the waste products were
widely distributed around the site and used for construction (Figure 7.1).

The drainage chemistry and loadings produced by a project and the associated environmental
impact, liability and risk will depend on:

o properties, processes and performance of each individual project component;
o interactions between different project components; and
o interactions between the project and the site.
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Figure 7.1 There often are a large number of different sulphidic mine components.

Each project and project component will have different drainage chemistry as a result of its
unique combination of waste materials, geologic materials, site conditions and development
plans. The drainage chemistry from each geologic unit, waste product and portion or location in
a project component will depend on:

Information on the central tendency and variability in these properties is needed to:

geochemical composition, including sulphide content;
exposed surface area;

weathering conditions; and

leaching rates.

select samples;

design analyses, tests and monitoring;

interpret and scale-up results;

design and implement mitigation plans;

identify materials that can be used for construction;

limit the exposure of geologic materials that are prone to metal leaching;
estimate mitigation costs; and

focus prediction work on materials and conditions of potential concern.
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The variability of geochemical composition, particle surface area, weathering conditions, rate of
leaching, the resulting drainage chemistry and contaminant loading will depend on the
dimensions, mass, location, age, mineralogy, physical properties and atmospheric conditions of
the various project components. The physical, geochemical, atmospheric and hydraulic
properties of the resulting waste products and project components will depend on the
composition of the original geologic materials and the methods of:

excavation,
disturbance,
processing,
materials handling,
deposition,
mitigation.

For example, the methods of excavation, processing and deposition will determine the particle
size. Processing will remove geochemical constituents altering the geochemical composition.
Gravimetric segregation of different minerals and particle sizes during deposition will alter
geochemical and hydraulic properties.

7.2 Excavations: Open Pits and Underground Workings

The two main categories of excavations used to reach and extract ore, coal, construction

materials and other commodities of value are open

The two main categories of excavations | pits and underground workings. Open pit mining is
used to reach and extract ore, coal, used when the commodity is near the surface and
construction materials and other the amount of waste is not too large. Other names
commodities of value are open pits and | for an open pit are quarry, open cut, open cast and
underground workings. strip mine. A surface feature sometimes associated

with near surface underground workings is a glory
hole. This is a surface depression created by an underground excavation which continues to the
surface. A glory hole can also be created by the removal of the crown pillar supporting the
surface. Ore in the glory hole is removed through the underground workings.

Open pits excavated to obtain bedrock for construction are often called quarries. Open pits
excavated to obtain topsoil and other non-lithified overburden for construction purposes are often
called borrow pits. Predictions of drainage chemistry should be made for all excavations, even
borrow pits and quarries, which are usually a considerable distance from a mine or not associated
with mining (Section 3.2).

The potential sources of inorganic contamination in drainage from open pits, underground
workings and borrow pits include:

mine walls and the associated fractures and talus;

backfill;

construction materials; and

geologic materials that are blasted or broken but not removed.
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7.2.1 Mine Walls and the Associated Fractures and Talus

Weathering and leaching occur on walls, fractures, residual rock particles from the blast and

from talus surfaces. The rock walls usually have a limited

Weathering and leaching occur | surface area and most of the rock particles from the blast
on walls, fractures, residual are removed. Thus, the majority of the weathering surface
rock particles from the blast area is in fractures and on talus (broken rock) created when
and from talus surfaces. portions of the wall collapse. For example, if the vertical

and horizontal fracture spacing is 1 meter and the fracture
depth is 5 meters, the reactive weathering surface in fractures behind the wall will be 21 m? for
each m” of exposed wall. Field studies of fractures in rock walls during mine expansion found
oxidation in fractures at depths of up to 15 meters. The average ratios of estimated fracture
surface area to mine wall surface area at the three study sites were 27 to 161:1 (Morwijk
Enterprises, 1995; Morin and Hutt, 2006).

Bedrock walls will collapse into underlying or adjacent voids. If the voids are large enough and
not backfilled, eventually talus will have a larger particle surface area and become a larger
contributor to the drainage chemistry than the fractured mine walls.

Fracture and talus production and surface area will depend on a large number of site specific
properties and processes. These include:

pre-excavation fracture density;

strength of the overlying soil and rock;

mining methods and blasting techniques;

broken rock left after blasting;

the shape and dimensions of the walls and underlying or adjacent voids;
the amount of void space filled and the settlement of backfill,

rates and time of exposure to physical and chemical weathering;
hydraulic pressure; and

measures taken to increase wall stability.

Information on fracture density is often recorded in the logging of drill core prior to mining as an
aid to mine design. Unloading and chemical and physical weathering after the walls are
exposed, will increase the number and size of the fractures, causing progressive wall and roof
failures and increasing the mass of broken rock.

The rock exposed to weathering on fracture surfaces and the fine particle size fraction of talus
are likely to form in zones of rock weakness such as fault zones and areas of clay alteration.
Thus, they may have a different geochemical composition than the rest of the rock in the mine walls.

Talus production will be limited by the void space and buttressing by backfill or previously
produced talus. The rate of talus production is difficult to predict due to the difficulty in
measuring many of the contributing properties and processes.

Drainage chemistry will depend on the mass and leaching that occurs in talus produced by
different rock types.
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Mass wasting creating talus in open pits often first occurs on the upper benches. A lower
strength of the geologic materials on the upper benches may occur because the walls are:

° non-lithified overburden;

o bedrock exposed to weathering prior to mining; or

o the first of the final walls constructed and therefore exposed to weathering longer than the
lower walls.

Mass wasting from the upper pit benches may cover lower benches, limiting talus production
from bedrock lower in the pit. Theoretically, talus production from the walls of an open pit will
continue until the talus reaches its angle of repose.

While a visual assessment of the source, mass and leaching of the talus may be possible in an
open pit, talus production in inaccessible underground mines may only be noticed if it results in
surface subsidence or new drainage discharge locations.

Large wall failures and unstable ground conditions prior to closure may make further mining
uneconomic and change drainage chemistry.

7.2.2 Backfill

Backfill may be a major contributor to drainage chemistry. It commonly has the largest particle
surface and may thus be the largest source
of weathering products in mine workings.
By reducing wall expansion and collapse,
backfill may decrease the overall rock
particle surface area and therefore the
influence of in situ talus and fractures. The impact of backfill weathering products on drainage
chemistry will depend on the degree to which they are leached.

Backfill may be a major contributor to drainage
chemistry. It commonly has the largest particle
surface, and may thus be the largest source of

weathering products in mine workings.

The objectives in backfilling voids created by mining an ore body or coal deposit are to:

o reduce the disposal costs;

o reduce the volume of waste products requiring disposal in other facilities;

o provide ground support, which may increase the removal of the valuable commodity;
. replicate the pre-mining landforms; and

J mitigate sulphide oxidation or contaminant discharge.

Due to the expanded volume, only a portion of the originally excavated material can be used as
backfill.

Waste rock, tailings, quarry and borrow materials can be used as backfill. Waste rock and non-
lithified overburden are usually trucked or moved by a drag line to the backfill location. The
strength in backfilled coarser waste rock used for ground support is typically provided by inter-
particle friction.

Tailings can be pumped or fed by gravity to the backfill location. The two tailings products
commonly used for ground support are hydraulic and paste tailings. Hydraulic tailings are
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slurries of cycloned tailings sand. They typically contain 30 to 40% solids and therefore produce
large volumes of water upon draining. The post-deposition strength in backfilled hydraulic
tailings is also provided by inter-particle friction after the slurry drains. To enable hydraulic
tailings to drain in a timely manner and create sufficient inter-particle friction, the solid fraction
must be relatively free of fine particles.

A paste is a dense, viscous mixture of solids and water that, upon standing, adheres together and
does not segregate. Paste tailings are whole tailings that are slightly dewatered or thickened to
minimize segregation during transportation and to increase their initial strength. Experience has
shown that materials in which at least 15% of the particles are less than 20 pum are likely to
exhibit paste properties.

Waste rock or aggregate can be added to backfilled tailings to increase the strength and volume.
Compounds like cement, hydrated lime and fly ash may be added to increase the strength of the
backfilled tailings and accelerate the curing of paste tailings. The amount of cement added to
paste tailings typically varies from 2 to 10% (Mehling, 2006).

The materials selected for use as backfill will depend on backfill needs, material availability,
transportation costs and the resulting physical
properties and drainage chemistry. Waste rock or
additional quarried materials may be crushed to create
additional fine backfill where there are insufficient
process tailings (e.g. Snip Mine in British Columbia).
Quarried rock or aggregate and cement may be used
as backfill where the present or future geochemistry of the tailings and waste rock is unsuitable.
For example, fluvial aggregate is used as backfill for ground support in the Eskay Creek mine in
British Columbia.

The materials selected for use as
backfill will depend on backfill needs,
material availability, transportation
costs and the resulting physical
properties and drainage chemistry.

In a general sense, backfilling can occur in many ways. For example, backfilling in active
underground mine workings includes the disposal of waste rock and various tailings products in
exhausted headings. Waste rock may be backfilled from the active to the exhausted side of an
active open pit. Waste rock and tailings can be backfilled into adjacent, previously mined pits
and underground workings if the haul distance is not too far. In strip mining of coal deposits, the
drag line commonly backfills non-lithified and bedrock overburden into the previous strip of
excavations.

7.2.3 Other Materials

Other materials contributing to the drainage chemistry from mine workings include construction
materials and sulphidic geologic materials that are broken apart by blasting but left in the mine.
Potentially important construction materials include cement, a potential source of alkalinity and
galvanized steel, a potential source of zinc.

Blasted rock may be left in place instead of being processed or removed to a planned waste
disposal site when mines close prematurely. Examples of blasted rock left in the excavations
that became major sources of poor drainage chemistry are:
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o waste rock left in the open pit of the Kitsault Mine in British Columbia;
o rock left in the open pit at the East Kemptville Mine in Nova Scotia (now removed); and
o ore left in the underground workings of Tulsequah Chief Mine in British Columbia

In all three situations, the residual broken rocks significantly affected the drainage chemistry due
to their relatively high surface area, sulphide concentrations, low pH and/or high rates of
leaching compared to the rest of the mine. Other factors contributing to the significance of these
materials are a lack of neutralization, attenuation and dilution prior to discharge.

7.2.4 Hydraulic Properties and Drainage Conditions

Drainage conditions in excavations will depend on the hydrology and hydrogeology of the site
(Chapter 6), the size and location of mine
openings, water management, drainage inputs and
output rates and the discharge locations. Incident
precipitation will enter through mine openings
and will be minimal in underground mines, unless
they are connected to open pits or glory holes.
Surface runoff will enter along pit edges although
stream diversions, ditches and sumps may be used to divert surface water away. Near surface
seepage will enter through mine walls, declines and ramps, surface ventilation raises, glory holes
and areas of subsidence. Groundwater will enter through drill holes, fractures and permeable
bedrock. Another potential source of drainage is condensation.

Drainage conditions in excavations will
depend on the hydrology and
hydrogeology of the site, the size and
location of mine openings, water
management, drainage inputs and output
rates and the discharge locations.

Due to their topographical position, mine workings may be hydraulic sinks for runoff and
groundwater and have higher drainage inputs, discharge and contaminant loadings per unit area
or per unit particle surface area than other project components. Drainage inputs into an
underground mine often occur predominantly in discrete locations and as a result, flowpaths and
the leaching of weathering products may be restricted to a limited portion of the mine. Some areas
of the mine workings may be too dry to have any discharge. In some cases, drainage will flow
along the floor of the drift and only condensation may leach the weathering products on piles of
talus and fractures in the walls and roof (Morwijk Enterprises, 1995; Morin and Hutt, 2006).

During mining, drainage inputs may also include: process water with backfilled tailings; water
used for drilling; water produced when excavations or drill holes intersect flooded fractures or
local saturated zones; and drainage from standpipes inserted to increase wall stability. Drainage
accumulating in the workings can be removed by pumping or, if the mine is at a higher elevation,
by directing drainage out to portals. The higher hydraulic conductivity of the workings, along
with pumping and gravity drainage, can lower the regional water table.

Large changes to drainage conditions can occur at closure. Inputs of process water, pumping,
gravity drainage and any backfill may stop once the mine closes. As a result, portions of the
mine may flood and the regional water table would then rebound towards pre-mining conditions.
At some sites after mining closure, diversions may be breached, increasing drainage inputs into
pits and underground workings. Surface subsidence may increase drainage inputs, whereas
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sealing drill holes, surface raises and other entry points will reduce drainage inputs. Evaporation
may be a significant source of water loss from flooded open pits.

Flooding will result in dissolution of any secondary minerals that have precipitated from process
water or from previous weathering. Unlike the flow

Flooding will result in dissolution of | along the floor of an adit, flooding may wash
any secondary minerals that have weathering products from piles of talus and fractures
precipitated from process water or in the walls and roof. Flooding may also result in

from previous weathering. drainage discharge through previously drained

fractures and drill holes.

The extent of flooding will depend on the relative rates of drainage inputs and outputs and the
discharge locations. Even if there have been temporary mine closures prior to flooding, there is
often considerable uncertainty regarding the:

o locations and rates of drainage losses through fractures and drill holes intersected by mine
workings; and
o rebound in the regional water table and resulting rate of drainage inputs after mine closure.

Uncertainty regarding the hydraulic conductivity of fractures and the height of the regional water
table may result in considerable uncertainty regarding the height of flooding and discharge
locations for the mine water down gradient of the mine. Seasonal variation in drainage inputs
may result in: large fluctuations in the height of flooding, annually flushing weathering products
from intermittently exposed portions of the mine, changing flow paths and adding new discharge
locations down gradient of the excavations. Subsidence and wall failures may also change the
locations of flow paths, local flooding and discharge locations.

The leaching and discharge of soluble contaminants already present or produced by the
weathering will depend on drainage chemistry and the rate and direction of flow within the
flooded regions of the workings. The initial flooding and any subsequent flow may result in
significant leaching and discharge of soluble contaminants.

7.2.5 Atmospheric Parameters and Processes

Atmospheric parameters and conditions, such as air entry and the oxygen supply, will impact
weathering conditions of sulphidic geologic materials and therefore the drainage chemistry. The
primary restriction on the rate of oxygen supply in an open pit will be the height of standing water.

Air movement in an underground mine will be reduced when air pumps are shut-off after active
mining is completed. Air movement would then result from differences in temperature,
barometric pressure and fluctuations in the height of flooding and may be increased by surface
subsidence. Restrictions to the oxygen supply in underground workings include:

. flooding;

. low conductivity of backfill or talus created by mass wasting; and

o oxygen consumption by processes such as sulphide oxidation and organic matter
decomposition.
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Temperatures within the walls of an open pit will depend on the overlying air temperature and
will vary seasonally. Temperatures within underground workings will be similar to ground
temperatures and there will be minimal seasonal variation unless there is significant air flow
from the surface. Elevated temperatures may occur within underground workings due to the
depth of mining and sulphide oxidation. Sulphide oxidation has caused fires in massive sulphide
and coal mines.

7.3 Waste Materials

At most mines with sulphidic geologic materials and a drainage chemistry concern, the
- : — - commodity that is sold is a very small portion of
At most mines with sulphidic geologic what is mined. Most of the excavated material is

materials and a dra_inage C_hemiStr_y waste. The typically large volume and mass
concern, the commodity thatissoldisa | render transport of waste prohibitively expensive.
very small portion of what is mined. Thus, waste removal from the site only occurs in

Most of the excavated material is waste. | rare instances when some form of commercial use
for the waste can be found. Most mine wastes
remain on the site after mining and consequently most mine sites are waste storage facilities.

The types, masses and composition of the wastes will depend on the:

location and dimensions of the ore body;

original physical and geochemical properties of the bedrock;

amendments;

stripping ratio for an open pit; and

methods of excavation, processing, transportation, rehandling, secondary treatment,
deposition and any temporary stockpiling.

The methods listed in the last bullet can have a large effect on the potential drainage chemistry
and environmental protection costs. Consequently, mines must consider the potential drainage
chemistry when planning how wastes will be excavated, processed and deposited. The wide variety
of geologic materials and methods for mining, processing, reworking and deposition result in a
wide variety of waste materials that may cause concern with respect to drainage chemistry.

The waste materials with the largest mass and volume and covering the largest area are often the
tailings and waste rock. Tailings are the ground rock waste product from a mill or process plant;
the materials remaining after the saleable products are removed from the ore. The tailings usually
leave the mill as a slurry of sand and/or silt sized particles in water. Tailings are commonly
stored in a surface impoundment, but in some cases it may be placed sub-aqueously in natural
water bodies or backfilled into underground workings (Section 7.2).

Waste rock is the portion of excavated rock with insufficient amounts of the saleable product to
warrant its processing, but which has to be removed to allow physical access to the ore. Waste
rock is typically broken up by blasting into sufficiently small particles to allow its removal by
truck and shovel. Disposal occurs in dumps or as backfill into open pits or underground

99 ¢

workings. In coal mining, waste rock may be referred to as “spoils”, “gob”, or “rejects”, terms
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which can also apply to waste materials from the density separation and the wash plant. The
amount of waste rock and waste non-lithified overburden that must be excavated to extract a unit
amount of ore or coal is called the stripping ratio.

Open pit mines typically produce large quantities of both tailings and waste rock. Underground
mines typically have a much higher ratio of ore to waste and
Open pit mines typically produce far more tailings than waste rock. Depending on the
produce large quantities of depth and the lateral dimensions of the mine, topsoil and
both tailings and waste rock. | other types of surficial non-lithified overburden removed
during the initial phase of open pit construction may be
another large waste product. Other potential waste products include: low grade ore, quarry and
borrow pit materials, waste products from effluent treatment and residues of other processing
methods such as spent heap leach piles and roaster residues.

A list of waste materials and potential products of their segregation and reworking is provided below.

o Waste Rock:
0 Segregation of different particle sizes on long slopes;
0 Crushed for use in road construction or as a filter material between waste rock and
finer materials (Huckleberry Mine in British Columbia); and
0 Cyclone crushed material, the sand fraction of which is used in construction or as
backfill (Snip Mine in British Columbia) (Price, 2005).
o Tailings:
0 Removal of targeted minerals and elements and addition of water and various
process chemicals during processing or milling;
0 Spatial segregation of tailings sand and finer material (slimes) on a beach with
tailings slimes migrating down gradient;
0 Cycloned into tailings sand and tailings slimes, the sand fraction is used in
construction (Kemess Mine) or as backfill (Snip Mine) (Price, 2005);
0 Desulphurization by flotation into lower sulphide tailings;
0 Thickened to form paste tailings for disposal or use as backfill; and
0 Added cement to form cemented paste tailings for use as backfill.
o Low Grade Ore:
o Residue of Other Processing Methods:
0 Spent heap leach piles; and
0 Roaster residues.
. Quarry Materials:
0 Same options for segregation and reworking as waste rock.
o Topsoil and Other Non-Lithified Overburden (Borrow Materials):
0 Sieve and use desired particle size fraction as aggregate.
. Waste Products from Effluent Treatment:
0 Lime treatment sludge;
0 Ferric sulphate treatment sludge; and
0 Residues from biological treatment.

Blasting powders, gels and emulsions may add nitrogen residues to mine wastes created by blasting.
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7.4 Waste Rock

Waste rock is bedrock with insufficient amounts of the economically valuable commodity to
warrant processing, but which has to be removed to allow physical access to the ore underneath.
In heap leaching, spent ore is sometimes referred to as waste rock.

Waste rock is commonly broken by blasting. Waste rock disposal occurs in subaerial or
subaqueous dumps and may include backfill into open
pits or underground workings (Section 7.2). In most
hard rock open pit mines, shovels load the blasted
waste rock into trucks that move it to the disposal
location. In underground mines, scoop trams remove
the blasted waste rock and take it directly to exhausted headings or other dump locations.
Bulldozers are often used in waste rock dump construction, pushing waste rock over the
advancing dump face, reducing dump slopes or moving it into some other planned location on
the dump. Drag lines are used to remove blasted waste rock and backfill it into the previous
workings at strip coal mines. Conveyors are also sometimes used to move wastes.

Waste rock disposal occurs in sub-
aerial or subaqueous dumps and
may include backfill into open pits
or underground workings.

The following factors should be considered when predicting the future drainage chemistry from a
waste rock dump:

o physical and geochemical properties of the original rock;

o excavation methods and the physical and geochemical properties of the resulting waste
rock;

o dump construction methods, dimensions, drainage inputs and the segregation of different
sized particles;

o age of the dump and the amount of time that may be required for waste rock to accumulate
water to exceed field capacity and for the drainage to emerge at the base of a dump; and

o mitigation measures.

7.4.1 Particle Size

Particles in waste rock range from boulder- and cobble-sized coarse fragments to clay-sized
(<2 um) grains. Particle size distribution contributes to mineral exposure, particle surface area
and rate of leaching. The proportion of different sized particles depends on the:

o strength of the rock;

° procedures used to blast, remove, rehandle and dispose of the waste rock;
° surface traffic;

o susceptibility of the rock to weathering; and

o time of exposure and weathering conditions.

Waste rock is typically blasted into small enough particles to allow its removal, a large
proportion of the mass consists of coarse fragments. The maximum particle size of waste rock
from an open pit using very large equipment may be boulders several meters in diameter. Due to
the smaller size of the workings and equipment, the maximum diameter of waste rock from an
underground mine is usually much smaller (e.g. < 50 cm).

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



CHAPTER 7 7-13

Measurement of the proportion of different sized particles in waste rock from pen pit mines is
- hampered by the size and weight and therefore the
Measurement of the proportion of difficulty of sieving larger particles. However, even
different sized particles in waste rock | when sampling is restricted to the top of a dump
from open pit mines is hampered by | pench and particles small enough to fit in a 20 liter
the size and weight and therefore the | il or 45 gallon drum, typically only 5 to 40% of the
difficulty of sieving larger particles. | mass of waste rock from metal mines is < 2 mm in
diameter (McKeown et al., 2000).

At the Whistle project in Ontario (K. De Vos, personal communication) and at the Kitsault mine
(McLaren, 1986) less than 3% of the entire waste rock mass was estimated to occur in the
<2 mm particle size fraction. These two sites are likely typical of competent, indurate rock
types found at precious and base metal mines (Price and Kwong, 1997).

The proportion of fine sized particles will vary depending on the strength and durability of the
rock. Various weathering studies have observed that fine grained rock produce a lower portion
of particles < 2 mm than coarser grained rock (Birkeland, 1974; Carroll, 1970). For example,
samples taken from waste rock benches of fine grained hornfels and volcanic rock have a lower
average percentage of fine particles than from those of coarser grained granite (e.g. 20%
compared to 30% < 2 mm particles) at the Kitsault mine (Price, 1989). One potential reason for
a lower portion of finer particles in waste rock from fine grained rock is that the intergranular
surface area increases with a decrease in grain size; hence more energy is required to
disaggregate the fine grained rock, and the cohesive interlocking is a barrier to water and other
weathering agents (Birkeland, 1974).

The proportion of particles <2 mm in samples from a dump bench may exceed 40% if the rock
is exceptionally weak or rapidly weathering (e.g. little cohesion between mineral grains).
Examples of weak, rapidly weathering rock include fine grained coal shales (Younger et al.,
2002) and waste rock with high concentrations of sericitic clay at metal mines (e.g. Kitsault
Mine in British Columbia (Price and Lavkulich, 1988) and Mine Doyon in Quebec (Choquette
and Gélinas, 1994)).

The majority of the < 2 mm particles in waste rock is typically sand sized, with lesser silt sized
and only a small proportion of clay sized particles. The relative proportion of the <2 mm
particles that are silt and clay sized increases where the rock types are fine grained (e.g. sericitic,
shale, hornfels and volcanic rock) and weathered.

7.4.2 Particle and Mineral Surface Area Exposed to Weathering

The particle surface area of waste rock will depend on the proportion of small sized particles and
the particle shape. There can be an exponential increase in surface area per unit mass with a
decrease in particle size (Birkeland, 1974). Thus, although coarse fragments can comprise most
of the mass (Section 7.4.1), they have relatively little surface area. Also, mineral grains in coarse
fragments are almost entirely occluded from oxygen and water and thus are relatively inert and
contribute relatively little to drainage chemistry. Therefore, the majority of the surface area and
consequently, the majority of weathering will likely occur in the smaller particle size fractions
and in the regions and layers of a dump containing the majority of the small particles.
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Other properties and processes that may increase the surface area and the relative rates of
weathering of the finer grained waste rock are as follows:

o smaller particles are more likely to be plate-like resulting in a greater surface area per unit
of diameter than the cube- and sphere-like shapes that predominate in coarser fragments; and,

o the residence time for leachate is likely to be longer in a matrix of smaller particles,
resulting in greater dissolution of weathering products.

For example, carbonate minerals were removed by weathering from the <2 mm sized particles,
but not in the 2 to 11 mm size fraction, from a range of intrusive and volcanic waste rock
samples with a rinse pH less than 4.5 (Price and Kwong, 1997). This suggested that the <2 mm
was the particle size fraction affecting or reflecting drainage chemistry.

7.4.3 Differences between the Geochemistry of the Fine and Coarse Sized Particles

The reactivity of waste rock will depend in part on the concentration of reactive minerals in
different sized particles. Mineral grains occurring in more cohesive, stronger regions of the
bedrock are likely to preferentially report to the coarse fragments. Mineral grains occurring
along fractures or planes of weakness and with weak inter-grain cohesion will report
preferentially to the small percentage of finer particles. Coarse particles are the majority of the
mass, and bedrock samples are likely to closely match their composition. Small sized particles
are typically only a small portion of the mass and their geochemical composition may deviate
widely from the composition of coarse fragments and the mass of waste rock as a whole (Table 7.2).

Table 7.2 Average ABA results for > and <2 mm
fractions in waste rock from a metal mine.

<2mm >2mm <2mm/>2mm
AP (kg/t) 257 86 3.0
Sobek NP (kg/t) 44 32 1.4
CO;-NP (kg/t) 37 13 2.8

7.4.4 Dump Construction and the Resulting Structural Features

The construction methods, dimension and location of a dump will affect the physical,
geochemical and hydrologic properties of the dump,
such as particle size segregation and the spatial

The construction methods, dimension

and location of a dump will affect the
physical, geochemical and hydrologic
properties of the dump.

distribution of structural features (Morin et al., 1991;
Smith and Beckie, 2003). The main methods for

transporting waste rock to the dump are by truck,
truck and dozer, conveyor or drag line. Disposal costs are often reduced by dumping waste rock
close to and downhill of the excavation site or the active mining workings.

In the free dumping and drag-line spoiling methods of dump construction, trucks and drag-lines,
respectively dump contiguous piles of waste rock. The piles may then be dozed flat creating a
bench that becomes the disposal site for another series of piles. With free dumping, the bench is
approximately 2 m high. In drag-line spoiling, piles may be considerably higher, but there is
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typically only one bench. There is little particle size segregation in free dumping and drag-line
spoiling. In free dumping, there may be some abrasion and compaction by truck traffic on bench
surfaces. The lateral and vertical differences in the composition of free dumps and drag-line
spoils primarily result from differences in the composition of the original geologic materials.

The most common method of dump construction is by end-dumping or push-dumping waste rock
over the face of an advancing terrace dump, where to varying degrees it spreads from crest to
toe. In end-dumping, trucks or a conveyor directly dump(s) the waste rock onto the slope. In
push-dumping, waste rock is dumped in piles near the crest and then pushed over the advancing
dump slope by a dozer.

Structural components resulting from a single bench of end-dumping and push-dumping include:

o layering parallel to the angle of repose;
o horizontal traffic surfaces on the surface of the dump bench; and
o fines rich waste rock near the top and fines poor waste rock at the bottom of a long slope

due to vertical particle size segregation.

Construction of new benches, lateral extensions that wrap around older dumps and ongoing
weathering (Section 7.4.5) will also affect the physical, geochemical and hydrologic properties
of a dump. They would greatly complicate the layering created by a single bench.

Differences in the original particle size distribution and particle size segregation of the waste
rock dumped on slopes will result in layers with different particle size distributions parallel to the
angle of the slope. The length and depth of the layers will depend on the height of the dump and
the heterogeneity of the waste rock.

Vehicle movement, especially truck traffic, during dump construction may create compacted
layers and increase particle abrasion on the
Vehicle movement, especially truck traffic, | surface of dump benches. The location and
during dump construction may create number of traffic surfaces will depend on the
compacted layers and increase particle location and number of benches. The effect of
abrasion on the surface of dump benches. abrasion and compaction will depend on the
type and density of the traffic during dump

creation and the physical properties of the waste rock.

Vertical gravimetric particle size segregation during end-dumping and push-dumping on long
slopes typically produces a fines rich layer at the top, and fines poor layer at the bottom of that
bench. Coarse fragments in waste rock end-dumped or push-dumped onto a long slope are
distributed over the entire slope length, but are preferentially deposited on the lower slopes and
at the toe.

The minimum slope length and bench height for gravimetric particle size segregation and the
length of the fines rich layer at the top of the slope will depend on the mode of deposition,
particle size distribution and grading of the waste rock, but is typically 10 to 20 m. The greater
velocity of waste rock particles end-dumped will tend to increase the distance smaller particles
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move down the dump face relative to push-dumping. A higher concentration of smaller particles
will result in a longer fines rich layer.

During initial deposition and compaction of the dump by vehicle traffic during construction,
smaller particles at the bottom of the fines rich layer falling into gaps between underlying coarser
fragments may migrate into the underlying fines poor layer. Collisions, as coarse fragments
bounce down the slope, will produce small particles along the entire length of the slope, but
especially along the fines poor layer at the bottom.

7.4.5 Particle Breakdown and Migration after Dump Construction

Surface area, particle size and particle size distribution are not static properties. Over time,
- - - physical and chemical weathering will fracture
Surface area, particle size and the particle | a4 break waste rock particles resulting in
size distribution are not static properties. | psarticle size reduction. Dump settling and
entrainment by drainage will result in the downward migration of smaller particles.
Potential impacts of reducing the size of existing particles, creating new, smaller particles and
particle migration include:

. increasing the overall particle surface area;
o exposing unweathered surfaces of mineral grains to weathering; and
o changing drainage and weathering conditions.

Reduction in particle size may cause dumps to settle, change drainage paths and the rate of
leaching, increase the degree of saturation and change the geochemical composition of the
smaller particles whose weathering determines the drainage chemistry. This process, however,
may take several decades before a measurable impact in system behaviour is observed.

Particle migration due to washing of fines into voids may change the particle size distribution in
different areas of a waste rock dump. Potential changes include:

o infiltrating drainage or wind erosion removing smaller particles, creating a “stone
pavement” on the dump surface (Price, 1989); and

o downward movement of smaller particles by drainage and surface weathering of coarse
fragments, increasing the concentration of smaller particles in the fines poor layer at the
bottom of a bench.

The rate of particle breakdown and migration will depend on the dump structure, physical
strength of the rock, content of reactive minerals, depth within the pile and climate conditions.

Changes in particle size, creation of new fines, exposure of fresh mineral grains and
replenishment of rapidly weathering minerals may alter the composition of the fine fraction and
delay mineral depletion and changes in drainage chemistry from that predicted from the initial
geochemical composition of the fine particles. For example, particle breakdown may continually
replenish the supply of neutralizing minerals such as calcite, maintaining neutral pH drainage for
far longer than that predicted from the rate of depletion and neutralization potential initially
measured in the reactive fines. Continual exposure of fresh sulphide grains could increase
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sulphide oxidation rates. The relative rates of exposure of acid generating and neutralizing
minerals may alter their ratio and the resulting drainage chemistry.

There is little quantitative information about particle breakage and migration and their impact on
the physical, hydrological and geochemical properties of a dump. Although future fracturing and
breaking of particles may impact properties and processes contributing to drainage chemistry, the
rate and impact of these processes are typically not investigated in the prediction of drainage
chemistry.

7.4.6 Hydrologic Properties and Drainage Conditions

The hydrologic processes in mine waste rock are described by Morin et al. (1991) and Smith and
Beckie (2003). The main properties and processes controlling the rate and location of water
movement in waste rock and the proportion and spatial distribution of zones with different
drainage conditions are the:

rate and location of infiltration;

moisture content;

particle size distribution;

hydraulic conductivity; and

absorptive and capillary forces (matric potential).

The particle size distribution determines the size and shape of pores, which in turn determines
the hydraulic conductivity and matric potential at different moisture contents. Drainage
conditions within a dump will be a function of the rate and location of infiltration and the
proportion and spatial distribution of zones of waste rock with different hydraulic conductivities
and matric potentials. Potential drainage inputs include the infiltration of snow melt and rainfall
through the surface and along the batters, as well as additions of runoff and groundwater along
the edge and bottom of the dump.

Due to the large proportion of coarse fragments, waste rock typically has a high infiltration rate
and hydraulic conductivity. Factors resulting in reduced infiltration, increased runoff, flooded
conditions or a perched water table within at least a portion of the dump include the following:

the dump is located in a flooded impoundment, water body or area of drainage discharge;
the waste rock is predominantly soil like, with relatively small particles and pores;
deposition results in compacted traffic surfaces;

the precipitation of weathering products creates a cemented layer or layers beneath or
within a dump; and

o ice layers occur or form beneath or within a dump.

Waste rock can behave in a matrix supported or matrix free manner. In the matrix free zones there
is point to point contact between
coarse rock fragments and flow
occurs mainly in macropores.
In matrix supported waste rock,
where stones and boulders float
in a matrix of smaller particles,

Waste rock dumps can be grouped into two categories.
Matrix free dumps contain coarse rock fragments in contact
with each other and water can flow through macropores.
Matrix supported dumps contain smaller particles in which
coarse particles are distributed which affects water movement.
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flow occurs predominantly in the finer grained matrix materials and the hydraulic properties
reflect the grain size of the matrix. As a first approximation, the transition between the two
behaviours occurs at approximately 20% particles finer than 2 to 4.75 mm (Smith and Beckie,
2003).

Matrix supported zones will have suction and will be the zones for water movement under low
moisture content conditions. During snow melt and high rainfall events resulting in high
moisture contents, leaching may occur as water flows around rocks in zones of coarser material.
The heterogeneous spatial distribution of zones with different particle sizes and conductivity,
both lateral and vertically, will result in flow paths having different combinations and
proportions of matrix supported or matrix free flow. Different flow paths will also be activated
by different infiltration (rainfall) rates. Traffic surfaces and large coarse fragments may impede
downward infiltration and focus flow into preferred pathways.

The percolating drainage will be a combination of water that passes through rapidly (hours) and
water that drains more slowly (weeks to years). Research on a 5 m high hard rock test pile
(Nichol et al., 2005) showed that the drainage moving through fast flow paths, with residence
times of 5 to 10 hours, was 5 to 8% of the flow on average and a maximum of 15% at peak
infiltration. The average residence time of drainage infiltrating through the experimental piles
was approximately three years, indicating that:

o even under relatively high infiltration conditions, significant portions of most flow paths
were through matrix supported material; and,
o most of the new water infiltrating into the test pile displaced old water along flow paths.

To date, there is no definitive assessment of the proportion of active leaching in a waste rock
dump. Older work indicated that less than 25% of an
exposed, “free-draining” dump would be actively
leached by incident precipitation (Morin et al. 1991).
Recent research on waste piles where matrix flow
dominated suggested that more than 25% was actively
leached (Nichol et al., 2005). Weathering products will accumulate in the hydraulically isolated
areas of the pile. Leaching of hydraulically isolated areas may occur due to high precipitation or
a rising water table or if dump settlement, particle breakdown, precipitate formation or particle
migration divert existing flow paths. The temporal variation in loading at the base of a pile may
also represent varying degrees of flushing of matrix pores at different moisture contents.

To date, there is no definitive
assessment of the proportion of active
leaching in a waste rock dump.

Waste rock may be placed in a dump with 3 — 5% moisture content. At each depth, there will be
a water accumulation phase until the matrix materials reach field capacity, at which point
downward drainage occurs into the underlying rock. Typical values of field capacity are 8 — 10%.
It could take from several years to many decades for the water accumulation phase to terminate
and for a dynamic equilibrium of seasonal responses to be established. When infiltration
exceeds discharge, loading is reduced.
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7.4.7 Atmospheric Properties and Processes

The rate of air flow and oxygen supply in a waste rock dump will depend on properties that
control the air permeability and drive air movement, such as the particle size distribution,
structure, water content, composition of the gas phase, temperature and the dump dimensions or
geometry (Morin et al., 1991). The principal mechanism of air movement and oxygen supply in
a waste rock pile where a large proportion of the mass consists of coarse fragments is advection.
Advection can move air (and oxygen) to great depths in the pile. Where a waste rock dump is in
a well drained location, although both gaseous and liquid phases will be present in the pore
space, the coarseness of waste rock will generally result in high porosity and rapid convective air
movement. Oxygen transfer by diffusion is an important mechanism in fine textured or
compacted layers lacking large, interconnected voids.

Sulphide oxidation and other weathering reactions may reduce the oxygen concentration and
increase the concentration of other gases compared to atmospheric conditions, making the dump
atmosphere a human health hazard (e.g. Phillip and Hockley, 2007). However, in the absence of
a major oxygen barrier or sink, the rate of convective air flow will be sufficient to maintain
oxygenated conditions and aerobic weathering conditions throughout most of a coarser waste
rock dump. In this case, the drainage chemistry and loadings from a waste rock dump will be
limited by the geochemical composition, solubility constraints and the rate and location of
leaching, rather than the rate of oxygen supply to sulphide oxidation.

Potential oxygen barriers or sinks that may influence drainage chemistry include:

o site conditions or dams that cause flooding; and
o high drainage inputs coupled with low pore size due to a fine texture and/or compaction
results in an elevated water table.

The coarser and more permeable the waste rock material, the greater is the potential for
advective air movement (Ritchie,
2003). In well drained dumps, inclined,
high permeability channels (‘“chimneys’)
produced by end- or push-dumping
coarse waste rock can be pathways for
high rates of air movement and increase
air flow. Horizontal, compacted traffic surfaces with lower permeability may limit air movement.

In well drained dumps, inclined, high permeability
channels (*“chimneys™), produced by end- or push-

dumping of coarse waste rock, can be pathways for
high rates of air movement and increase air flow.

Temperature within a waste rock dump will depend on the:

o rate of heat production by sulphide oxidation;
o heat inputs from overlying air, underlying ground and infiltrating drainage; and
. heat losses.

High rates of sulphide oxidation due to high rates of air entry may result in temperatures
exceeding 40°C and in some instances exceeding 60°C. There is also an important feedback
mechanism; higher temperatures increase advective air circulation, which can enhance the rate of
sulphide oxidation. High temperatures may melt snow, kill vegetation and in some instances,
especially with coal, the dump may catch fire.

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



CHAPTER 7 7-20

Dump temperatures will also depend in part on the depth of the dump. Seasonal decreases or
increases in the overlying air temperature will have a much greater influence on temperatures
near the surface. The usual depth range of effect is 8 — 10 m. Even a permanently frozen dump
will have an active layer that melts during periods of the year. Temperatures deep within a dump
will be less affected by seasonal variation and will remain relatively constant throughout the year.

Seasonal changes in the oxygen concentrations within a dump may result from seasonal changes
to air entry due to a snow cover or changes in overlying air temperatures.

Air movement will vary in different regions of a dump. In addition to the windward side, greater
air entry typically occurs along the upper sides and adjacent upper surface of a dump.
The geometry of a dump will impact air entry and where cells of air circulation can develop.
The greater the height to width ratio of the dump, the greater is the potential for advective air
movement (Ritchie, 2003).

7.4.8 Weathering and Contaminant Migration

The geochemical properties and conditions within a waste rock pile, such as the type and rate of
weathering processes and contaminant migration, will depend on the:

geochemical composition;
oxygen supply;

surface area;

temperature; and

chemistry of drainage inputs.

The geochemical composition of waste rock will depend on the geochemistry of the contributing
rock types in the bedrock. The presence of different geologic materials may result in regions of a
dump having different physical and geochemical properties and therefore different rates of
weathering and leaching. Differences in the percentage of finer particles and weathering may
also affect the contribution of rock types to drainage chemistry relative to their volumes or mass.

Although both gaseous and liquid phases will be present in the pore space, due to the large size
of the voids, aerobic weathering conditions will generally occur throughout a coarser waste rock
dump. However, the rate of oxygen supply will differ depending on the structure and particle
size of the waste rock, the geometry of the dump and the location within the dump. Differences
in geochemical composition, surface area and rate of air supply to the fines versus the coarse
fragments may result in different weathering rates due to vertical particle segregation, layering
parallel to the angle of repose and traffic surfaces.

The large ratio of solid to leachate in a waste rock dump will typically result in the concentrations
of some species in solution
reaching solubility limits
and then precipitating as
secondary minerals and
amorphous materials. The

The large ratio of solid to leachate in a waste rock dump will
typically result in the concentrations of some species in solution
reaching solubility limits and then precipitating as secondary
minerals and amorphous materials.
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recurring precipitation of weathering products will increase the magnitude of future loadings if
there is an increase in drainage volume leaching the waste rock.

Fluctuations in annual solute loading from a waste rock dump can be explained by the mass
balance of the solutes along flow paths. For example, solutes can precipitate and accumulate
during years with below average leaching events and then redissolve during periodic, high
flushing events (Morin and Hutt, 2004).

The rate of waste rock weathering will depend on a number of factors and, unlike tailings
(Section 7.5), may not necessarily be highest at the surface. Factors that may lead to greater NP
depletion and higher rates of sulphide oxidation in “hot spots” in pockets of waste rock below the
surface include:

o higher concentrations of acid producing sulphide minerals or lower concentrations of
neutralizing minerals; and
o isolation from seasonal decreases in external air temperatures, higher heat retention and

high rates of oxygen supply within the dump.

Reasons for the rate of waste rock weathering being highest at the surface and progressively
moving deeper include:

o incident precipitation and other surface inputs deplete neutralizing minerals; and
o alkalinity produced by weathering slows depletion of neutralizing minerals in the
underlying materials.

Acidity in incident precipitation and from the partial decomposition of organic matter may
contribute to the surficial consumption of neutralization. This may result in the initiation of
acidic weathering conditions at the surface and progressive migration deeper into the dump. The
failure of alkaline water to drain hydraulically isolated areas of the dump may contribute to the
development of “hot spots™.

Typically, groundwater contains alkalinity and slows the depletion of neutralizing minerals.
However, the inflow of acidic groundwater may accelerate the depletion of basal neutralizing
minerals, resulting in the most advanced mineral weathering and lowest rinse pH values in the
zone of fluctuating groundwater at the base of a dump (Price, 2005).

7.5 Milling or Processing Wastes

Milling or processing refers to the activities involved in the recovery and concentration of
valuable commodities prior to shipment to a direct consumer, smelter or refinery. Processing
methods will depend on the commodity, its mineralogy and whether it is encapsulated or
attached to other minerals. Common processing activities include: screening, crushing,
grinding, classification, specific gravity separation, magnetic concentration, washing, flotation,
cyanidation, calcination, roasting and dewatering.
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7.5.1 Reducing the Particle Size

Data from individual descriptions of geologic materials should be used to describe the central
tendency, variability and spatial distribution of properties and the locations and descriptions for
each geological unit. Variability is an important consideration in the segregation of different
materials and in ensuring that all potential outcomes in drainage chemistry are predicted.
Information on the variability of different analytical properties may also indicate whether
additional sub-division and segregation of rock types is needed or is practical.

Crushing, or crushing followed by grinding, to reduce the particle size is commonly the first step
in processing blasted ore or coal particles.
The objective in reducing the particle size is to
release coal or mineral grains or to expose metal
or mineral surfaces. The intended degree of the
particle size reduction will depend on the:

Crushing, or crushing followed by
grinding, to reduce the particle size is
commonly the first step in processing

blasted ore or coal particles.

o type and grain size of the economic materials or minerals; and
. the processing methods.

Crushing reduces the particle size by squeezing or forcing it under pressure. Crushing methods
include: gyratory, jaw, roll and cone crushers. A jaw crusher reduces the particle size to
approximately <51 mm (2 inches).

Grinding further reduces the size of crushed particles through impact or attrition. Methods
include grinding in rod and ball mills and autogenous and semi-autogenous grinding. Grinding
reduces the blasted ore or coal to sand sized (50 pm to 2 mm) and/or silt sized (2 um to 50 um)
particles. The waste product from grinding is called tailings.

On a large scale, grinding is typically achieved in a rotating cylinder. A ball or rod mill is a
cylindrical or conical shaped steel container which is partially filled with steel balls or rods and
the crushed ore. Rotation causes the balls to cascade, which in turn grinds the ore. In
autogenous grinding, large pieces of the ore itself is used as a grinding media instead of
conventional steel balls or rods. In semi-autogenous grinding (SAG), the grinding media
includes both the larger chunks of the ore and steel balls or rods.

A classifier is often used after crushing and grinding to separate particles according to size and
density, including grizzlies, screens, cyclones and other mechanical devices.

7.5.2 Processing Coal

In coal preparation facilities, such as a coal wash plant or cleaner, saleable coal is separated from
impurities by screening, reducing the particle size and specific gravity differences using methods
such as heavy media separation. After cleaning, the coal is typically dried. Waste byproducts of
a wash plant include coarse and fine (tailings) refuse.
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7.5.3 Processing Ore

There are a large number of processing methods. One of the simplest forms of processing is
basic crushing with a jaw crusher followed by gravity separation used to recover directly
refineable precious metals. More commonly, crushing and grinding are followed by surface
reaction processes such as cyanidation and flotation to produce a concentrate enriched in the
valuable metal or mineral relative to the ore. Roasting and calcination may be used to liberate
encapsulated or attached gold particles in refractory ores or concentrates.

Flotation processes use surface active chemicals to selectively modify surfaces causing the target
mineral to become attached to air bubbles and

In some instances, sulphide flotation is used
to reduce the ARD potential of the rougher
tailings, allowing separate disposal or

float, separating them from the waste which
sinks. The choice of flotation processes and
reagents will depend on the composition of

mitigation of sulphide-rich cleaner tailings. | the ore and the desired concentrate.

Flotation circuits may be divided into rougher,
scavenger and cleaner stages. The rougher stage is a term applied to the initial phase(s) of
concentration and recovery. In addition to the initial mill feed, the rougher stage may also
include scavenger concentrate or cleaner tailings. The distinction of rougher tailings suggests
that further more refined processing is carried out, potentially resulting in other tailings and/or a
higher grade concentrate. Typically, most of the tailings mass is produced in the rougher stage.
In some instances, sulphide flotation is used to reduce the ARD potential of the rougher tailings,
allowing separate disposal or mitigation of sulphide-rich cleaner tailings.

The cleaner stage occurs after the rougher stage and is used to upgrade the concentrate produced
in the rougher and scavenger circuits. Cleaner tailings are often sulphide rich and have a higher
ARD potential than tailings produced by other stages of flotation.

The scavenger stage is the last phase of recovery of the valuable material.
concentrate may be fed back into previous stages of flotation.

The scavenger

Cyanidation or cyanide leaching dissolves gold or silver in a weak solution of sodium or calcium
cyanide. Cyanidation is a common extraction method when gold or silver grains are exposed after
crushing and grinding the ore and may be conducted inside a mill or in heaps of ore outdoors.

Roasting or calcination is used as a pretreatment stage before cyanide leaching of refractory ores
or concentrate containing sulphur and/or arsenic, antimony, tellurium and carbonaceous material
to liberate encapsulated or attached gold particles. Examples of calcining include: the
decomposition of hydrates such as ferric hydroxide to ferric oxide and water vapor; or calcium
carbonate to calcium oxide and carbon dioxide.

The main reactions of roasting are the oxidation of pyrite and arsenopyrite to form sulphur
dioxide gas and solid metal oxide. The solid product from roasting is often called “calcine”. In
“selective roasting”, temperature and gas conditions are maintained so that one metal forms a
sulphate and the other forms an oxide. Pollution prevention equipment may be required to
collect gaseous and fine particulate sulphur and trace elements expelled in the roaster gas.
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Heap leaching is an extraction process in which solutions are percolated through heaps of
stockpiled ore to remove target metals from low grade ores. Acids or alkaline cyanide are
generally used to leach base metals and precious metals, respectively. In bioleaching, the target
species are dissolved with the aid of bacteria. Leachate may be recirculated a number of times
through the heap to increase the concentration of the targeted metals. The post-blast particle size
of the ore to be leached may be reduced to increase surface exposure of the target mineral(s).

Metals contained in the leachate from a heap leach may be extracted chemically or
electrochemically. In electrolytical processes, an electric current passed through a leachate
solution containing high concentrations of dissolved metals causes the metals to be deposited on
a cathode.

Despite a potential reduction in particle size, a heap usually contains coarse fragments and is
aerated and leached relatively rapidly, properties that it has in common with a waste rock dump.
By removing the targeted metals and other components, leaching solutions may alter the
composition of the ore and the future drainage chemistry. For example, acid leaching removes
soluble neutralizing minerals and will lower the NPR, increasing the potential that the post-
closure drainage will be acidic.

Further processing of processing products, such as concentrates, may be needed to remove
penalty elements which would produce additional process wastes. Examples of further
processing to remove penalty elements are leach plants that remove arsenic.

7.5.4 Properties of Processing Wastes

Different processing methods produce waste products with different properties and small
changes to processing methods may have profound effects on the physical, geochemical and
drainage properties and the future drainage chemistry. The physical, geochemical and drainage
properties and the future drainage chemistry of processing wastes depend on the:

o original composition of the ore;

reduction in particle size;

chemicals added;

water added;

material extracted; and

geochemical changes to original components.

An important consideration is the oxidation of sulphide minerals and precipitation of secondary
minerals prior to or during processing. Processing
methods may be modified for oxidized ore. Roasting
and calcining products are oxidized and therefore
have very different geochemical properties than
unoxidized sulphide wastes. Oxidation of sulphide
minerals by prior weathering or roasting may markedly increase the solubility of some trace
elements at near-neutral pH or may increase their susceptibility to reductive dissolution.

An important consideration is the
oxidation of sulphide minerals and
precipitation of secondary minerals

prior to or during processing.
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Changes in particle size will affect drainage conditions, air entry and mineral exposure.
Chemical additions may alter the neutralizing potential and create new or increase the
concentration of the existing chemical species of concern. For example, the addition of lime will
increase the pH and increase the neutralizing potential of the tailings. The amount of increase in
the neutralizing potential will depend on how much lime is added. It is therefore very important
to keep track of chemicals added and consider the impact of any changes on the predicted
drainage chemistry.

7.6 Tailings

Tailings are the waste product remaining from the ore after several steps of particle size

— — reduction and extraction or
Tailings are the waste product remaining from the ore washing to remove the valuable

after several steps of particle size reduction and commodity. The following factors
extraction or washing to remove the valuable commodity. | should be considered when

predicting the composition and

future drainage chemistry from tailings:

o physical and geochemical properties of the ore;
o mill processing methods, including the particle size reduction, amendments and extracted
components;

o any additional processing to enable a certain type of disposal, use as backfill or for
construction such as dewatering;

J chemical composition of process water;

J method of deposition, disposal location, site dimensions, drainage inputs and the
segregation of different sized particles; and

o mitigation measures.

Additional processing to enable a certain type of disposal, use as backfill, or for construction can
include:

dewatering;
cycloning;
desulphurization; and
effluent treatment.

7.6.1 Particle Size and Geochemical Composition

The physical and geochemical composition of the tailings will depend on the composition of the
ore and the reduction in particle size, amendments and components removed during processing.
In order to expose economic minerals to the process chemicals, the ore is reduced to sand sized
and/or silt sized, and tailings particles are typically between 10 pum and 1 mm.

Amendments are usually small amounts of process reagents. Potentially important process
reagents include additions of alkalinity that will increase the NP, and metal bearing reagents like
copper sulphate which may increase metal leaching.
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Although it will vary with the process and ore, usually only a small portion of the ore is removed
during processing. The proportion of original mass of the ore that reports as tailings is often
more than 95% of the original mass.

Commonly, sulphide minerals containing the trace elements considered the primary
contaminants of concern are
also the economic minerals that
are the target of processing.
Therefore, for the prediction of
future tailings drainage
chemistry, important questions are the degree of removal of sulphide minerals containing the
contaminants of concern and the acid generating potential remaining in the tailings. Although
lower than the concentrations in the ore, the economic minerals are likely to remain at significant
levels in the tailings due to inefficiencies in the removal process.

Commonly, sulphide minerals containing the trace elements
considered the primary contaminants of concern are also
the economic minerals that are the target of processing.

Although only a small portion of the ore is removed during processing, the portion removed may
contain a sufficiently high portion of the sulphide minerals to alter the acid generating potential
and lower the potential for deleterious drainage from the remaining tailings. Slight changes in
the amount of processing reagents may have a large impact on iron sulphide removal and the
acid generating potential of the tailings. It is therefore very important to keep track of processing
methods and to predict the impact of any changes in processing methods on the geochemical
composition of the tailings and the future drainage chemistry.

Different processing stages can produce geochemically different tailings (Section 7.5.3). The
variability in the geochemical composition of the tailings solids and the drainage chemistry from
the tailings as a whole will depend on whether tailings from different processing stages are
recombined or discharged individually.

7.6.2 Process Water

The composition of the process water will depend on the processing reagents and the solubility
of ore minerals and products of the rock abrasion.
The addition of metal bearing reagents, like copper
sulphate, during processing can increase metal
concentrations.  Process water typically has a
neutral or alkaline pH due to the required pH of the
process or the alkalinity produced by crushing and grinding the ore. Alkaline reagents like lime
may further raise the slurry pH and increase the neutralizing potential of the tailings.

The composition of the process water
will depend on the processing reagents
and the solubility of ore minerals and
products of the rock abrasion.

During active processing, process water may be reused and in this case impoundment structures
will increase in size to minimize discharge to the environment. During active mining, this
recirculation and reuse of process water may cause aqueous concentrations of elements to
increase, including those of nitrogen species derived from ammonia nitrate used in blasting. As
a result, treatment of water may be needed during active mining to reduce concentrations of
potentially deleterious species. Depending on the water quality at closure, the water may require
additional or ongoing treatment.
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Some sulphide oxidation may occur in the feed, grinding, aeration and flotation circuits during
the milling of sulphidic ores. Typically, the amount of oxidation is small and the product is
sulphate. However, in sulphide-rich ore, oxidation may form significant concentrations of
partially oxidized sulphur oxyanions, such as: 82032', 83062' and S4O62', in addition to sulphate.
These partially oxidized sulphur oxyanions are known as thiosalts.

Oxidation of thiosalts to sulphate produces acidity (Reaction 7.1) that may decrease the pH.
S,05% + 20, + H,0 — 2S04~ + 2H" (7.1)

Oxidation of thiosalts can be slow and occurs mostly in downstream environments upon
discharge, having a negative effect on fish and other aquatic organisms in rivers and lakes. Thus,
thiosalts in milling effluent should be oxidized to sulphate and the resulting acidity neutralized
before the effluent is discharged to the environment. Thiosalts in effluent ponds will be oxidized
chemically and/or biologically, but the rates decrease precipitously with decreasing temperature
and may be insufficient in fall, winter and spring in Canada.

7.6.3 Deposition and Reprocessing of Tailings

Tailings usually leave the mill as a slurry with the process water and are transported to the
disposal site in a pipeline. Alternatives to slurry
disposal include: (1) partial dewatering in a
thickener to produce thickened tailings, which
have a higher density and solids content; and (2)
filtering to produce drier, easier to handle
tailings. Thickened tailings like a tailings slurry are transported to the disposal site by pipeline.
Filtered tailings can be moved by truck and dry stacked.

Alternatives to slurry disposal include
partial dewatering in a thickener to
produce thickened tailings and filtering to
produce drier, easier to handle tailings.

Tailings slurries are commonly deposited in surface impoundments to prevent the release of
tailings into the environment. Impoundments can be created by topographical features and/or
dams constructed of sand sized tailings, waste rock or natural surficial materials. Other disposal
options include possible deposition in natural water bodies and exhausted open pits or use as
backfill in underground workings. Historical tailings management was much poorer than present
standards and there may be areas of spilled tailings at older mine sites. The Faro mine in the
Yukon spilled 12,300 m® of tailings solid and a much larger quantity of slurry into Rose Creek in
1975 due to a breach in the Original Dam (Gartner Lee, 2002).

The deposition of tailings into an impoundment usually occurs onto the tailings beach along the
perimeter. The disposal location may be periodically or occasionally moved to avoid too much
tailings building up in any one location. Direct discharge of tailings into ponded areas in the
center or far edge of the impoundment may occur where there is a need to immediately submerge
a portion of the tailings or maximize the use of the existing storage space.

Tailings discharged as slurries onto beaches along the perimeter of an impoundment settle out in
thin layers as the slurry flows across the shallow alluvial fans created around the deposition
point(s). Differential settling as the tailings solids move downstream from the discharge point
results in sand sized, heavier particles preferentially settling adjacent to the disposal location and
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Differential settling as the tailings solids move | the silt sized, lighter particles settling
downstream from the discharge point results in | downstream. The silt sized particles are often

sand sized, heavier particles preferentially called the tailings slimes and settle in
settling adjacent to the disposal location and the | Ponded areas. In the sandier tailings

silt sized, lighter particles settling downstream. | beaches close to the deposition point(s),
higher concentrations of the heavier

sulphides minerals and lower concentrations of lighter carbonates minerals may result in a higher
potential for acidic drainage and elevated metal concentrations.  Conversely, lower
concentrations of sulphides and higher concentrations of carbonates may result in a lower
potential for acidic drainage and elevated metal leaching from the tailings slimes.

The buildup of tailings along a flow path and changes in the spigot location will change the flow
path and therefore the location of tailings deposition and the deposition of different sized
particles. Consequently, in any one location, there are often overlapping layers with different
physical and geochemical compositions and significant lateral and horizontal variations in
particle size and mineralogy.

The relatively low water content of thickened tailings results in:

greater viscosity;

faster settling;

a more controlled placement; and

little or no hydraulic sorting or segregation of different particle sizes so long as they are not
discharged into a flooded impoundment.

The lack of hydraulic sorting of thickened tailings results in a more uniform particle size
distribution and no separate tailings sands and slimes. Thickened tailings are more stable and
require perimeter berms rather than dams to contain the solids. Thickened tailings may be used
to create paste tailings for backfill.

Additional processing to enable use as backfill or for construction (e.g. Figure 7.2) includes:

dewatering;
cycloning;
desulphurization; and
effluent treatment.

Where there are concerns regarding the drainage chemistry from even short term exposure to
aerobic weathering, tailings may be placed immediately underwater. Immediate underwater
disposal is often used for sulphide-rich tailings, the sulphide-rich cleaner tailings fraction and the
sulphide byproduct of tailings desulphurization.

Where the volume of suitable mill tailings is insufficient to meet construction or backfill
requirements, additional pseudo-tailings may be created by crushing and grinding waste rock or
borrow materials (Price, 2005).
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Figure 7.2 The processes to produce cycloned, desulphurized tailings sand that is used to buttress the
downstream shell of the Kemess tailings dam in British Columbia.

7.6.4 Drainage and Atmospheric Properties and Processes

Drainage and atmospheric properties and conditions, such as the entry of water and air into
tailings, depend on the particle size, method of deposition, depositional history and disposal site.
The typically finer particle size of tailings compared to waste rock results in:

o smaller pore size;

o lower permeability for air and water;

o slower vertical water migration; and

o predominantly diffusive rather than convective air movement.

The lower air permeability, greater saturation and lower hydraulic conductivity will reduce the rate
of oxygen supply and pore water
migration in tailings compared to
waste rock and in tailings slimes
compared to tailings sand. The
rate of water movement through
tailings can be estimated using groundwater flow modeling software and point measurements of
the hydraulic head and hydraulic conductivity. Measurements made in several impoundments
(Blowes et al., 2003) indicate that the hydraulic conductivity ranges between 1 x 10™ and 1 x
10® m/s and the vertical hydraulic conductivity is approximately one order of magnitude lower
than the horizontal hydraulic conductivity. Average and maximum estimated seepage rates for

The lower air permeability, greater saturation and lower
hydraulic conductivity will reduce the rate of oxygen supply
and pore water migration in tailings compared to waste
rock and in tailings slimes compared to tailings sand.
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vertically infiltrating precipitation at the Faro Mine in the Yukon were 16 and 26 mm/year through
the fine tailings and 34 and 75 mm/year through the coarse textured tailings.

Due to the relatively low hydraulic conductivity, process water will saturate the tailings and
impede air entry during active deposition. The height of the water table after mining will depend
on the:

o permeability of the tailings;

o permeability of the dams and surrounding landforms; and

J drainage inputs from incident precipitation, groundwater and diffuse and discrete surface
drainages sources.

Tailings impoundments often have low permeability dams or inner slopes that keep most of the
tailings saturated. Even where the perimeters are permeable, tailings impoundments may be
located in natural depressions that, in addition to minimizing the cost of building dams, have
high off-site drainage inputs and are naturally flooded, resulting in an elevated water table within
the tailings. Consolidation over time lowers the tailings surface resulting in a deeper water cover
over flooded tailings and a greater degree of flooding in partially flooded tailings.

After deposition ceases at closure, if the dams and confining landforms are permeable and there
is a negative water balance, the height of the water
table will decrease, allowing air entry. Also, the
higher hydraulic conductivity will result in a lower
water table in the more permeable tailings sands
compared to the more poorly drained tailings slime
fraction. In wetter climates, saturated conditions
are quite likely in tailings slimes due to their low
hydraulic conductivity. The fine texture of tailings may result in the upward movement of pore
water due to capillary forces, raising the height of saturated conditions.

After deposition ceases at closure, if
the dams and confining landforms are
permeable and there is a negative
water balance, the height of the water
table will decrease, allowing air entry.

Unlike waste rock, lateral surface runoff and near surface seepage are often large parts of the
contaminant load from tailings. A significant portion of surface drainage inputs, especially
during large precipitation and snow melt events will exceed the infiltration rate of the tailings
surface and will flow as runoff offsite or to topographic lows within the impoundment. Lateral
runoff will be increased by low permeability horizontal layers formed during deposition or later
weathering. The formation of low permeability cemented layers, known as hardpans, results
from the immediate precipitation of oxidation products, like iron oxyhydroxides or gypsum, at a
depth where there are changes in drainage chemistry that affect their solubility.

The principal mechanism of air movement in tailings is diffusion in response to concentration
gradients. However, gaseous diffusion will decrease with increasing moisture content and saturation.
Air movement may also occur due to advection in response to pressure gradients resulting from
changes in atmospheric pressure, the consumption of oxygen or changes in temperature resulting
from the exothermic oxidation of sulphide minerals. Advective air movement is unlikely to be
significant at depth in tailings due to the fine grain size and low permeability of most tailings
(Blowes et al., 2003).
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7.6.5 Weathering and Contaminant Migration

Properties and processes of weathering and contaminant migration, such as the type, location and
rate of weathering, erosion and contaminant migration, will depend on the:

physical and geochemical composition of the tailings;

chemistry, location and rate of drainage inputs;

atmospheric and drainage conditions of the disposal site;

height of the water table and capillary rise;

rate of oxygen supply at different depths;

the paths of contaminant migration; and

geochemical composition of materials and attenuating reactions further down the flow path.

Due to the fine texture of many tailings:

a portion of most mineral grains in tailings will be exposed to the pore weathering conditions;
tailings can have a much higher surface area per unit mass than waste rock;

the rate of oxygen supply and therefore oxidation will be reduced at depth; and

there may be significant lateral surface runoff and near surface seepage.

During active deposition, saturation by process water will limit oxidation in many tailings.
Alkalinity in process water will neutralize any acidity produced by sulphide oxidation and thus
the drainage chemistry will likely be similar to that of the process water.

With the cessation of tailings disposal, the only drainage inputs will be incident precipitation and
any off-site drainage inputs. One method for
measuring the rate of water migration through
the tailings is to track the rate of depletion
of unique components of the process water.

With the cessation of tailings disposal, the only
drainage inputs will be incident precipitation
and any off-site drainage inputs.

Drying of the tailings following mine closure or during prolonged periods with no tailings
deposition during active mining will result in aeration and the initiation of aerated weathering
processes, such as sulphide oxidation. Products from aerated weathering will be physically
encapsulated and chemically modified by fresh tailings if there is subsequent tailings disposal.

The change in drainage inputs and the initiation of aerated weathering processes will change the
pore water chemistry, potentially resulting in the precipitation and dissolution of different
secondary minerals. The rate of the oxidation will depend on the rate of oxygen inputs and
consumption and if the pH is low enough, the concentration of ferric iron. Measurements made
at several tailings impoundments indicate that the concentration of oxygen gas within pores
decreases with increasing depth (Blowes et al., 2003). Due to the low air permeability and
oxygen consumption by sulphide oxidation, even in well drained tailings, the gas phase may be
depleted of oxygen and sulphide oxidation may be minimal at depth (Section 7.6.4) even in
sandy, well drained tailings.
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Contaminant migration will result from:

o lateral surface runoff and near surface seepage;
J vertical and lateral seepage through the tailings; and
o wind erosion.

Due to a lower vertical hydraulic conductivity and limited air movement into many tailings, the
highest contaminant loading may be in surface
and near-surface runoff moving laterally off-site
during snowmelt and large rainfall events. The
chemistry of surface runoff will depend on the
weathering conditions and solute concentrations
in the near surface tailings and the interaction between the tailings and the runoff. The formation
of surface and near surface crusts, such as hardpans, may reduce infiltration and increase the
proportion of runoff. Hardpan will take time to form and may migrate deeper within the tailings
due to dissolution and reprecipitation as weathering progresses. Perched water tables formed on
subsurface cemented layers may arrest sulphide oxidation.

The highest contaminant loading from
tailings may be in surface and near surface
runoff moving laterally off-site during
snowmelt and large rainfall events.

The rate of contaminant migration vertically and laterally through the tailings will depend on the
hydraulic conductivity, rates of weathering, contaminant dissolution and secondary mineral
precipitation and dissolution. Mineral depletion and secondary mineral precipitation and
dissolution due to weathering may result in progressive changes in pore water pH in tailings over
time, starting at the surface and moving downward. Changes in pore water pH may dissolve
secondary minerals formed under previous weathering and pore water chemistry.

As weathering continues, changing geochemical conditions may result in the propagation of
contaminant fronts with different
drainage chemistries through the
tailings. There are three different
contaminant fronts in the pore
water moving downward through
the massive sulphide tailings at the Faro Mine in the Yukon (Gartner Lee, 2002). The first and
now deepest front produced by the initial sulphide oxidation and carbonate mineral dissolution
has a near-neutral pH but elevated total dissolved solids (TDS), principally due to the sulphate
concentration. The second contaminant front produced by the oxidation of sphalerite (ZnS) and
the depletion of carbonate minerals has a slightly acidic pH and elevated zinc. The upper
contaminant front produced by the depletion of sphalerite (ZnS) and the oxidation of pyrite
(FeS,) is characterized by an extremely low pH and elevated iron concentration. Complicating
this geochemistry in some locations is the inundation of contaminant fronts that developed
during periods of temporary mine closure.

As weathering continues, changing geochemical conditions
may result in the propagation of contaminant fronts with
different drainage chemistries through the tailings.

The migration of the sulphide oxidation and other weathering fronts deeper into the tailings may
be arrested by a lack of oxygen due to low air permeability or an elevated water table. Changing
redox conditions may alter the solubility of dissolved chemical species and secondary minerals,
changing the chemistry of contaminant fronts and the rate of contaminant migration. Seasonal,
annual or progressive fluctuations in air entry and flooding due to fluctuations in the height of
water table or the formation of cemented layers may dissolve previous oxidation products.
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Some contaminant fronts may eventually reach the base of the tailings and enter the underlying
strata. The physical and chemistry properties of the underlying strata may change the solubility
of dissolved chemical species and secondary minerals, changing the chemistry of those
contaminant fronts and their rates of contaminant migration. For tailings impoundments built on
top of organic rich soils or wetlands, contaminants discharged from the tailings are at least
temporarily attenuated by natural organics and clay minerals. The fate of precipitated
contaminants will depend on the composition of the attenuating materials and the geochemistry
of future contaminant fronts.

The particle size and rapid drying make fine tailing sand highly susceptible to wind erosion.
Drying out of the surface of exposed tailings beaches during temporary or permanent closure
may result in wind blown tailings contaminating surrounding land and water courses with trace
metals. The amount of wind erosion depends on the moisture content, particle size, surface
roughness, surface cover and wind velocity.

7.7 Stockpiles of Ore and Low Grade Ore

Ore is material that contains economically recoverable levels of coal, metals or minerals under
existing commodity prices and mining
and milling costs. Low grade ore is
material that, compared to ore is
relatively deficient in the target
metals/minerals, but could be ore
under potential, given slightly more
favourable, commodity prices and
mining and milling costs. Low grade ore is segregated to permit milling at some later date if
economic conditions become more favourable. The cut-off grade and composition of the ore and
low grade ore will depend on commodity prices, mining and milling costs, regulatory
requirements and the geology of the deposit. Since the distinction between the ore, low grade
ore and waste rock is determined by transitory economic factors, their future geochemical
composition may vary, and the fate of ore and low grade ore stockpiles are somewhat uncertain.

Low grade ore is relatively deficient in the target
metals/minerals, but could be ore under potential,
given slightly more favourable, commodity prices
and mining and milling costs. Low grade ore is
segregated to permit milling at some later date if
economic conditions become more favourable.

Ore and crushed ore are stockpiled so there is always sufficient feed for the mill. The length of
time ore spends in stockpiles will depend on many different factors. Factors that may increase
the period of time spent in stockpiles include temporary or permanent shutdowns, modifications
to the mill, and the campaigning of different types of ore, such as oxidized and unoxidized ore,
through the mill. Typically, the time ore spends in stockpiles is minimized to prevent changes
that reduce the recovery of economic commodities. Ore stockpiles are usually milled prior to
mine closure. Even if ore is changed into wastes by declining commodity prices, milling and
disposal of tailings is usually the most cost-effective method for removing the stockpiled
material to the waste disposal facilities.

Although ore is often only stockpiled for relatively short periods of time, it can release drainage
with unacceptable chemistry if it contains leachable, soluble constituents or if sulphides are
highly reactive. In many cases, the wetting of the ore needed for weathering and leaching is
prevented by:
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o a cover;
° continual addition of fresh ore; or
. limiting the time of exposure.

Where dry ore, especially crushed ore is exposed to the wind, the greatest environmental concern
may be the potential for wind blown dust to contaminate downwind land and water. An indirect
environmental concern with ore stockpiles is the fate and potential drainage chemistry of any
underlying material contaminated by ore and low grade ore stockpiles.

Prediction of drainage chemistry from low grade ore placed in stockpiles is needed because:

o the time of exposure is often longer than that for the high grade ore; and
o poorer than expected economic conditions causing mine closure often make the milling of low
grade ore uneconomic and the low grade ore stockpiles become long term waste rock dumps.

Low grade ore and uncrushed ore typically are produced by the same mining methods and
therefore are likely to have a similar particle size to waste rock.

7.8 Wastes and Sediment from Drainage Collection and Treatment

Collection and treatment of drainage is the primary means of environmental protection at many
major historic and older mine sites. For new mines, collection and treatment is often the only
feasible mitigation strategy for open pits and underground mines producing poor drainage
chemistry and the primary contingency measure where there is significant uncertainty regarding
future drainage chemistry.

Drainage collection and treatment produce two categories of waste:

o wastes produced by drainage treatment; and
o sediment that accumulates in the drainage collection system.

Prediction of the potential drainage chemistry from the waste and sediments will be required to
create disposal plans that provide physical containment and dischargeable drainage or mitigation
plans for any poor drainage chemistry. For example, operators of biological treatment systems
need to predict the composition and future drainage chemistry from the “treatment matrices” that
no longer have sufficient reactivity or hydraulic conductivity and need to be removed or
replaced.

The wide variety of drainage collection and treatment systems produces a wide variety of
different sediments and treatment wastes.
Treatment wastes from active chemical treatment
may be produced daily while substrates from a
treatment wetland may become waste products only
after years or decades. Treatment wastes may be
produced once, such as in the one time treatment of process water after the mine closure, or
seemingly in perpetuity, where there is long term treatment of ARD or neutral pH drainage.

The wide variety of drainage collection
and treatment systems produces a wide
variety of different sediments and
treatment wastes.
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Sediment in the drainage collection system will consist of:

o precipitates produced by evaporation and changes in solubility limits;
o particles eroded along the drainage pathways; and
o debris such as plant material.

Sediment will accumulate in areas with low flow or where the mixing of different drainage
sources causes previously soluble species to precipitate.

The drainage chemistry from the waste and sediment from drainage collection and treatment will
depend on:

o their physical form and chemical composition; and
o geochemical, atmospheric and drainage conditions of the disposal environment
(Figures 7.3 and 7.4).

The physical and chemical properties of the waste and sediment from drainage collection and
treatment, such as chemical phases and speciation, will depend on the:

o chemistry and sequence of mixing of different drainages;
o composition of eroded and excavated surficial materials; and
o materials, methods and geochemistry of the treatment system.

For example, all of the treatment parameters such as agitation rates, sludge recycling, flocculants
type and dose and the iron content of the drainage may impact the geochemical stability of lime
treatment sludge.

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



CHAPTER 7 7-36

L. S TR

rvsmrdes e iy 0

Figure 7.4 High density lime treatment sludge stored on a gravel pad to maintain
aerated conditions.

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



CHAPTER 7 7-37

7.9 Other Sulphidic Materials

Other possible sulphidic materials for which prediction of the drainage chemistry may be
required include:

o non-lithified overburden stripped to access mine workings and create stable foundations for
dams, buildings and other mine components;

o bedrock and non-lithified overburden obtained from borrow pits for use in construction;
J waste rock and borrow materials used directly or crushed for use in surfacing roads and
airstrips;

o rock cuts created during the construction of roads or foundations;

o sulphidic materials, such as tailings, ore or concentrate, spilled along load-out,
transportation routes or processing facilities; and

o secondary minerals and amorphous materials along drainage paths or water courses that
have been precipitated or adsorbed from sulphidic drainage discharged into the environment.

Finding construction materials whose future drainage chemistry is acceptable can be a major
challenge at sites where almost all geologic
materials contain elevated concentrations of
sulphide minerals or their oxidation
products.

Finding construction materials whose future
drainage chemistry is acceptable can be a
major challenge.

Secondary minerals and amorphous materials that have precipitated or been adsorbed along
drainage paths or water courses from previous sulphidic drainage may continue to be a cause of
adverse drainage chemistry long after the discharge has stopped (Figure 7.5).

7.10  Co-Disposal of Different Waste Materials and Drainages

Many mine components often contain several different waste materials and drainages from
different sources. Different wastes and waters
may be co-disposed to take advantage of existing
disposal facilities, similar disposal requirements
and reduced costs. For example, waste rock that
needs to be flooded can be placed in a flooded
tailings impoundment. Both tailings and waste rock may be used as backfill for structural
support in an underground mine.

Different wastes and waters may be co-
disposed to take advantage of existing
disposal facilities, similar disposal
requirements and reduced costs.

A complete inventory is required of the physical properties, drainage properties and geochemical
composition, including the relative location and potential interaction of different materials, no
matter how small. Often, the problematic drainage chemistry from co-disposed material comes
from a relatively small portion of the mass that is far more reactive, under existing or new
geochemical conditions.

Wastes are co-disposed, either by mixing them prior to disposal or by placing them in the same
disposal location. Domestic sewage and residues from drainage treatment can be mixed with
tailings prior to disposal during active mining, but must be disposed of on the surface after the
milling stops.
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Figure 7.5 Materials that have precipitated along water courses may continue to affect their
drainage chemistry long after the discharge has stopped.

Tailings impoundments and pit lakes are often a convenient short term solution to the problem of
where to dispose of problematic materials such as weathered exploration wastes, material
cleaned out of settling or collection ponds, treatment waste products or off-spec site drainages.
Table 7.3 lists the large number of different materials placed in one particular tailings
impoundment.

Table 7.3 An example of the different materials placed in a tailings impoundment.

Tailings 33.7 Mt
Treatment Sludge (95% moisture) 974,385 m’
Bulk Sulphide 30,000 t
Products from a Short Term Arsenic Leach Plant | Unknown
Weakly Acidic Drainage during Mining 4.6 Mt
Sodium Sulphate Landfill 2,500 t
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The contribution of co-disposed materials to the resulting drainage chemistry will depend on their:

o physical and chemical composition;
J disposal location; and
o subsequent weathering and hydrogeologic conditions.

During active mining, materials co-disposed in a tailings impoundment may be buried by the
tailings and their drainage chemistry masked by that of the process water. After mining, the
overlying tailings may reduce air entry into, and contaminant migration from, buried wastes.

An important consideration in the co-disposal of wastes is that changing geochemical conditions
may affect the co-disposed wastes differently. For example, a reduction in the redox potential of
fresh, unoxidized tailings and waste rock in a flooded impoundment will minimize future
oxidation. However, it may also result in the reductive dissolution of ferric iron contained in the
co-disposed oxidized wastes such as lime treatment sludge or roaster wastes, releasing the co-
precipitated trace elements, such as arsenic and zinc, to the water in the impoundment.

Secondary minerals and amorphous materials that precipitate when different drainage
chemistries are mixed can remain problematic
constituents. For example, precipitated metals
from neutralized acidic drainage may be
insoluble while the pH remains alkaline due to
the addition of process water. When the mine
closes and process water is no longer added, chemical reactions, such as the oxidation of
ammonium and thiosalts and the replacement of process water by incident precipitation may
lower the pH to near neutral or slightly acidic. The solubility of the precipitated metals may be
greatly increased under these new pH conditions, potentially resulting in elevated metal
concentrations in seepage or an overlying water cover.

Secondary minerals and amorphous
materials that precipitate when different
drainage chemistries are mixed can remain
problematic constituents.

7.11  Prediction Guidelines for Project Components

A comprehensive review of the properties and processes of the excavations and waste materials
created by the project, and the
resulting project components and
the project as whole, is needed
to ensure a good prediction
program. Such a program could:

A comprehensive review of the properties and processes of
the excavations and waste materials created by the project
and the resulting project components and the project as
whole, is needed to ensure a good prediction program.

o predict the drainage chemistry of all the geologic materials, waste materials, project
components and drainages, including materials produced by segregation, mass wasting,
erosion and weathering (Section 3.2 and Chapter 6);

o predict the drainage chemistry throughout the life of a project and after closure (Chapters 3
and 4);,

o consider the range, variability and temporal changes of all potentially influential
weathering properties and processes (Chapter 6) in the selection of analyses and tests and
the interpretation of results (the following chapters);

o compare the actual drainage chemistry with the predicted performance; and
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o identify previous actions or future developments that alter previous predictions of the
geochemical composition, weathering conditions and the resulting drainage chemistry or
the materials and methods needed to predict the drainage chemistry.

Project plans and properties and processes are always in flux (Section 3.8 and this chapter). A
comprehensive review of the status, properties and processes of the project could occur at regular
intervals and whenever there are major changes to present, proposed or predicted project, site or
weathering conditions. These are discussed in the following subsections.

7.11.1  General Properties and Processes of a Project

General properties and processes of a project that would be useful to measure, track and record
in a project inventory are the following:

. project history, present stage, future developments and changes to plans that were the basis
of previous drainage chemistry predictions;

o excavation methods, resulting excavations (e.g. open pits, underground workings and
quarries) and material excavated (e.g. ore, waste rock and non-lithified overburden);

o processing methods (e.g. concentrator, roaster, cycloning and desulphurization), facilities
and material produced;

o waste materials (e.g. waste rock, tailings, products of effluent treatment, soil and other
forms of non-lithified overburden, sediment removed from drainage collection structures
and mixtures or modifications of the previous materials such as desulphurized or cemented

tailings);
o other materials such as galvanized steel or residual blasted rock;
o project components (e.g. waste rock dumps, tailings impoundments, excavations, foundations,

roads, dams and other infrastructure) and their construction methods and materials;

o materials produced during and after excavation, processing and deposition by segregation,
mass wasting, erosion and weathering;

o drainage inputs, drainage conditions, flow paths, mixing of different drainage chemistries,
levels and fluctuations in flooding, drainage discharges and water management features;

o atmospheric conditions — air quality, oxygen supply and temperature; and

o any mitigation methods.

Information on the following could be collected for each geologic unit and proposed or existing
excavation, waste product, project component and material created by segregation, mass wasting,
erosion and weathering:

o date of excavation, production and exposure to weathering, leaching and other forms of
disturbance, marking the start of weathering and oxidation;

° location and site conditions; and

o rate of production, volume, tonnage, dimensions and any amendments added to each
project component.

It would also be useful if the information provided on the general properties of the project would
include plans and maps showing the site and project components (Chapter 6). Site plans should
show the pre- and post project topography and the location of project components, natural
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drainage features and water management features (Figure 6.2). Plans for individual project
components could show the location of the different geologic units, waste products, mitigation
measures and drainage features.

7.11.2  Physical Properties and Processes

Physical properties of each proposed or existing excavation, waste product and project
component that can be measured, tracked and recorded in a project inventory include the
following:

particle size distribution;
particle surface area;
structure; and

particle strength.

The particle surface area of large coarse fragments is logistically very difficult to measure. This
coarser portion, which can be most of the mass of waste rock (Section 7.4.2), is often omitted in
most measurements of the particle size distribution of waste rock.

Because of their impact on weathering conditions and leaching, the particle size, strength,
structure and surface area must be considered in the selection and design of tests and the
interpretation of results. This is highlighted in the following chapters.

Through time, changes may occur in physical properties due to processes such as particle
fracturing, breaking, compaction, migration and precipitation. Because these processes may impact
drainage chemistry, it is important that they be considered in the prediction of drainage chemistry.

7.11.3  Hydraulic Properties and Drainage Conditions

Hydraulic properties and drainage conditions that could be measured, tracked and recorded in a
project inventory in order to develop an understanding of the weathering conditions and rate of
leaching for each proposed or existing waste product and project component and for the project
as a whole are:

. climate, topography, hydrology and hydrogeology of the site (Chapter 6);

J hydraulic properties of each geologic unit or waste product combination in each project
component;

o mining activities, such as water use, flow, pumping and the volume of water added with
tailings;

. rates and locations of other drainage sources and drainage losses and the resulting leaching,
flow paths, water balance, rate of flooding and the height and fluctuations in the height of
the water table of each project component; and

o site water management, mitigation measures and other activities or events that may impact
the above.
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The source, rate, location and chemistry of drainage inputs, losses, discharges, leaching, flow
paths and flooding are needed to predict the:

water balance;

rate of flooding;

fluctuations in height of the water table;
discharge location(s);

solubility; and

loadings.

Hydraulic properties and drainage conditions of project components that may significantly affect
weathering conditions, rates of leaching, drainage chemistry and loading and that should be
considered in the selection of prediction analyses and tests and the interpretation of results
include the:

chemistry of drainage inputs;

cemented or compacted layers with a relatively low hydraulic conductivity;
relative rates of sulphide oxidation and leaching; and

occurrence of permanent or periodic saturation or flooding.

The formation of cemented or compacted layers with a relatively low hydraulic conductivity may
reduce the infiltration of incident precipitation and increase lateral surface or near-surface
seepage and leaching of the underlying strata.

Relatively high rates of sulphide oxidation compared to leaching may result from sulphidic
geologic materials with large particle surface areas, high sulphide mineral concentrations, or low
drainage inputs. Relatively high rates of sulphide oxidation compared to leaching result in the
following occurences.

o Concentrations of contaminants of concern in the discharge are a function of the solubility
of secondary minerals rather than the rate of sulphide oxidation.

o Weathering products progressively accumulate in the project components.

o Contaminant loadings will increase if drainage inputs increase or changes in drainage
chemistry increase mineral solubility.

Saturation or flooding will decrease the oxygen supply and the rate of sulphide oxidation, but
may increase the rates of leaching. The
degree to which this may happen will
depend on the residual oxygen
concentration, the rate of flow of the
drainage and the duration of aerobic
weathering conditions prior to flooding. Periodic saturation or flooding may increase the rate of
leaching and contaminant discharge.

Saturation or flooding will decrease the oxygen
supply and the rate of sulphide oxidation, but
may increase the rates of leaching.

The monitoring of drainage conditions on or around project components can include the
following.
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. Climate stations and snow courses, which monitor incident precipitation, snow depth and
water content, infiltration, evaporation and transpiration, can be used to estimate drainage
inputs from incident precipitation.

° Piezometers, which monitor the height of the water table, can be used to estimate the levels
of seasonal leaching and permanent saturation.

o Weirs, which monitor surface water flow, can be used to estimate discrete drainage inputs
and outputs.

J Automatic samplers and standpipes can be used to collect samples of discrete drainage
inputs and outputs and drainage beneath project components.

Site monitoring of climate and flows of surface waters and groundwaters is required to estimate
drainage inputs and losses. Where possible, inputs and outputs and a water balance should be
derived for individual project components and sub-watersheds for the range of operating, closure
and climatic conditions.

The sub-surface components of water inputs or discharge may be difficult to measure and are
thus sometimes estimated by subtracting other components from the total inputs or discharge.
Such mass balance calculations of sub-surface drainage are not reliable where there are both
sub-surface inputs and discharges or the magnitude of other components of water inputs or
discharge, such as infiltration through a cover, are uncertain.

When predicting future drainage chemistry, it is important to consider the temporal changes in
drainage properties and processes due to
individual climate events, seasonal and annual
climate differences and longer term climate
changes. Seasonal differences in drainage
may have a large impact on water inputs, and
should be considered when estimating the
rates and locations of flooding, leaching and
drainage discharge (Price, 2005). In addition
to precipitation, other climate influences on recharge result from properties and processes such as
temperature and wind that affect the rates of transpiration and infiltration and the movement and
water content of snow. For example, whether the ground is wet prior to freezing will greatly
impact the rate of infiltration when the snow pack melts in the spring.

When predicting future drainage chemistry,
it is important to consider the temporal
changes in drainage properties and processes
due to individual climate events, seasonal
and annual climate differences and longer
term climate changes.

Sensitivity analysis of the impact of flooding and other major discharge events on drainage
chemistry and loadings may warrant detailed projections of the impact of extreme short and long
term climatic events on portions or all of the site’s water balance. The input data and resulting
site water balances should be periodically updated and checked against pre-project estimates.

7.11.4  Atmospheric Properties and Processes

Information on the following properties and processes can be measured, tracked and recorded in
order to develop an understanding of how atmospheric conditions may affect the weathering
conditions for each proposed or existing excavation, waste product and project component:
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climate of the site (Chapter 6);

weathering reactions and composition of the pore gas;

temperature;

particle size and structure;

drainage conditions; and

site management, mitigation measures, climate change and off-site activities or events that
may impact the above.

Atmospheric properties and conditions such as temperature, a lack of oxygen supply and wind
erosion may play a major role in determining the weathering conditions and the resulting
drainage chemistry. Therefore, they must be considered in the selection and design of tests and
the interpretation of results.

The monitoring of atmospheric conditions in or around project components can include climate
stations which monitor temperature, wind speed and direction and atmospheric pressure.
Sediment traps can be used to measure wind erosion. This apparatus can be used to measure the
surface oxygen flux.

Monitoring wells with ports providing access to the oxygen concentration and temperature of the
pore gas at different depths in the project component can be used to identify areas where:

o low air permeability greatly reduces the oxygen supply, minimizes the rate of sulphide
oxidation and limits the supply of weathering products;

o permafrost may minimize the rate of sulphide oxidation and limit the supply of weathering
products; or

J high temperatures may greatly increase the rate of sulphide oxidation.

The rate of sulphide oxidation may depend on the rate of oxygen supply rather than the oxygen
concentration at any one time and therefore monitoring of the oxygen concentration should be
done over a period of time. In other words, depletion of oxygen may be primarily due to oxygen
consumption by rapid sulphide oxidation rather than a lack of oxygen supply.

Temperatures can be used to:

J scale-up reaction rates from laboratory studies;
. locate zones with high rates of sulphide oxidation; and
. track changes in the rate of sulphide oxidation.

Heat produced by sulphide oxidation may result in temperatures within project components
exceeding ambient air temperatures. Heat and high solute concentrations produced by sulphide
oxidation may prevent permafrost from forming in waste rock, despite the fact that it may occur
in the surrounding ground. Surface evidence of high temperatures within a project component
includes surface venting of hot air, snow melt and dead vegetation. Climate change may further
increase temperatures and reduce the extent of freezing.
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Modeling may be used to estimate rates and locations of atmospheric inputs, losses, flow paths
and discharges. @ Modeling requires a good
understanding of the physical and drainage
properties of the project component and thus is
not a substitute for site specific information
(Chapter 6). Due to the limitations in measuring
or predicting physical and drainage properties, detailed monitoring of properties such as
concentration of oxygen, temperature and surface oxygen flux is needed to develop a model and
verify the results.

Modeling requires a good understanding
of the physical and drainage properties
of the project component and thus is not
a substitute for site specific information.

7.11.5  Geochemical Properties and Processes

Information on the following geochemical properties and processes would be useful to measure,
track and record for each geologic unit (Chapter 6), proposed or existing waste product and
project component (preceding sections of Chapter 7), and for the project as a whole:

° geology;
o initial geochemical composition;
o weathering properties and processes, the resulting changes in geochemical composition and

contaminant migration;
o chemistry and loadings of drainage inputs, internal drainage and drainage discharge; and

o site management, mitigation measures and off-site activities or events that may impact the
above.

Information on these properties and processes can be derived from:

J analyses of different aspects of the geochemical composition of geologic units, waste
products and project components;

o kinetic tests and monitoring of the resulting weathering of geologic units, waste products
and project components;

. monitoring of the chemistry, suspended sediment concentrations and flow of drainage
inputs, internal drainage and drainage discharge;

o monitoring of physical, drainage, atmospheric and weathering conditions; and

o plans and records of mining activities.

The types of information and the level of detail required for each geologic unit, waste product
and project component will depend on the potential variability of the drainage chemistry and
environmental impacts, mitigation measures and depositional environment.

Of great importance for sulphidic geologic materials is the relative rate of exposure through time
of acid generating versus acid
neutralizing minerals and the cumulative
exposure of reactive minerals that
contain elements of environmental
concern. The geochemical properties of
each geologic unit and waste product in
each project component is important

Of great importance for sulphidic geologic materials
is the relative rate of exposure through time of acid
generating versus acid neutralizing minerals and
the cumulative exposure of reactive minerals that
contain elements of environmental concern.
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because only a small proportion of the mass may be responsible for the majority of the
deleterious drainage.

Although the primary focus is often on the geochemistry, other factors such as physical, drainage
and atmospheric properties and processes, such as particle size, hydraulic conductivity, air entry
and temperature may also play an important role in determining weathering conditions and the
resulting drainage chemistry. In addition to the dissolution of weathering products, other
potential chemical inputs to drainage chemistry include different types of atmospheric inputs and
dissolved and suspended sediment in the drainage.

The prediction program should consider all elements, minerals and drainage pH values as well as
consider using measurements of the past and present geochemical composition, weathering
properties and processes and resulting drainage chemistry to predict future drainage chemistry.
It is important to recognize that many key properties and processes are in flux and their rate,
location and chemistry may change with time.

Another important consideration is the need to predict the drainage chemistry of all geologic
materials and consider the range and variability of all potentially influential properties and
processes.  While concentrations of key geochemical parameters, such as the pyrite
concentration, might be orders of magnitude lower in geologic materials outside the main area of
mineralization, these lower concentrations coupled with other site specific properties and
processes, such as elevated trace element concentrations and a sensitive receiving environment,
might still be capable of producing unacceptable environmental impacts.

7.11.6  Conceptual Models of the Project, Site and Project Components
Conceptual models of the overall project and site are needed to develop an overall picture of:

o the spatial and temporal relationships of different project components;

o the exchange of solids and water among different project components, the rates of
exchange and any discharge to the environment;

J the disturbance, exposure, excavation and reworking of geologic units, their distribution
among different mine components and where they are deposited; and

o the depositional conditions for each waste type/ exposure type/ geologic unit combination.

A site specific conceptual model is a good method for appreciating and communicating the
magnitude, spatial layout and interactions
A site specific conceptual model is a good between potential sources, pathways and
method for appreciating and communicating receptors of drainage chemistry and
the magnitude, spatial layout and interactions | ensuring all properties are considered.
between potential sources, pathways and Conceptual models will help in the
receptors of drainage chemistry. assessment of potential concerns, influential
properties and processes, and information
requirements. They will also aid in the interpretation of analysis and monitoring results and help
ensure that the program predicts the drainage chemistry of all geologic materials and project
components.
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The information on the site and project components in conceptual models include: the type of
wastes and mine workings and their geologic composition, excavation methods, materials
handling, deposition, drainage inputs and outputs, flow paths to the environment and other
relevant properties and processes contributing to drainage chemistry and its potential impact.
The model should be refined periodically throughout the life of the project and whenever there
are major changes to the site or project components.

Different models will likely be required to depict different aspects of the project. Figures 2.1,
3.6, 7.6a and 7.6b are examples of different conceptual models. Figure 7.6a is a conceptual
model of the mine workings and waste materials showing the movement of solids between
different project components. Figure 7.6b uses a similar conceptual model of the mine workings
and waste materials to show discrete drainage sources, pathways and discharges for the different
sulphidic site components. Figure 2.1 shows the waste type, management unit and mitigation or
disposal strategies for different geologic units. Figure 3.6 is a model of potential loadings from
different site components showing their relative impact on the receiving environment if there is
no mitigation.
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Figure 7.6a Conceptual model of the mine workings
and waste materials showing the movement of solids between

different project components.
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Figure 7.6b Conceptual model of drainage sources, pathways and
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7.11.7 Additional Prediction Guidelines for Excavations

The potential sources of deleterious drainage in excavations that need to be considered in the
prediction of drainage chemistry include (Section 7.2):

mine walls;

fractures and talus associated or produced from the mine walls;
backfill;

residual blasted rock; and

other materials such as galvanized steel.

When first excavated, mine wall surfaces and fractures and the residual rock particles from the
blast will be the largest surface area.
Over time, backfill and/or talus
produced by wall collapses may
become a much larger surface area and
the largest source of weathering
products in mine workings. Wall
collapses and the particle surface area
of talus will be relatively small if the excavation voids are almost entirely backfilled.

When first excavated, mine wall surfaces and
fractures and the residual rock particles from the
blast will be the largest surface area. Over time,

backfill and/or talus produced by wall collapses may
become a much larger surface area and the largest
source of weathering products in mine workings.

The leaching of weathering products will depend on the rates and locations of water inputs and
discharges. Flooding, which is a common occurrence in excavations, has a major impact on
weathering conditions and the rate of leaching. The drainage chemistry from areas of flooding
and the analyses and test work needed to predict their performance will depend on:

where flooding will occur;

materials in the flooded excavation;

weathering conditions and time of exposure prior to flooding; and
location, rate and direction of flow and discharge within flooded workings.

Excavation of mine workings will cause both temporary and permanent changes to drainage
inputs and discharges. Major water inputs and flow paths should be measured and mapped prior
to abandonment of mine workings. Drainage sources that result in relatively rapid leaching in
open pits should be at least visible even if they are inaccessible after mine closure. Major
inflows and the influence of wall collapse on flow paths and relative leaching rates will be more
difficult to monitor in underground mines.

An important part of the prediction for mine workings will be the identification of materials with
a high rate of leaching, a sizeable surface area, and a potentially problematic geochemical
composition, as well as conditions conducive to their weathering. The importance of these areas
has been illustrated at a number of sites by the high rates of contaminant loadings from relatively
small masses of high sulphide rock, blasted just prior to mine closure and left in a region of high
leaching, instead of being removed.
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7.11.7.1 Prediction Prior to Excavation

During project planning, the location of the final mine walls and likely areas of flooding can be
estimated from the mine plan and site hydrology and hydrogeology. Information on the geology,
mineralogy and geochemistry of the walls can be obtained from analyses and tests conducted on
samples from drill core taken from the predicted wall locations. Fracture density, rock strength
and rapidly weathering minerals and rock can be used to predict geologic materials that are likely
sources of talus and to estimate their geochemistry and mineralogy.

Pre-mine prediction for backfill can follow the procedures for waste rock, tailings products and
other backfill sources, with modifications for any differences in materials handling, reprocessing,
amendments or segregation as a result of backfilling. Properties and processes of waste rock and
tailings backfilled in mine workings that may have an effect include the following:

o low air permeability and hydraulic conductivity may result in low rates of sulphide
oxidation and the preferential flow of drainage around rather than through backfilled paste
tailings;

o cement may reduce air permeability and hydraulic conductivity, provide extra

neutralization potential (NP) and produce an alkaline drainage pH;

. the relatively high solubility of cement may result in its faster depletion compared to other
NP sources if cemented backfill is leached or flooded; and

o collapse or mass wasting of backfill will increase the surface area, potentially increasing
the rates of weathering and leaching both within the backfill and the surrounding mine
walls.

The presence of exploration drifts and adits may provide an opportunity to measure
compositional differences between whole rock and fractures and talus, rates of weathering and
the resulting drainage chemistry prior to mine development.

7.11.7.2 Prediction during Excavation
During construction, mining and processing, it would be important to perform regular

operational sampling and analysis, kinetic testing and monitoring of weathering and resulting
drainage chemistry on:

° backfill;
° final walls; and,
° notable areas or masses of talus, fractures, blasted materials left in the excavations.

The results could be tracked and recorded, with regular reviews conducted of the existing
excavations and future mine plans to identify when final mine walls will be exposed and any
changes in proposed final wall locations. In addition to the analyses, testing and monitoring, the
data collected could include:

o surveys of the elevations and dimensions; and
o visual descriptions of geologic features.
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Operational sampling, analysis, test work and monitoring of backfill should follow the
procedures for waste rock, tailings products and other backfill sources, with modifications for
any differences in materials handling, reprocessing, amendments or segregation.

Characterization of the final mine walls typically consists of sampling and analysis of rock chips
collected along a transect over an area or mass. The number and spatial distribution of
composited sub-samples and the transect width will depend on factors such as the geology and
mining practices. A typical transect width is that of a drift, which is approximately 4 to 5 m.

The monitoring of drainage from seeps and mine wall stations can be used, along with

— - compositional data, to characterize weathering
The monitoring of drainage from seeps and and the resulting drainage chemistry of

mine wall s_ta_ltions can be used, anng with backfill and final walls. Changes in surface
compositional data, to characterize composition due to weathering should be
Weath?rmg and the_resultln_g drainage monitored on representative materials where
chemistry of backfill and final walls. access is still available. Field test pads should
be located in accessible locations for materials
that are going to become inaccessible. Monitoring the rate of flow and chemistry of noticeable
drainage inputs, flow paths and discharges would create a water balance and to assist the
drainage chemistry prediction. Drainage monitoring should include process water added with
backfill and drainage pumped from sumps.

Review of the differences between fine and coarse particles of waste rock with similar geologies
as the mine walls may indicate likely mineralogical and geochemical differences between the
whole rock and the composition of future fracture surfaces and talus fines.

7.11.7.3 Prediction for Closure Planning and After Closure

At closure, it would be useful if the project had an inventory of the magnitude and composition
of:

o walls exposed;

° talus and fractures created;
° backfill;
o other residual materials such as blasting powder, hydrocarbons, galvanized steel or rock

that was blasted but left in place; and
o drainage inputs, flow paths and discharges.

Significant changes that occur at closure that may impact prediction or the drainage chemistry
include:

removal of pumps;

shutting off air supply;

stopping measures used to maintain access; and

stopping water inputs through backfill or activities such as drilling.

Monitoring should continue if necessary and possible after closure.
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A lack of access soon after the final benches or portions of underground workings are completed
may make it difficult to measure properties and processes in flux, such as:

the rate of oxygen entry;

drainage input rates and chemistries;

the magnitude and geochemistry of talus; and
weathering conditions and rates in talus and backfill.

A lack of access may be due to unsafe air or ground conditions or physical barriers. Unsafe
ground conditions after mining ceases may result from a:

° rebound in the water table;
o decrease in the strength of bedrock; and
o lack of maintenance measures to increase ground stability.

A lack of oxygen may restrict entry into underground workings no longer supplied with air.

— - Monitoring equipment should be used to
Monitoring equipment should be used to check the | check the atmosphere, and breathing

atmosphere, and breathing apparatus may be apparatus may be required when entering
required when entering confined mine workings or | confined mine workings or monitoring

monitoring locations where there is no air supply. | Jocations where there is no air supply.

Physical barriers that prevent access may result from mining activities, flooding or the
deterioration in ground conditions. Planned mining activities that create physical barriers
include:

placement of backfill;

removal of access routes;

blocking openings to prevent unauthorized entry; and
building bulkheads to flood portions of the workings.

Access ramps in open pits may be removed by mining or wall failures. Rock failures and local
flooding may block adits and access ramps in underground mines. One potential solution to a
lack of access by vehicle or foot is to use drill holes to lower monitoring and sampling
equipment into closed portions of an underground mine. Examples of the types of remote
monitoring include:

o pressure gauges in bulkheads and piezometers to measure the height of flooding;
o monitoring wells to measure the oxygen concentration and temperature; and
o automatic samplers and standpipes to sample water.

Field trials should be constructed in more secure locations to monitor weathering conditions,
rates and drainage chemistry where a lack of access prevents in-situ monitoring. Field trials
should also be constructed to monitor weathering and drainage chemistry where operational
conditions, such as the addition of process water with backfilled tailings, delay weathering.

Field trials should be constructed:

o from a representative range of materials;
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o in a location with similar weathering conditions;
° in a location that will remain accessible; and
o as soon as the material is available.

Given the unique temperature conditions underground, if possible, field trials used to predict or
monitor the performance of underground materials should be located in a portion of the
underground workings that will remain accessible during and after mining.

7.11.7.4 Dealing with Uncertainty
A major challenge in the prediction of drainage chemistry from excavations is the uncertainty
regarding many potentially important properties and processes. These include uncertainty in the
following:

final mine plan;

rate and location of mass wasting and subsidence;

location, drainage inputs and discharge through fractures and drill holes; and

future atmospheric and drainage conditions, such as the oxygen supply, flooding and leaching.

This in turn results in uncertainty regarding:

° location of final mine walls;

o impact of subsidence and wall collapse on drainage inputs, discharge locations and flow
paths;

o particle surface area and geochemical composition of the talus;

o drainage losses through fractures, drill holes and down gradient discharge locations;

o oxygen supply; and

o rates of leaching and flooding in different areas of the workings and the backfill.

The difficulty in measuring and predicting many key properties and processes in open pits and
underground workings may mean there are a number of potential outcomes regarding the
chemistry, locations and rates of discharge (Price, 2004 and 2005). If possible, the prediction
program should identify gaps in understanding and address them through additional prediction,
sensitivity analysis, monitoring, studies, adaptive management and contingency plans (Chapter 3).

Mine plans often change (Section 3.14), for example the location of the final mine walls may be
changed. Changes to mine plans may also alter drainage and air inputs and outputs, potentially
altering weathering and leaching conditions. The predicted geochemistry of fracture surfaces
and talus fines and the resulting drainage chemistry from mine workings need to be updated
whenever there are changes to mine plans. Until the final walls are excavated, kinetic studies
should be conducted on materials covering the range in the potential wall composition.

Uncertainties regarding the rate and location of mass wasting and subsidence will contribute to
the uncertainty regarding local drainage, air, flow, weathering and leaching conditions. Mass
wasting, subsidence and the collapse of backfill will increase the surface area available for
weathering and may change the rate of air entry, drainage conditions and the rates of weathering
and leaching. For example, a large underground rock fall may block drainage, thus flooding and

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



CHAPTER 7 7-54

minimizing weathering in one area while diverting drainage and increasing the leaching of
weathering products in another part of a mine. Surface subsidence will increase air and drainage
inputs, at least in some portions of an underground mine.

Another source of uncertainty regarding air movement and drainage inputs and outputs is the
uncertainty regarding whether fractures and drill holes in the mine workings are connected to the
surface or to other regions of the mine workings. Ground collapse may increase these
connections, changing air movement and water inputs and outputs and altering the weathering
and drainage conditions.

7.11.7.5 Prediction Errors

A common error in past predictions for excavations has been the erroneous classification of rock
as “lacking sulphides and therefore not capable of generating deleterious drainage” based on:

o geologic models of the area of mineralization;
o extrapolation of analytical results from rock of similar lithology; or
o visual assessment of the sulphide concentration in drill core or mine walls.

Geologic models, extrapolation of results and visual assessments are potentially inaccurate.
Therefore, detailed laboratory analysis and testing of spatially and geologically representative
samples would be useful in determining geochemical properties such as the sulphide
concentration, predicting the drainage chemistry and assessing whether the drainage chemistry
will have a potential environmental impact (Price, 2004).

Another previous prediction error in excavations has been the failure to account for residual
materials such as blasting powder, hydrocarbons, galvanized steel or rock that was blasted but
left in place when the mine closed.

7.11.8  Additional Prediction Guidelines for Waste Rock and Waste Rock Dumps

Potentially important properties of waste rock and waste rock dumps, and processes occurring
therein, that need to be considered in the prediction of drainage chemistry include the following
(Section 7.4):

. waste rock can include a large number of different rock types with different
geochemistries, susceptible to different weathering reactions and producing very different
drainage chemistries;

o the volume of waste rock and the height and width of waste rock dumps can be very large;

o waste rock has a wide range in particle size, ranging from car to dust size;

o coarse sized particles constitute typically 70 to 90% of the waste rock mass but a relatively
small proportion of the mineral and particle surface area exposed to weathering;

. fine sized particles typically contain most of the mineral and particle surface area, and
therefore the drainage chemistry from waste rock is primarily a function of their
geochemical composition, weathering and leaching;

o particle size segregation and compaction during excavation, movement and deposition of
waste rock can result in large differences in particle size distribution and structure in
different layers or depths of a waste rock dump;
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o portions of a dump may experience relatively little leaching; and
o flushing occurs seasonally and during high flow events, and the extent may vary from year
to year.

Information on the masses and distribution of different rock types, along with the physical,
atmospheric, drainage and geochemical properties of the site, waste rock and dump will be
needed to:

o select sampling and analysis procedures;

o scale-up test work results; and

o determine the contribution of the different geologic types of waste rock to weathering and
leaching and the drainage chemistry and loadings as a whole.

There can be a wide range of potential construction uses and disposal options for waste rock in
addition to placement in dumps.
Much of the waste rock may be used
as backfill and in constructing dams,
foundations, runways and roads. It
would be wuseful to make a
comprehensive inventory of all the

There can be a wide range of potential construction
uses and disposal options for waste rock in addition
to placement in dumps. Much of the waste rock may
be used as backfill and in constructing dams,
foundations, runways and roads.

rock types and their uses and forms of disposal on the site.

The relatively low rate of leaching compared to the rate of sulphide oxidation in large waste rock
dumps can result in:

J progressive accumulation of weathering products;

o formation of cemented layers; and

J solute concentrations that depend on secondary mineral precipitation/dissolution rather
than the rate of sulphide oxidation.

Where the rate of leaching is far lower than the rates of sulphide oxidation, an increase in the
inflow rate or a change in chemistry that enhances the ability of drainage to dissolve weathering
products may increase the concentrations and loadings of contaminants even if there is a decline
in the rate of sulphide oxidation.

The accumulation of weathering products and heat from sulphide oxidation will be a function of
the distance to the surface. Heat storage and the accumulation of weathering products will be
lower at the surface of a dump and where thin layers of waste rock have been used to construct
well-flushed foundations, runways and roads. Where the depth of waste rock is relatively thin,
atmospheric properties and processes and mixing with underlying geologic materials may have a
larger influence on weathering conditions and the resulting drainage chemistry.

The large diameter and proportion of coarse waste rock fragments have a large influence on the
properties of waste rock, processes occurring therein, and the resulting predictions. For example,
predominantly coarse waste rock dumps can be assumed to be well drained, with high air
permeability, convective air movement and aerobic weathering conditions, unless the dump is
located in a flooded impoundment, water body or area of drainage discharge.
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Information on the particle size distribution, particle surface area and particle breakdown of
waste rock may be needed to:

o scale-up test work results;
o predict future geochemical, atmospheric and drainage properties; and
o determine the contribution of different rock types to the drainage chemistry and loadings.

The large size and weight make it very difficult to collect, sample and measure the mass of the
largest waste rock particles from underground mines and the boulder sized coarse fragments
from open pit mines. The upper limit of coarse fragments in samples of waste rock is typically
stone sized (~ 12 cm).

7.11.8.1 Materials Used for Analysis and Test Work
The objectives in sampling waste rock or materials that will become waste rock are to:

o determine spatial, geologic and particle size differences in composition; and
o obtain materials for kinetic weathering tests.

Waste rock analyses and test work are done on different types of material during different stages
or phases of a project, including the following:

pre-mine on drill core and materials excavated from exploration adits or bulk samples;
pre-blast on blast hole cuttings;

post-blast on waste rock from the excavation faces or the disposal location; and
post-disposal on waste rock from holes and trenches in dump surfaces or drill chips from
holes drilled in the dump.

The objective of each phase of analysis and test work is to fill information gaps and verify
previous results regarding important spatial, geologic and physical properties.

Since coarse fragments typically make up the majority of the waste rock mass and fine particles
have most of the mineral surface area and potentially different mineralogy, it is important to
identify whether the analysis and test work are from samples of the entire particle size
distribution or a specific particle size. Drill core and blast hole cuttings, the two most commonly
sampled materials, represent entire particle sizes. Rock chip samples taken from mine walls or
surface bedrock exposures also represent entire particle sizes.

7.11.8.2 Prediction Prior to Mining

Prior to mining, geologic descriptions, block modeling and the mine plan can be used to
estimate:

locations and masses of different geologic types of bedrock that will become waste rock;
when different areas and geologic types of waste rock will be excavated;
where and how different zones and geologic types of ore rock will be stored; and

where different zones and geologic types of waste rock will be placed within waste rock
dumps.
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The locations of different geologic types of bedrock should be shown on geologic maps and
cross sections of the excavations and future dumps.

Prior to mining, exploration drill core usually provide the best spatial coverage of the materials
that will become waste rock. This information from drill core can be supplemented by
information from samples of:

o waste rock from exploration adits and bulk samples; and
o weathered rock outcrops and non-lithified surficial materials.

Exploration drill core is primarily located in areas of potentially economic rock and may not
exist for all the proposed areas of
excavation. For example, drill cores
may not be available for areas such as
the perimeter or bottom of the
excavation. Thus, prior to mining, extra
drill holes or contingency plans may be
required for waste rock characterization.

Exploration drill core is primarily located in areas
of potentially economic rock and may not exist for
all proposed areas of excavation. For example,
drill core may not be available for areas such as
the perimeter or bottom of the excavation.

Prior to mining, it would be useful to conduct kinetic weathering tests on waste rock from
exploration adits or bulk samples if these materials exist and have one or more of the
compositions that need to be tested. Due to the often limited extent of exploration adits or bulk
samples, drill core is likely to be the only source for at least some of the materials whose
composition is of concern and may require kinetic testing. Samples of drill core should be
crushed to produce the particulate test material needed for kinetic weathering tests such as
humidity cells or columns. Analysis of the composition of the coarse and fine size fractions (e.g.
size fractions > and < 2 mm) of the crushed test material should be conducted before and after
the kinetic test.

Prior to mining, atmospheric and drainage properties and processes that will influence
weathering and leaching can be predicted from the following:

o information about the site topography, climate, hydrology and hydrogeology (Chapter 6);

o project plans for the size, location and physical and geochemical properties of the waste
rock and waste rock dumps; and

o project plans for site water management.

7.11.8.3 Prediction from Analysis and Test Work on Samples

Prediction of the drainage chemistry based on the analysis and test work results from samples,
such as drill core, blast hole or rock chip samples, should consider the degree to which the
composition of the samples may differ from that of the finer sized particles that will contain most
of the weathering surface area of the resulting waste rock. Geochemical criteria for the
classification or segregation of waste rock based on analytical results from drill core and blast
hole cutting samples may require correction or safety factors to account for potential differences
in composition between the fine sized particles and the “waste rock as a whole”. The correction
or safety factors will depend on the mining methods and the properties of the rock.
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Prior to mining, prediction of future geochemical differences between the smaller, reactive
particles and the whole-rock of different geologic units in the waste rock may be obtained by:

o analyzing the coarse and fine sized particles of waste rock from exploration adits or bulk
samples removed for processing test work;

J visual or petrographic analysis of drill cores; and

o slaking or coarse crushing drill core samples to simulate the production of reactive fines by
blasting and material handling.

The objective in visual or petrographic analysis will be to distinguish areas with fractures, planes
of weakness and weak inter-grain cohesion that are likely to report preferentially to the finer
particles from the more cohesive, stronger bedrock. Sub-microscopic techniques, such as
scanning electron microscopy, may be needed in conjunction with petrographic analysis to
determine if there are mineralogical differences between the different types of rock.

7.11.8.4 Analysis of Blast Hole Cuttings

Blast hole cuttings are spatially and geologically representative of all the materials that will
become waste rock. These can be advantageous
because time is usually insufficient to sample and
analyze the waste rock after a blast, review the
results and decide on disposal options. Therefore,
analysis of blast hole cuttings is typically used to:

Blast hole cuttings are spatially and
geologically representative of all the
materials that will become waste rock.

. verify pre-mine predictions of geochemical composition;

J make decisions about waste rock segregation and disposal; and

. fill in information gaps where the drill core, exploration adits or bulk samples analyzed
prior to mining did not cover the entire spatial distribution or geologic variability or were
not in sufficient density.

Other reasons for using the analysis of blast hole cuttings to characterize waste rock are that:

o blast holes are surveyed and their position is accurately known;

o blast hole cuttings are routinely sampled to determine the ore or coal grade, there are
savings in time and resources, as well, existing personnel and procedures can be used if the
same samples and sample preparation can be used for drainage chemistry characterization;

o mine geologists typically routinely describe the geology of the chips or the surrounding rock;

o samples of a cross section of the cuttings will provide a composite sample of a bench
height in that location; and

. the lack of traffic and ground instability makes sampling blast hole cuttings safer and less
disruptive to the mining operation than sampling post-blast waste rock at the excavation
faces or the disposal location.

The limitation in using the analysis of blast hole cuttings to characterize waste rock is that they
do not reflect potential biases among particle sizes (see discussion above). Correction factors
and subsequent sampling and analysis of post-blast waste rock are needed to verify predictions of
the composition of the finer sized particles based on analysis results from samples of drill core
and blast hole cuttings.
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7.11.8.5 Prediction during Waste Rock Excavation and Dump Construction

The following observations and measurements can be made during excavation of waste rock and
dump construction:

o masses of different geologic units reporting to the waste rock, where and when they were
excavated and where, how and when they were placed within waste rock dumps;

o waste rock composition, such as the proportion of fines, Acid Base Accounting results and
elemental concentrations;

o waste rock weathering rates;
o methods of dump construction; and
o characteristics and location of structural features in the dumps, such as coarse rock

chimneys and rubble zones.

Information on the masses of different geologic units reporting to the waste rock and where and
when they were excavated will come from the logging of blast hole cuttings. Information on
where, how and when different geologic units were placed within waste rock dumps must come
from the records of dump construction.

Information on the waste rock composition will come from regular operational analysis of:

o blast hole cuttings sampled just prior to blasting (Section 7.11.8.4); and
J post-blast waste rock sampled at the excavation face or the disposal location prior to
incorporation in the dump.

The primary operational source for information about the composition of waste rock is usually
analysis of blast hole cuttings.

Analysis of the post-blast waste rock done on both fine and coarse particle size fractions will
indicate whether there are geochemical differences between the:

o relatively reactive finer particle size fractions and the the relatively unreactive coarser
particle size fractions, and

J relatively reactive finer particle size fractions and pre-blast drill core or blast hole cuttings
from similar locations.

Regular operational sampling and analysis of the finer and coarser particle size fractions of post-
blast waste rock is used to
verify criteria for pre-blast
drill core or blast hole cutting
data for classifying and
segregating  waste  rock.
Differences in the composition of pre-blast drill core or blast hole cuttings, which are both whole
rock samples, and the finer particle size fraction of the resulting waste rock may result from:

Regular operational sampling and analysis of the finer and
coarser particle size fractions of post-blast waste rock is
used to verify criteria for pre-blast drill core or blast hole

cutting data for classifying and segregating waste rock.

. minerals preferentially reporting to fine sized particles; and/or
o other geochemical variability that affects the finer and coarser sized particles differently.
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Fine and coarse particle size fractions are separated by sieving. The diameter of the finer,
relatively reactive particle size fraction is somewhat material specific. Most sites use a sieve size
around 2 mm to segregate the finer and coarser particle size fractions. It should be noted that 2
mm is the particle size used to segregate soil from gravel in soil science. The rationale that a
specific particle size fraction contains most of the reactive surface area is rarely checked.

The relative weight of the fine and coarse particle size fractions will be needed to calculate the
whole-rock composition of the post-blast samples so it can be compared with the results from
previous drill core or blast hole samples.

The extremely large weight and size of the largest waste rock particles usually makes it
practically impossible to measure their percent weight. Due to this logistical problem, typically:

o the upper limit of sampled and analyzed coarser fragments in waste rock samples is stone
sized (~ 12 cm); and

o the geochemical composition of the stone sized fraction (~ 12 cm to 12 mm) or the stone
and gravel sized fraction (~ 12 cm to 2 mm) is assumed to be representative of the entire
coarser sized fraction.

The particle size distribution of post-blast waste rock samples can be measured by conducting
more detailed particle size analysis on sub-samples of the coarser and finer sized fractions.

Information on waste rock weathering rates and conditions will come from the monitoring of
weathering in:

o laboratory and field weathering (kinetic) tests run on samples of waste rock; and
o completed dumps and other areas of waste rock disposal.

The wetting of a waste rock dump needed to initiate weathering and leaching may take time,
especially in dry climates. Therefore, as soon as the identity and composition of the waste rock
materials of concern are available, advance field kinetic weathering tests can be established to:

o predict the drainage chemistry;
o measures rates of weathering reactions under site specific conditions; and
o verify results of laboratory tests.

7.11.8.6 Prediction after Dump Construction
The objectives of prediction after dump construction are to:

o determine the composition of waste rock where there was inadequate operational
characterization prior to blasting and during excavation; and

. predict and monitor changes in weathering rates and conditions and in the composition of
drainage chemistry.
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Older mines and a number of relatively recent mines have to predict the composition of
completed dumps because they did not operationally determine the composition of waste rock by
sampling and analyzing the blast hole cuttings or the post-blast waste rock, and their prediction
of future drainage chemistry is inadequate. Ongoing monitoring of weathering conditions and
changes in the composition of sulphidic waste rock is commonly needed to verify predictions
regarding drainage chemistry and the timing

Older mines and a number of relatively of geochemical changes such as the onset of
recent mines have to predict the composition | net acidic conditions.

of completed dumps because they did not
operationally determine the composition of | Samples can be collected from existing waste
waste rock by sampling and analyzing blast | rock dumps or other areas of waste rock by

hole cuttings or post-blast waste rock. digging holes and trenches or by drilling.
Advantages of sampling waste rock from

faces exposed by digging holes and trenches include the following:

o there is relatively little breaking of particles; and
o it is possible to observe and selectively sample relatively small weathering and structural
features.

End-dumped or push-dumped waste rock spreads from crest to toe and a portion of each
truckload will remain at or near the surface. In dumps constructed by the end-dumping or push-
dumping of a single bench, representative samples of all the geologic materials will be accessible
from shallow trenches or pits excavated by a backhoe.

The main disadvantage of pits and trenches is their limited depth. Representative samples of the
entire range in the composition of waste rock may be impossible to collect from shallow trenches
or pits from dumps:

o consisting of more than one bench,
J constructed by free dumping, or
J where the drainage chemistry is determined by processes deep in the dump.

An example of a process occurring deep in a dump is the weathering and leaching by acidic
runoff and groundwater at the base of the Sulphurets dump in British Columbia (Price, 2005).

Drilling into waste rock dumps is expensive and breaks apart coarse fragments and the resulting
samples are primarily fragments of broken coarse particles plus some waste rock fines. Where
samples are collected by drilling, it is impossible to measure:

o the particle size distribution;
o the composition of the fine size fraction; and
o surface changes due to weathering and the resulting pore water chemistry.

Sieving, weighing and separate analysis of the finer and coarser particle size fractions are
required when characterizing samples from holes but is pointless for samples collected by
drilling existing dumps.
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One advantage of drilling is that the holes can subsequently be used for monitoring oxygen and
temperature at different depths, as well as the height of the water table.

Monitoring of waste rock weathering rates and conditions and the resulting drainage chemistry
from laboratory and field weathering (kinetic) test work and from full-scale areas of waste rock
disposal should continue if there remains significant uncertainty about drainage chemistry and
rates of weathering reactions under site specific conditions.

Information on the rate of coarse particle breakdown and its impact on the particle size
distribution, particle surface area and geochemical composition of fine sized particles can be
obtained by ongoing sampling and analysis of waste rock in dumps or field test pads.

During and after waste rock disposal, climate stations, snow courses, piezometers, weirs,
automatic samplers, standpipes and monitoring wells can be installed in or around the waste rock
to monitor atmospheric and drainage conditions, properties and processes that will influence
weathering and leaching.

7.11.8.7 Dealing with Uncertainty

There is uncertainty regarding a number of potentially important waste rock properties and
processes. These include the following:

rates of leaching in different regions of a dump;

the proportion of the mass and composition of boulder sized coarse fragments;
particle breakdown;

particle migration;

dump settling; and

the location of secondary mineral precipitation.

This, in turn, results in uncertainty regarding:

o depletion of acid producing, acid neutralizing and contaminant releasing minerals;
o future atmospheric and drainage conditions; and
o future weathering rates and preferred flow paths.

Particle breaking, creating new fines and exposing fresh mineral grains, may alter the
composition, delay the mineral depletion and change
the drainage chemistry from that predicted from the
initial geochemical composition of the smaller
particles. For example, particle breakdown may
continually replenish the supply of neutralizing
minerals such as fresh calcite, maintaining neutral pH
drainage for far longer than that predicted from the rate of depletion of the relatively low
neutralization potential present in the reactive fines. Continual exposure of fresh sulphide grains
could affect the sulphide oxidation rates. The relative rate of exposure of potentially acid
generating and neutralizing minerals may alter their overall ratio through time.

Particle breaking, creating new fines
and exposing fresh mineral grains,
may alter the composition, delay
mineral depletion, and change the
drainage chemistry predicted.
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Methods for predicting particle breakage include:

o methods for measuring particle strength such as slake tests;
J the monitoring of changes in the composition of waste rock near the dump surface; and
o measuring particle size of test materials before and after kinetic tests.

It would be important that the prediction program identify gaps in understanding and address
them through additional prediction, sensitivity analysis, monitoring, studies, adaptive
management and contingency plans.

7.11.9  Additional Prediction Guidelines for Tailings

Potentially important properties and processes that need to be considered in the prediction of
drainage chemistry for tailings are listed below (Section 7.6).

o The volume of tailings and the size of tailings impoundments can be very large.

o Tailings solids are largely sand and silt sized particles.

o Tailings may be deposited as a slurry or after thickening or filtering has reduced the
percentage of process water.

o The small size of tailings particles and the relationship between particle size and grain size
typically results in surface exposure of most of the mineral grains to the pore weathering
conditions.

o Tailings have a much higher surface area per unit mass than most waste rock.

o The rate of oxygen supply and oxidation will be reduced and may become negligible below

a certain depth.
o There may be significant lateral surface runoff and near surface seepage.

o Low permeability landforms or dams used to store tailings often result in at least partial
flooding or saturation.

If possible, prediction should be performed on all types of tailings expected at a project.
Differences in the geochemical composition, mineralogy, particle size and hydraulic and
atmospheric properties of tailings may result from:

o ore types;

o the reduction in particle size and components of the solids removed and added during the
milling process;

separate disposal of different tailings fractions;

methods of disposal;

conditions of the disposal site;

dewatering and ratio of solid to process water;

reprocessing;

amendments; and

segregation during transportation or after disposal.
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Examples of the wide range in types of tailings include the following:

o tailings produced from different ore types with different geochemistries, susceptible to
different weathering reactions and producing different drainage chemistries;

o slurry, thickened and filtered tailings;

o physically segregated tailings sands and finer material (slimes), with sand and sulphides
accumulating on a beach next to the disposal point and silt and lighter minerals such as
carbonates settling downstream;

o sulphide rich tailings fractions, such as sulphide-rich cleaner tailings fraction and the
sulphide byproduct of tailings desulphurization;

o cycloned tailings sand used for dam construction or backfilled underground;

o backfilled mill tailings amended with other materials, such as cement or crushed waste
rock or borrow materials, to increase their volume or strength;

o desulphurized tailings produced to allow disposal or construction use in an aerial
environment; and

o tailings spills.

Potential hydraulic and atmospheric limitations on the rates of weathering and leaching due to
the fine texture of tailings that should be considered in the selection of prediction analyses and
tests and in the interpretation of results include:

low rate of infiltration and hydraulic conductivity;
a raised water table;

restricted air movement; and

drainage loss into surrounding, more porous strata.

Restricted air movement may limit the rate and depth of sulphide oxidation, perhaps changing
the balance between acid generation and
neutralization. The hydraulic conductivity of
tailings can be estimated from the particle
size, piezometer measurements and pumping
tests.

Restricted air movement may limit the rate
and depth of sulphide oxidation, perhaps
changing the balance between acid
generation and neutralization.

The prediction of drainage chemistry should include consideration of contaminant migration by:

o lateral surface runoff and near surface seepage;
° wind erosion; and
o vertical seepage down through the tailings.

The dissolved concentrations and migration rates of contaminants by lateral surface and near
surface flow may be very different from vertical seepage down through the tailings, due to
differences in weathering conditions between the near surface and at depth. The development of
cemented layers at or near the tailings surface may further change drainage and weathering
conditions and increase lateral surface runoff and near surface seepage.
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7.11.9.1 Prediction Prior to Processing

Predictions of the composition and drainage chemistry of tailings prior to processing should
consider the potential range in the:

o geochemical composition of the ore;

o changes in the composition of sulphides, alkalinity, metals and other components in the
tailings solids that will result from milling, reprocessing, amendments and differential
settling;

o atmospheric and drainage conditions and rates of weathering, leaching and air entry in

different tailings materials and at different depths of an impoundment; and
o chemical composition of the process water.

Prior to construction and operation of the mill, the only tailings material available to measure the
addition, removal and changes in the
composition of sulphides, alkalinity, metals
and other components in the tailings solids
during processing are the residues from bench
and pilot tests of the milling/metallurgical
procedures. However, differences between tailings produced by pre-processing metallurgical
tests and the actual tailings may result from the:

Prior to construction and operation of the
mill, the only tailings material available for
testing are the residues from bench and pilot
tests of the milling/metallurgical procedures.

. limited materials tested;
J scale-up; and
o operational modifications to processing methods.

The potential impact of these differences should be addressed by conducting sensitivity analyses
on key properties and processes.

Pre-processing prediction and operational monitoring on the composition of the process water
should be considered to identify potentially problematic components such as thiosalts.

7.11.9.2 Prediction during Processing and Deposition

The following information and measurements should be recorded or made during processing and
during and after deposition of the tailings:

o masses, and physical and geochemical composition, of different types of ore processed into
tailings;

o mill and secondary processing methods for different types of ore, including the particle size
segregation and reduction, amendments, effluent treatment and extracted components;

o magnitude and geologic, physical and geochemical composition of resulting tailings
streams and products;

o disposal methods, location, site conditions and dimensions and the segregation of different
sized particles for different tailings streams;

o tailings weathering and leaching rates and conditions and the resulting drainage chemistry
and contaminant loads;

o magnitude, chemical composition and disposal methods and locations for process water;
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o changes to the chemistry of ponded water; and
o mitigation measures.

Information on the masses and composition of the different types of ore processed into tailings
can come from the logging of blast hole cuttings. Information on mill and secondary processing
methods for different types of ore and the geologic composition of different tailings streams and
products should be included in the processing records. Information on the magnitude and
disposal methods and locations for the process water and different tailings streams and products
should be included in the waste management records. These records should include information
on the magnitude, locations and potential effects on drainage chemistry of tailings spills and any
modifications to methods of processing and deposition.

During processing, it would be instructive if there were regular sampling of process water and
different tailings streams and products and analyses of their physical and chemical composition.
Care should be taken in operational characterization to sample the final tailings and process
water within the impoundment after any processes that may change the composition. For
example, particle and mineral segregation due to alluvial processes after the deposition of a
tailings slurry may have a large impact on their geochemical composition and the resulting
drainage chemistry. Also, during active deposition, process water will limit wind erosion
making it difficult to predict the post-deposition water balance and masking future drainage
conditions.

Air entry and the rates of weathering and leaching in tailings are typically highest in the upper
layer of tailings. For post-closure predictions,
sampling and analysis of the final, upper layer of
tailings in impoundments and other areas of tailings
disposal, including any tailings segregation, should
be conducted after deposition is complete.

Air entry and the rates of weathering
and leaching in tailings are typically
highest in the upper layer of tailings.

Information on tailings weathering rates and conditions and the resulting drainage chemistry will
come from monitoring of weathering in:

. laboratory and field weathering (kinetic) studies; and
. tailings in impoundments and other areas of tailings disposal.

During active deposition, saturation and neutralization by process water may limit weathering in
impoundments and other areas of tailings disposal. Therefore, field kinetic weathering tests are
needed to predict the drainage chemistry and to measure rates of weathering reactions under site
specific conditions and to verify results of laboratory tests. Laboratory and field weathering
studies that simulate post-deposition weathering conditions could be built as soon as the identity
and composition of the tailings materials of concern are known and these materials are available.
Where tailings segregate, weathering studies should test tailings sand and slimes separately.

7.11.9.3 Prediction after Deposition

Monitoring of weathering of the actual tailings in impoundments and other areas of tailings
disposal can start once deposition ceases, tailings dry out and aerial weathering starts. Test pits
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and drilling can be used to collect samples and to monitor the change in surface weathering
conditions and the propagation of weathering and contaminant fronts downwards over time.

7.11.9.4 Desulphurized Tailings

Challenges in the prediction and operational monitoring of desulphurized tailings used for
construction are:

o prediction of the effectiveness of the desulphurization process prior to the purchase of
operational equipment; and

o ensuring sufficiently quick detection of process upsets to enable alternative disposal
options before large volumes are placed in sensitive areas.

Mill facilities can sometimes be used for field-scale testing of the desulphurization process.
Potential measures for quick detection of process upsets include:

o continuous assays of the mill circuit using on-stream analyzers;
o frequent analysis of grab samples using relatively quick assays, such as total-S and total or
inorganic carbon, especially during startup and until the reliability of the process has been

demonstrated;
. less frequent full ABA analysis, ICP scan of metals and mineralogical analysis; and
o an Operations Manual with a monitoring plan, provisions for seepage monitoring and

QA/QC similar to those conducted for other drainage chemistry characterization and
prediction at the site.

For example, if the total sulphur and carbon were measured over a period of 4 hours, with 2

- hours added for turn around time for analysis, the

For example, with total sulphur and worst case would be 6 hours of “off-spec” material

carbon measured over 4 hours, With 2 | peing deposited. If desulphurized tailings sand

hours added for sample analysis turn | \ere produced at 400 tonnes per hour, 2,400 tonnes

around time, the worst case would be | y;u1d report to the wrong location over a 6 hour
6 hours of off-spec material. period, if there was an upset in the process.

Whenever significant modifications occur in the milling and desulphurization processes, it would
be important to perform frequent analyses to confirm that there is a consistently acceptable
composition before desulphurized tailings are permitted to be placed in sensitive areas.

7.11.9.5 Prediction Errors

Prediction errors commonly occur in pre-process predictions of the composition of the tailings.
Some of these are:

o ore samples used in pre-process metallurgical test work to predict geochemical
composition of tailings are not representative of the range in geochemical composition of
the ore and do not include the materials of greatest concern;

o the process used in metallurgical test work greatly over estimates the removal of sulphide
minerals in the operational process; and
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o pre-process predictions fail to consider the concentration of sulphide minerals, rapid
weathering and greater leaching in the tailings sands and the concentration of carbonate
minerals and limited weathering and leaching due to flooding in the tailings slimes.

7.11.10 Additional Prediction Guidelines for Ore and Low Grade Ore

Pre-development prediction should be considered in order to determine potential drainage
chemistry concerns for low grade ore and ore (Section 7.7). If possible operational material
characterization and monitoring should be performed to determine the composition of any
potentially problematic low grade ore and ore materials stockpiled for a prolonged period of
time. Thorough kinetic testing supported by detailed on-site monitoring could be used to
determine the time to onset of unacceptable drainage chemistry, if there is a potential for ARD or
other forms of significant metal leaching.

Low grade ore and uncrushed ore typically have similar particle sizes and require prediction
procedures similar to waste rock (see Section 7.5).

7.11.11  Additional Prediction Guidelines for Wastes and Sediment from Drainage
Collection and Treatment

The materials and methods for prediction and monitoring of the composition of, and drainage
chemistry from, waste and sediment from drainage collection and treatment will depend on the
(Section 7.8):

chemistry of the collected and treated drainage;

drainage collection facilities;

treatment methods;

atmospheric, drainage and geochemical properties of the sediment and treatment wastes;
and

o atmospheric, drainage and geochemical conditions of the disposal sites for the sediment
and treatment wastes.

Potentially important properties of wastes and sediments from drainage collection and treatment
and processes occurring therein that need to be considered in the prediction of drainage
chemistry include the following.

o Contaminants in sediment and secondary wastes often occur in amorphous, organic,
absorbed and other non-mineral chemical phases.

. Redox and pH conditions under which wastes and sediment from drainage collection and
treatment form may be very different from those of the disposal environment.

o The chemistries of the collected and treated drainage and therefore the properties of the
sediment and treatment wastes, are likely to change over time.

o Long term, post-closure prediction and monitoring will be required at projects with long
term, post-closure drainage collection and treatment.

Determination of contaminant species and phases in these materials is an important part of the
prediction of future drainage chemistry. Scanning Electron Microscopy (SEM), electron
microprobe and other sub-microscopic methods will be required to identify the phases and
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speciation of different contaminants when they occur in amorphous form. Leaching tests may be
required to determine the conditions and amount of release of adsorbed contaminants.

If possible, prediction of future drainage chemistry from waste and sediment from drainage
collection and treatment should include the impact of weathering and leaching processes in flux
and during extreme climate events. For example, marked differences between the formation and
disposal conditions may result in geochemical instability and lead to rapid weathering and
leaching.

7.11.12  Additional Prediction Guidelines for Other Sulphidic Materials

Other sulphidic materials requiring prediction include borrow materials needed for construction
and materials that have precipitated or have
been adsorbed from previous sulphidic drainage
(Section 7.9).  Elevated concentrations of
sulphide minerals or their oxidation products
are common in many geologic materials close
to, and often at some distance from, a mine site.
Finding environmentally safe construction materials is an important part of project planning.
Prediction and monitoring of the composition and future drainage chemistry of borrow materials
used for construction is potentially a very important part of a comprehensive pre-development,
operating and post-closure prediction program.

Other sulphidic materials requiring
prediction include borrow materials
needed for construction and materials that
have precipitated or have been adsorbed
from previous sulphidic drainage.

Materials that have precipitated or have been adsorbed from previous sulphidic drainage may be
a potentially large contaminant source at historic sites. The determination of chemical speciation
and chemical phases in amorphous materials that have precipitated or been adsorbed from
previous sulphidic drainage requires similar methods to those needed for the amorphous residues
of drainage treatment (see Section 7.11.11).

7.11.13  Additional Prediction Guidelines for Co-Disposed Wastes

An inventory of the physical and chemical composition, disposal locations and subsequent
geochemical and hydrogeologic conditions is needed to predict the drainage chemistry of co-
disposed materials (Section 7.10).
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8.0 SELECTION, STORAGE AND PREPARATION OF SAMPLES

Some Important Points in this Chapter

The selection, storage, and preparation of samples are critical steps in the prediction of
drainage chemistry from sulphidic geologic materials. If a sample is not selected and stored
properly, all the remaining time and cost spent on analyses and interpretations could be
wasted. Careful decisions must be made on many issues, such as which material to sample,
the method and frequency of sampling, the appropriate volume of the sample, whether to
crush or grind the sample, substitution of samples from other sources and separation of
coarser less reactive particles from finer more reactive ones. Each sample should be
described in detail and preferably geo-referenced to a location and depth at the mine or
project. For example, samples of blast hole cuttings are often geo-referenced and placed in
site geologic models. Characteristics like colour may provide some indication of weathering,
leaching and oxidation to guide sampling, but colour is not always reliable.

8.1 Introduction

One of the most important parts of any prediction program is the selection, storage and
preparation of samples for analysis or
test work. The objective in sample
selection, storage and preparation is to
enable analysis or test work that will
indicate the magnitude and significant
variability in the targeted properties of
the materials. Sampling should occur
during all stages of a project from exploration to post-closure (Chapter 4). Sampled materials
include the geologic materials, the resulting waste materials and project components and the
associated drainage and gas phases (Chapters 6 and 7).

The objective in sample selection, storage and
preparation is to enable analysis or test work that
will indicate the magnitude and significant
variability in the targeted properties of the
materials. Sampling should occur during all stages
of a project from exploration to post-closure.

Every prediction program is faced with questions regarding:

which materials to sample;

where, when and how often to sample;

what type, dimensions and weight of samples to collect; and

what sample storage and preparation is needed prior to analysis and test work.

The answers to these questions will be site and project specific and will depend on the:

prediction objectives (Chapter 2);

geologic materials, waste materials, excavations and project components (Chapters 6 and 7);
stage of project development (Chapters 4 and 7);

stage of prediction (Chapter 4);

timing of management actions and regulatory decisions (Chapter 3);

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



CHAPTER 8 8-2

o phase being sampled (e.g. solid, liquid or gas);

o potential analyses and test work and the properties and processes they are intended to
measure (e.g. composition of the < 2 mm size fraction of waste rock, or dissolved portion
of the total drainage concentrations);

J accessibility of representative material;

o ability to collect and prepare samples without changing the targeted properties and
processes;

o variability of the targeted properties and processes; and

o accuracy and precision required of the prediction.

Many of the factors listed above are inter-related. The types of representative material (e.g. drill
core) accessible for sampling will depend in part on the stage of project development
(Chapter 4). The targeted phases, properties and processes will depend on the prediction
objectives, stages of project development and the waste material or project component.

The largest sampling campaigns are typically to:

o predict the composition of sulphidic waste materials, excavations and other project
components (Figures 4.4a. and 4.4b); and

o monitor drainage chemistry and contributing physical, atmospheric, drainage and
geochemical properties and processes.

Owing to the significant cost and the importance of the resulting data, a proponent is advised to
carefully consider the sampling requirements of each site and project and discuss the sampling
program with regulatory agencies prior to its implementation.

8.2 Which Material to Sample

The decision about which material to sample depends on the availability of material and on the
information the material can provide. The information a solid phase sample can provide depends
on how representative it is of the physical and geochemical composition that will determine the
drainage chemistry. This includes changes due to excavation, processing and deposition, and
previous weathering and leaching. Changes in composition include changes in particle size and
in the mineral content and exposure to weathering. Changes in mineral content may result from
the segregation of different sized particles and mineral addition, removal, weathering and
precipitation.

Different materials can provide different information. For example, geochemical analysis of
fractured drill core that has been exposed for

Geochemical analysis of fractured drill | different periods of time may provide information
core that has been exposed for different | on the rates of mineral weathering at the site.

periods of time may provide an Comparison of fresh and previously exposed
estimate of mineral weathering rates. tailings with a similar initial composition may

provide information on the rates of mineral
weathering, the resulting weathering conditions and the fate of weathering products.
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Availability and accessibility play a large role in determining which materials are sampled
during different stages of a project. Where possible, the actual materials should be sampled.
However, waste materials and project components may not exist or be accessible during different
stages of the mine life, so this is not always possible. For example, there will be no full-scale
waste rock dump, excavations or tailings areas to sample prior to excavation and processing.
Other examples are provided below.

. Prior to mining, the choice of material to sample is often restricted to drill core and to
metallurgical testing for tailings.

o After waste rock dump construction, it may be practically impossible to retrieve intact
particles from below a certain depth.

o During tailings deposition, a lack of surface strength may make it impossible to sample
segregated tailings sand and slimes.

o After portions of excavations are completed, a lack of access may make it impossible to
monitor talus production and composition, weathering conditions and resulting drainage
chemistry.

Limitations in the availability and accessibility of materials to be sampled need to be considered
in the design of a sampling program. Sampling to fill information gaps should be conducted
when the opportunity arises. For example, as part of operational characterization, the fine
fraction of waste rock could be sampled and analyzed to verify previous predictions of drainage
chemistry based on drill core or blast hole cuttings.

Various materials may be added or removed or their exposure may be changed during processing
and waste handling. It is important when conducting operational characterization of waste
materials and project components that sampling occurs after any reprocessing, amendments,
physical or mineral segregation and other forms of disturbance that may alter the composition
and resulting drainage chemistry.

8.3 Where, When and How Frequently to Sample
Where, when and how frequently to sample will depend on the:

existing information;

where and when representative material is available;
timing of management actions and regulatory decisions;
variability of the targeted properties and processes; and
required accuracy and precision.

Selection of geologic sample sites should be based on a good knowledge of the deposit. The
location of geologic materials with notable differences in physical, mineralogical, geochemical,
weathering and leaching properties and the likely boundaries of the waste and ore within pits and
underground workings should be identified prior to sampling. Prior to mining, deposit
knowledge may come from exploration, regional geologic surveys and environmental baseline
work.
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Geologic materials with significantly different physical, mineralogical, geochemical, weathering
and leaching properties should be separated into discrete “units” (e.g. geologic units, Sections
6.6.4 and 6.6.5). Where differences in potentially important physical, mineralogical, geochemical,
weathering and leaching properties occur irregularly or along continuums, geologic materials,
waste materials, walls and project components should be divided into “management” units.

The sampling program should include good spatial, geologic and geochemical representation.
Spatial representation of geologic materials may be achieved by collecting samples at regular
intervals across the width and depth (horizontally and vertically) of proposed excavations and the
resulting waste materials, walls and other project components. Good geologic and geochemical
representation may require additional targeted sampling (e.g. randomly stratified) within discrete
geologic or waste units with notably different physical (e.g. highly fractured), mineralogical (e.g.
mineral alteration), weathering (e.g. oxidized) and leaching (e.g. supergene enrichment) properties.

Potential impediments when sampling geologic materials in proposed excavations include a lack
of drilling in less accessible (e.g. deeper) regions and in waste material a long distance from the
zone of economic mineralization.

Potential impediments when sampling the resulting waste materials, walls and other project
components later in the mine life include:

o the limit in the depth that holes or trenches can be dug to remove intact samples of waste
rock from existing dumps (Section 7.11.8); and

. a lack of access may make it impossible to collect samples from active tailings
impoundments (Section 7.11.9) and closed, un-maintained portions of a pit or underground
workings (Section 7.11.7).

It is important to provide good spatial, geologic and geochemical representation because
— : contaminant discharge may be produced by only a
It is important to provide goqd portion of the geologic material. For example, high
spatial, geologic and geochemical concentrations of metals in neutral pH drainage may
representation because contaminant | result from acidic weathering in localized, relatively
discharge may be produced by only a | small portions of the overall mass of material.
portion of the geologic material. Samples should be collected from any potentially
significantly sized mass of material with properties
that may notably affect the drainage chemistry (Section 4.4.1).

Visual observations, geologic models or a geologist's experience can be a guide as to the
potential composition of unsampled regions of geologic materials, waste materials and walls, but
must always be verified by comprehensive sampling and analysis.
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Figure 8.1 Example of required geologic cross sections showing the location of core samples.

Sampling sites for pre-mine drill core, blast hole cuttings and post-blast waste rock should be

Sampling sites for pre-mine drill core, blast
hole cuttings and post-blast waste rock
should be recorded in block models and

shown on cross sections and plan view maps.

recorded in block models (Figures 6.6 and 6.7)
and shown on cross sections and plan view
maps (Figure 8.1). If possible, cross sections
and maps should also show the location of:

° drill holes;

o discrete geologic units and other more diffuse forms of alteration such as mineralization,
hydrothermal alteration, weathering or leaching;
J proposed project components, such as open pits or underground excavations; and

. existing disturbances.

The large number of potentially influential physical, mineralogical, geochemical, weathering and
leaching properties and processes can make sampling geologic materials, waste materials and
walls an onerous undertaking. Commonly, the most cost-effective way to characterize geologic
materials, waste materials and walls will be an iterative phased process of sampling and analysis,
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similar to that used to determine other geologic characteristics such as ore reserves. Ideally,
there will be several phases to ensure that sampling:

focuses on the materials of greatest concern;

minimizes work on materials with no significant uncertainty;
uses the most appropriate materials and methods; and

makes timely refinements in response to unforeseen conditions.

Sufficient numbers of samples should be taken to accurately characterize the variability and
central tendency (e.g. average, median and 10®
and 90™ percentiles) of the different waste
materials, project components and geologic units.
This includes characterization of localized areas
of material with differences in physical,
geochemical, mineralogical, weathering and leaching conditions that alter drainage chemistry.
The required sampling frequency will depend on the phase of the project, mass of material,
variability of critical parameters, the questions being asked and the degree of accuracy required
for each project component.

Sufficient samples should be taken to
accurately characterize the variability
and central tendency, like the average,

median and 10™ and 90™ percentiles.

The sampling frequency should be based on a review of:

o results of previous prediction sampling and analysis;

o descriptions of the materials exposed on surfaces and intercepted by excavations or drilling
(Sections 6.6.4, 6.6.5 and 6.6.6);

o sampling frequency required to characterize other geologic properties such as the
geotechnical properties or ore grades; and

o results of any previous analyses of other geologic properties.

Sensitivity and gap analyses should be conducted after every phase of sampling to:

o check whether the proposed sample selection, storage and preparation will still answer
prediction questions; and

o identify information gaps and evaluate their impact on the overall environmental risk and
liability.

Each phase of sampling should be informed by the previous campaigns. Sampling needs will
become more clearly defined with project development and improvements in the understanding
of the geologic materials and site conditions. Procedures that should be used to check whether
sampling frequencies are adequate are:

o regular comparison of geologic descriptions and analytical results of samples from within
supposedly homogeneous materials;

o periodic nested sampling in between regular sample intervals; and

o periodic random sampling in addition to regular sample intervals.

Descriptions of the sample geology should also be compared with geologic descriptions of the
materials the samples are supposed to represent. Analytical results for nested and random
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sampling in between regular sample intervals should be compared with analytical results for
regular sample intervals.

Changes in project plans and the properties that control drainage chemistry may necessitate
changes in sample preparation and storage and
the location, time and frequency of sampling.
Gaps in sampling of waste materials, project
components, geologic units and different physical, mineralogy, weathering and leaching
conditions that may alter drainage chemistry should be recorded and included in the next phase
of sampling.

Gaps in sampling should be recorded and
included in the next phase of sampling.

Suggestions regarding the initial sampling frequency are provided in Tables 8.1 and 8.2.
Table 8.1 illustrates the recommended phased approach to sampling and provides guidance on
the initial number of samples and test work during different stages of exploration, pre-feasibility
and feasibility stages of a project. There is no consideration of the mass of material in Table 8.1
and no consideration of phased sampling in Table 8.2. Regardless of the starting point, the final
sampling frequency should be determined site specifically based on the variability of analytical
results for critical parameters, prediction objectives and required accuracy.

Table 8.1 Suggested initial number of samples and test work (adapted from Australian
Government Department of Industry, Tourism and Resources, 2007).

Phase Description

Exploration: At least 3 to 5 representative samples should be tested for each key
prospect testing lithology/alteration type.

Exploration: At least 5 to 10 representative samples should be tested for each key
resource lithology/alteration type.

definition

Pre-feasibility Several hundred representative samples of high and low grade ore,

waste rock and tailings should be collected for geochemical work.
Sufficient samples to populate a block model with a reliable

distribution of static test data on ore, waste and wall rock.

Kinetic tests should be established for at least 1-2 representative

samples for each key lithology/alteration type.

Feasibility Continue to refine block models.

Review previous geochemical data for high and low grade ore,

waste rock and tailings.

Improve density of data for block model if necessary and conduct

sufficient mineralogical test work to cross check data for key

lithologies.

If there are insufficient data to assess drainage chemistry and

provide a convincing management plan for approval, additional

sampling, test work and refinement of block models will be required.
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Table 8.2 provides a suggested initial sampling frequency based on tonnage of disturbed rock
when sampling a geologic unit or a mine component without any prior information to use as a
guide. In the past, the sampling
The recommendation here and previously isthat | frequencies in Table 8.2 have been
the final sampling frequency be determined site incorrectly described as “the recommended
specifically based on the variability of critical sampling frequency in British Columbia”
parameters, prediction objectives and required. | without indicating that this is only a
suggested starting point and is not the
required final number of samples. The recommendation here and previously is that the final
sampling frequency be determined site specifically based on the variability of analysis results for
critical parameters, prediction objectives and required accuracy. Despite previous
misrepresentation, Table 8.2 is a potentially useful starting point and has been retained for this

purpose.

Table 8.2 Suggested initial sampling frequency based on tonnage when sampling without
prior information (adapted from BCAMDTF, 1989).

Tonnage of Unit (metric tonnes) Minimum Number of Samples
<10,000 3
<100,000 8
< 1,000,000 26
< 10,000,000 80

8.4 Dimensions to Sample

The area, volume or length of each individual sample or over which sub-samples are composited
should be based on practical considerations and
properties contributing to drainage chemistry.
Practical considerations include properties of the
material being sampled (e.g. drill core) and sampling
and handling constraints. Functional dimensions of
the properties contributing to drainage chemistry will depend on:

The area, volume or length of each
individual sample should be based on
practical considerations and properties
contributing to drainage chemistry.

o weathering and leaching properties of geologic material, waste material and project
component whose drainage chemistry is being predicted;

o magnitude dimensions of spatial variability in targeted properties and processes;

J distance over which mixing occurs during extraction, processing and deposition; and

o prediction objectives, and the required accuracy and precision.

Due to mixing during extraction, processing and deposition, a “geochemical” or “mining”
g g , P g p ) g g
functional area or length may be a:

o bench for an open pit;

o adit or drift rock face and a muck pile for underground workings;

o the minimum depth or volume that could be segregated if separate disposal or mitigation
were required;
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o single lift for a waste rock dump; and
o slimes and sands from a single period of deposition for tailings.

The minimum depth or volume that could be segregated in an open pit or underground workings
will depend on the mining methods, the geologic stratigraphy and the size of the equipment.
Relatively thin layers may be segregated and should be sampled separately in coal and
underground mines.

Compositing of material from different locations will improve the prediction of the overall
central tendency but may mask significant
variability in physical, mineralogical, geochemical,
weathering and leaching properties. This can result
in the misclassification of potentially problematic
material and a failure to detect significant changes
in properties that will affect drainage chemistry.
Since variability typically has a greater affect on
drainage chemistry than the central tendency, compositing should be avoided for samples taken:

Compositing of material from different
locations will improve the prediction of
the overall central tendency but may
mask significant variability in physical,
mineralogical, geochemical,
weathering and leaching properties.

° at different times;

° over wide distances; and

o from different geologic units and waste or wall material with significant variability in
physical, mineralogical, geochemical, weathering and leaching properties.

The distance beyond which compositing of sub-samples should be prohibited will depend on the
material, prediction question, spatial variability in the property being measured and the required
accuracy and precision. Compositing over a bench height and distances of four or five meters
may be acceptable when characterizing freshly blasted waste rock from a single geologic unit
with relatively homogeneous conditions. Compositing should not occur for materials with
different composition or weathering conditions, such as different geologic strata in a coal deposit
or weathering fronts in tailings, unless there will be thorough mixing in the future.

Where there are concerns about compositing, a portion of each sub-sample could be stored to
allow separate analysis should it become necessary to determine smaller scale variability. For
example, a program of testing drill core samples, prepared by compositing over a length
equivalent to the bench height, could include periodic analysis of discrete sub-samples.

8.5 Sample Mass

The minimum sample mass or volume that needs to be collected will depend on the requirements
for analysis and testing. Additional material beyond the minimum should be collected in case
there are additional analyses, test work or QA/QC requirements (e.g. replicate testing).

The initial sample mass needed will depend on whether analyses and test work will be conducted on:
o the sample as a whole; or
o different particle size fractions, separated by sieving.
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Where analyses and test work will be conducted on different particle size fractions, the mass
must be large enough for analyses and

Where analyses and test work will be conducted on | test work on the size fraction that is
different particle size fractions, the mass must be the smallest mass. For example, waste
large enough for analyses and test work on the size | rock samples may need to be 10 kg or
fraction that is the smallest mass. more to provide 2 kg of the < 2 mm

particle size fraction.

Five hundred grams is typically needed to conduct a comprehensive list of static tests, with 1 kg
being preferred. The minimum mass of material needed to conduct a laboratory kinetic test is a
minimum of 2 kg, with 3 kg preferred, in addition to the minimum of 500 g for pre-kinetic static
tests. Larger kinetic tests will typically require several kilograms to many tonnes depending on
the design of the test.

8.6 Sample Description

Every sample should have a unique name and number that can be used to identify the sample in
the field, laboratory and during data analysis.

It is also very important that a description be provided with each sample. The description should
include the following:

sampling date;

sampler’s name;

sampling location (GPS coordinates);

area, volume or length over which each individual sample is collected or sub-samples are
composited;

sample size;

geologic material;

waste material and project component;

type of material sampled (e.g. drill core); and

visual characteristics such as Munsell colour, visible mineralogy and apparent grain size.

All this information can be critical in the correct interpretation of analytical results.

For mine workings, it is important to know where and when sampled material was obtained to
identify the original geologic unit and
to mark the time of exposure to
distinguish them from earlier samples.
The sample location can be used to
classify samples and will show where
the sample spatially fits within the material it was taken to represent.

For mine workings, it is important to know where and
when sampled material was obtained to identify the
original geologic unit and to mark the time of
exposure to distinguish them from earlier samples.

A block model can be used to store sample data, spatially link it to other geologic information
and map the results. Block modeling involves conceptually dividing a pit, underground working
or waste disposal site into blocks. Geostatistical techniques like kriging are used with analytical
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data from drill core to designate each block in a mine as ore or a waste. Similarly, each block
can be designated as PAG or Non-PAG based on drainage chemistry prediction data.

Geologic information can also be used to reassign samples if the geologic units are reclassified
and to explain anomalous analytical test results. Geologic information, for drill core and blast
hole cuttings, can usually be obtained from geologic logs.

The sample identifier should be written on the container and, if possible, on a label on the
container. The identifier should be written in indelible ink and protected from being rubbed off.

8.7 Storage and Preparation of a Solid Sample

The objective in sample storage and preparation is to allow analysis or test work to be conducted
on materials that contain the conditions and properties and processes required to predict or
describe the drainage chemistry. The methods and conditions for sample storage and preparation
should be a function of the properties of the:

geologic material;

waste material and project component;
type of sample;

sampling methods;

storage facilities;

targeted properties and processes; and
analyses and test work to be performed.

The geochemical conditions of the material in the field should be maintained within samples
where changes will obscure or
destroy the targeted properties and
processes of the subsequent analyses
and test work. A good example of
this is the need to maintain anaerobic
conditions during sampling and
storage for samples from anaerobic sediments. Exposure to oxygen will change the composition
of the pore water and the solubility of potential contaminants. Therefore, changes in
geochemical conditions should be minimized where possible during storage. Nevertheless, some
changes may be inevitable. Where differences occur they should be considered in the
interpretation of the analyses and test work results.

The geochemical conditions of the material in the field
should be maintained within samples where changes
will obscure or destroy the targeted properties and
processes of the subsequent analyses and test work.
Nevertheless, some changes may be inevitable.

After being collected, samples of drill core, blast hole cuttings and unweathered or aerated waste
materials and walls should be air dried or oven dried at a low temperature. Prior to and after
drying, the sample should be kept cool. Drying at temperatures no higher than 40°C will ensure
most minerals are not altered. However, the evaporation of the pore water will cause solutes in
pore water to precipitate. Typically, the effect of solute precipitation is minimal because the
solute concentration is not significant compared to the concentration of previously precipitated
weathering products.
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Some sulphide oxidation may occur during drying and storage. Approaches that will minimize
oxidation after sampling include freezing the sample, minimizing the delay prior to drying and
avoiding humid storage conditions. Anaerobic conditions may be maintained by storing the
sample under nitrogen gas.

Samples containing stones should be dry sieved into the >12 mm (stones), 2-12 mm (gravel), and
< 2 mm size fractions. The weight of each fraction should be measured and recorded. Particles
cemented together may be separated through some form of mechanical vibration, physical
processing (e.g. rolling pin action) or a chemical pretreatment. It is important not to use a
physical process which may promote autogenous grinding of particles. Chemical pretreatment
should only be used if it is compatible with the subsequent sample analysis. The chemical
pretreatment may also be used to measure elemental concentrations in the particle cement.

The decision of how much sample to crush and grind and to what particle size, should depend on
the material needed for the proposed analyses
and tests. Depending on the test requirements, a
sub-sample of each particle size should be split
off for crushing and grinding using an
appropriate method such as a splitter box or
coning and quartering. Depending on the laboratory, crushing and grinding to <74 um
(200 mesh) or < 120 um (120 mesh) is usually recommended for sub-samples analysis of total
elements, sulphur species, neutralization potential and other bulk, whole or total assays. Bedrock
samples are often crushed to < 9.5 mm (3/8 inch) or 6.4 mm (1/4 inch) for static solubility water
extractions, laboratory humidity cell and column kinetic tests.

The decision of how much sample to crush
and grind and to what particle size, should
depend on the material needed for the
proposed analyses and tests.

Often crushing and grinding are conducted to an unspecified degree and the resulting particle
size distribution will depend on the rock strength. Without any QA/QC, the resulting particle
size is highly variable and has an unspecified particle size distribution. This is not an acceptable
practice. The procedure for crushing and grinding and the resulting particle size should be
specified and recorded for each test.

Since crushing and grinding creates new particles and surfaces, it should not be done on samples
of particulate materials prior to sieving or on sieved particulate material prior to the measurement
of surface properties such as pH or soluble constituents produced by surface weathering.

In sample preparation and sub-sampling prior to analysis, care should also be taken to collect
samples that are large enough to limit “nugget effects” due to the non-uniform distribution of
minerals in clusters. For example, if pyrite occurs as large porphyroblasts, the sample volume
should be large enough to limit sub-sampling errors due to the random variation of the number of
porphyroblasts in the sample.

8.8 Use of Samples Collected for Other Purposes

To improve the overall cost-effectiveness of the project, sampling and sample preparation for the
prediction of drainage chemistry are sometimes combined with the sampling and sample
preparation for other geochemical activities, such as the measurement of ore grades (e.g. blast
hole cuttings) and metallurgical testing (Price, 2005). Aspects of sampling and sample
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preparation for the prediction of drainage chemistry that may differ from the sampling and
sample preparation for other geochemical activities are as follows:

o the importance of waste materials and mine walls;

o the need to characterize the geochemical variability at the thousand to ten thousand tonne scale;

o the importance of the particle size distribution, atmospheric and drainage conditions and
the time of exposure;

o drainage chemistry largely depending on only a small portion of the total material, such as
the <2 mm size fraction of waste rock or of talus produced from mine walls;

o a need to predict over long time frames and widely ranging climatic conditions; and

o temporal changes in many of the properties and processes controlling drainage chemistry.

Thus, the use of samples collected for other purposes may lead to errors and omissions if the
requirements for sampling and sample preparation for the prediction of drainage chemistry are
not properly understood.

8.9 Particle Size and Exposed Surface Effects

Factors that should be kept in mind during sampling, sample preparation and the interpretation of
analysis and test results are:

o significant sulphide mineral weathering requires exposure to oxygen and moisture;
o a lack of physical exposure will greatly reduce or prevent chemical reactivity; and
o most laboratory protocols for sample preparation and analysis do not distinguish the

exposed, previously or potentially weathered portion of a sample from the physically
occluded portion that is unable to weather.

Ore is crushed and ground prior to processing to expose mineral surfaces. This enables reactions
between the process water and mineral grains that would not be possible if the grains were still
physically occluded. Crushing and grinding can have a similar effect on materials submitted for
drainage chemistry analyses or test work.

Before crushing and grinding a sample, consider the effect on the properties of the sample and
the subsequent analytical results and test work. Perhaps some other form of sample preparation
would produce more accurate information about the measured properties and processes.

Other factors to consider regarding particle size and exposed surface effects when predicting
mineral weatherability on excavated surfaces and excavated and process waste materials include
the following.

o The smaller sized particles that contain the majority of the surface area exposed to
weathering may have a significantly different composition from drill core or drill chip
samples whose composition is representative of the material as a whole.

o The proportional magnitude of the fraction containing the majority of the surface area
exposed to weathering should be considered when extrapolating laboratory results to the
field.
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One of the main parameters controlling particle and mineral surface area is particle size
(Chapter 7). Surface area increases exponentially as particle size decreases (Brady, 1990).
Consequently, most of the surface area and mineral exposure can occur in the sand, silt and clay
sized particles. Relatively few of the mineral grains in coarse sized fragments occur on the
exposed surfaces. Thus, competent coarse fragments and mine walls typically contribute
relatively little to drainage chemistry because most of their mass remains physically occluded
from oxygen and water. The smaller sized particles that contain the majority of the surface area
exposed to weathering may have a significantly different composition from the material or the
sample as a whole.

The proportional magnitude of the fraction containing most of the surface area should be
considered when extrapolating laboratory results to the field. Surface area and reactivity may
depend on properties other than particle size and may vary with time. When attempting to
identify the reactive fraction of a particular waste or rock wall, one should also consider the
porosity and the impact of excavation, deposition and weathering on future exposure to
weathering and leaching.

Materials like tailings, consisting entirely of finely crushed and ground particles, have almost all
their mineralogy exposed to weathering and the composition of the “whole” sample will
determine the drainage chemistry and should be analyzed.

For coarser sulphidic geologic materials, where only a small proportion of the mineralogy is

: - : physically exposed to weathering, the
For samples with a large range of particle size, composition of the “largely reactive”

the dividing line between the coarser “largely particle size will determine the drainage
unreactive™ and finer “largely reactive™ particles | chemistry and should be analyzed
may not be readily apparent and can be arbitrary. | separately from the “largely un-reactive”

particle size. However, the particle size separating these two groups may not be readily apparent
and can be arbitrary.

Ideally, the decision regarding the upper particle size cut-off for the “reactive” fraction should be
a site specific evaluation that considers a number of features including the grain size of reactive
minerals, the extent of previous weathering and the porosity of the coarse fragments. Based on
observations of mineral reactivity made on waste rock with a wide range of grain size (Price and
Kwong, 1997), the recommended rule of thumb is that the <2 mm particle size be considered the
reactive particle size fraction and that this particle size is separately analyzed in static tests and
before and after kinetic test work. The validity of this generalization should be assessed for each
site and material.

When sampling waste rock, talus from mine wall collapse and other stony geologic materials, it
is most important to obtain representative samples of the < 2 mm size fraction in order to analyze
the composition of the portion that will determine the drainage chemistry. Sampling and
analysis of the proportion and composition of larger, less reactive particles will be needed to
estimate the:

o contribution from the coarser particles that will be equivalent to a smaller amount of finer
material, which may be used to scale up test results; and
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o competency, particle breakdown, replenishment of reactive minerals and the future particle
size distribution.

Ideally, samples should be collected of the entire particle size distribution, including boulders,

- : stones and other size fractions.
Ideally, samples should be collected of the entire particle Because of the difficulty in

size distribution, including boulders, stones and other size sampling boulders, the particle
fractions. Because of the difficulty in sampling boulders, size cut-off is generally around
the particle size cut-off is generally around 12 cm. 12 cm. A recommended sampling

strategy for waste rock and
other stony materials is to separate the >12 mm (stones), 2 to 12 mm (gravel) and < 2 mm
fractions by dry sieving. Analysis of the stone and gravel sized fraction, in addition to the fine
sized fraction of post-blast waste rock, is necessary to identify any geochemical differences
between the fine particles and pre-mine or pre-blast whole-rock samples. Such differences may
be due to minerals preferentially reporting to finer sized particles or to local geochemical
variability that affects the fine and coarser sized particles differently.

Some challenges associated with the differential contribution of different particle sizes to
drainage chemistry and separately analyzing the <2 mm fraction include the following.

. Sieving could break weak particles or weathered particle surfaces, changing the particle
size distribution and surface chemistry of the sample.

o Where the coarse fragments are a large portion of the mass, a very large sample will be
required to provide a sufficiently large, <2 mm fraction (e.g. 3 kg), to conduct all the
desired analyses and tests.

o It will be difficult to conduct analyses of some properties of weathered surfaces on coarse
fragments.

Other advantages with separately analyzing the < 2 mm size fraction are:

o it requires a small mass to provide a representative sample; and
o the smaller sample size requires smaller containers and apparatus.

Where pre-mining waste rock characterization is based on total sample analysis (e.g. drill core or
drill chips), predictions and prediction criteria should be modified according to differences
between the resulting composition of the fine fraction and the stone and gravel sized fraction.

The proportional contribution of coarse fragments may increase if coarse fragments break down
rapidly, are porous, or the < 2mm
The assumption that most contaminant releases fraction is unreactive. The assumption
come from the < 2 mm fraction may not be correct | that most contaminant releases come
for historic mine wastes and naturally weathered from the < 2 mm fraction may not be
materials in which weathering has removed correct for historic mine wastes and
reactive minerals from the finer particles. naturally weathered materials in which
weathering has removed reactive
minerals from the finer particles. An example of this was seen in talus samples at the Red
Mountain site near Stewart, British Columbia, where the < 0.063 mm (230 mesh) often had the
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lowest sulphide content. Depending on the degree of previous weathering, “reactive fraction”
analyses should be carried out on a larger particle size distribution for strongly weathered
materials (e.g. < 12 mm instead of <2 mm).

When only a portion of the whole material is collected or analyzed, the proportional amount
should be determined. For rock walls, this may require a visual assessment in the field. For a
waste dump, the proportion of the fines containing material (versus fines free stones and
boulders) should be estimated in the field. Laboratory sieve analysis of the “total” samples taken
from the fines containing material should be used to quantify the proportional contribution of the
analyzed size fraction.

For pre-excavation analysis done on bedrock samples of drill core, it is usually only possible to
analyze the total sample. The composition of the reactive size fraction or surfaces may be
approximated by crushing or estimated from petrographic analysis of the mineralogy of portions
of the rock that are more and less friable.

8.10 Weathering and Leaching Features

Distinct weathering features, geochemical conditions and zones of leaching can be sampled to
monitor or predict properties and processes that affect drainage chemistry. The location of areas
with distinct weathering and leaching properties and processes can be identified by examining:

o exposed surfaces;
o surfaces exposed by digging holes; and
. materials removed by drilling.

Distinct weathering features, geochemical conditions or zones of leaching can be identified from
differences in:

field rinse or groundwater pH;
reaction with hydrochloric acid;
structure; and

colour.

The pH of groundwater or perched water tables may be measured after extracting samples from
standpipes or piezometers previously installed by drilling. Field rinse pH can be measured with
a pH probe or pH paper to estimate the pore water or leachate pH from unsaturated material.

The reaction with dilute hydrochloric acid will indicate the presence of carbonate minerals.
Calcite reacts (e.g. fizzes) strongly, dolomite reacts slowly and iron carbonate must be ground
into a powder to react.

Structural changes due to weathering, geochemical conditions and leaching include the
following.

o Particle migration may reduce the up gradient and increase the down gradient proportion of
smaller particles.
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o Particle breakdown may increase the proportion of smaller particles and voids and reduce
the proportion of larger particles and voids.

o The precipitation of weathering products may coat and cement particles together, fill voids
and create pans or cemented layers.

8.10.1 Colour

Colours can be described by comparing them with the colour chips in Munsell colour charts
(Figure 8.2) and using the Munsell notations
for hue (relation to red, yellow, green, blue
and purple), value (lightness or darkness)
and chroma (colour strength) in the Munsell
colour charts. The five principal hues of
red, yellow, green, blue and purple are split
into a large number of intermediate hues.
Value varies from black (value 0) to white (value 10). Chroma is the strength or purity of the
colour and a lower chroma is more washed out.

Colours can be described by comparing them
with the colour chips in Munsell colour charts.
Use of the Munsell colour charts provides
consistent, systematic criteria for evaluating,
comparing and reporting colour differences.

Use of the Munsell colour charts provides consistent, systematic criteria for evaluating,
comparing and reporting colour differences. Colour value and chroma may decrease if the
material is dry, so it is important to record whether the material is wet, moist or dry.

Colour changes may result from:

o dissolved chemical species;
J precipitated weathering products; and
. surface weathering of minerals.

The most common example of colour change is brown, red or yellow discolouration indicating
the presence of ferric iron (Figures 3.8 and 8.3).

Colours are often not unique to the weathering of one mineral or an individual chemical species.
Thus, care should be taken when using colour as an indicator of weathering features,
geochemical conditions or zones of leaching. This includes:

o identifying all possible colour sources and mechanisms for the sources' occurrence; and

o conducting chemical and mineralogical analyses and test work to verify the identity of
secondary minerals, amorphous precipitates and dissolved chemical species and their
sources and mechanisms.

White precipitates include gypsum, aluminum hydroxide and carbonates. Coatings of carbonate
can be identified by their reaction with hydrochloric acid. On the other hand, a drainage pH
range of 4.0 to 4.3 or slightly higher suggests the white precipitate is a type of aluminum
hydroxide (Chapter 5).
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Precipitates produced from sulphide weathering products may have a wide range of colours.

Precipitates produced from

sulphide weathering products may
have a wide range of colours.

Distinct colours often seen at copper mine sites with
near neutral pH drainage are the azure blue and bright
green of azurite (Cu3[COs;];[OH];) and malachite
(Cus[COs]2[OH],), respectively.

There are usually a number of potential mineral sources and weathering and leaching
mechanisms for observed colour changes. Under aerobic weathering conditions, iron may come
from the dissolution of siderite and the hydrolysis of iron silicates, in addition to the oxidation of
iron sulphide minerals. Under anaerobic conditions, iron may come from the dissolution of
siderite or secondary minerals produced during previous periodic episodes of aerobic weathering.

A
Value

Chroma

—> Hue

Purple-Blue

Munsell Color System

Yellow-Red

Red-Purple

Green-Yellow

Blue

Blue-Green

Figure 8.2 The Munsell colour system, showing: a circle of hues at value S chroma 6; the neutral
values from 0 to 10; and the chromas of purple-blue (SPB) at value 5

(from Wikipedia).
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Figure 8.3 Different weathering and geochemical conditions or zones of leaching can sometimes be
identified by colour changes.

Figure 8.4 Colour may be indicative of more than one weathering condition.
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It is important to keep in mind that dissolved and precipitated chemical species and phases may
be due to upstream, past, seasonal or other periodic mineral weathering and leaching conditions
and may not reflect in-situ or current conditions. For example, if the pH is near-neutral, iron
released from primary mineral weathering will precipitate in-situ. Conversely, iron leaching may
occur due to the solubility of ferrous iron under anaerobic conditions, or the solubility of ferric
iron at a pH lower than 2.5 to 3.5. Also, dissolved iron produced upstream may precipitate on
relatively unweathered minerals due to the oxidation of reduced drainage containing ferrous iron
or the neutralization of acidic drainage containing ferric iron.

Brown, red or yellow discolouration may be absent despite high rates of iron sulphide oxidation
as a result of high iron solubility due to a very low pH, coupled with rapid leaching due to high
drainage inputs. There are two sites in British Columbia (Cinola and Kitsault) where portions of
the waste rock look unoxidized based on their gray colour, when in fact there is a high rate of
iron sulphide oxidation (Figure 8.4). Both sites have high precipitation and the specific waste
rock contains 1 to 3% pyrite-S with little or no NP and a rinse pH well below 3. As a result, the
iron released by oxidation remains soluble and is removed by leaching.

8.10.2  Natural Outcrops and Non-Lithified Surficial Materials

Weathered natural outcrops and non-lithified surficial materials may provide valuable information
about how weathering will progress
in mine wastes and walls under site
specific ~ weathering  conditions.
However, the weathering properties
and processes of older natural and
newer project wastes and walls may
differ. Therefore, when sampling weathered natural outcrops and non-lithified surficial materials,
it is important to note:

Weathered natural outcrops and non-lithified surficial
materials may provide valuable information about
how weathering will progress. However, the
weathering properties and processes of older natural
and newer project wastes and walls may differ.

o the stage of weathering;

. physical, atmospheric, drainage and geochemical properties and processes; and

. how these might differ when these materials or materials with a similar initial geochemical
composition become waste materials and walls.

Differences in physical, atmospheric, drainage and geochemical properties and in the stage of
weathering, may cause very different weathering rates and drainage chemistry in mined wastes
and walls than natural sulphidic outcrops and non-lithified surficial materials. A much lower air
permeability or exposed sulphide area may reduce the rate of sulphide oxidation sufficiently that
drainage alkalinity or less reactive minerals are capable of neutralizing much or all of the acidity
produced by sulphide oxidation. A lower pH or ratio of exposed sulphide to leaching in naturally
weathered materials may result in lower contaminant concentrations. A much more advanced
stage of weathering in natural outcrops and non-lithified surficial materials may mean that much
of the exposed sulphide is depleted. This may result in very different weathering rates and
drainage chemistry than fresh waste materials and walls.
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Caution is required in extrapolating results from the limited portion of the geology and areas
proposed for mining exposed in natural outcrops of rock or non-lithified surficial materials to the
entire range of geologic materials and site conditions.

8.11 Pre-Development
8.11.1  Selection of Material to Sample

Prior to mine development, the choice of material to sample is often restricted to drill core. One
advantage of drill core is that it often exists for most of the
proposed area of mine excavations and for a large proportion of
the rock types that will be excavated by a project. Another
advantage is that the location, grade and visually detectable
geologic conditions of the drill core have usually been logged
and recorded as part of exploration, allowing a preliminary separation of the geologic materials
into “operational” geologic units (rock types) and management units. Ideally, drill core is split,
with half retained as a geologic record and the other half available for sampling.

Prior to mine development,
the choice of material to
sample is often restricted

to drill core.

Other materials potentially available prior to mining to supplement information from exploration
drill core are:

o weathered natural outcrops and non-lithified surficial materials;
o tailings created in the bench scale and pilot scale testing of the mill circuit; and
o the walls and waste rock extracted from exploration drifts and adits.

Although limited to only a few geologic units or areas proposed for mining:

o tailings from mill test work may indicate the effect of processing on proportional sulphide
removal and on other geochemical characteristics of ore; and

o waste rock extracted from exploration drifts and adits may provide valuable information on
the particle size distribution, mineral surface exposure and differences between the
composition of the whole rock and the fine size fraction.

Older exploration drifts and adits or excavations from a previous mine may provide valuable
evidence about where talus will form and the composition of talus fines versus that of the whole rock.

Caution is required in extrapolating results from the limited portion of the geology and areas
proposed for mining in natural outcrops, non-lithified surficial materials, exploration adits, bulk
samples and bench and pilot scale mill circuits to the entire range of geologic materials and site
conditions. Care should also be taken to identify differences in physical, atmospheric, drainage
and geochemical properties and processes and ensure they are properly considered in the
interpretation and extrapolation of results.

8.11.2  Where, When and How Frequently to Sample

Prior to mining, samples should be collected at regular intervals across the width and depth of all
geologic materials within proposed excavations and other areas of disturbance. The samples
should include materials with significantly different physical (e.g. highly fractured),
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mineralogical (e.g. mineral alteration), geochemical, weathering (e.g. oxidized) and leaching
(e.g. supergene enrichment) properties.

A potential cause of errors and omissions in pre-mine prediction is a lack of drilling or other
representative media to sample for some areas of the proposed excavation(s). Equipment
limitations or a lack of resources may prevent drilling in deeper regions of the ore body below
the depth required to demonstrate that the mine is economic. The focus on ore during
exploration may result in a lack of drilling in less accessible waste material a long distance
beyond the zone of economic mineralization. Increases in the proposed size of a pit or
underground workings during feasibility studies may also increase the lateral extent of the waste
rock beyond the area with drill core. Examples of difference in composition that may be of
concern are the pyrite halos outside the ore but intercepted by pit perimeters at a number of
copper and molybdenum mines.

Contingency plans and sampling of blast hole cuttings should be used to fill gaps in the width
and depth of exploration drill core and in the understanding of the geologic, geochemical,
physical, weathering and leaching properties of geologic materials, waste materials and walls
prior to project development.

8.11.3  Dimensions to Sample

Prior to mining, the maximum length of drill core over which an individual sample is collected

(or sub-samples are composited)

Prior to mining, the maximum length of drill core over | should be bench heights for open pits
which an individual sample is collected (or sub- or adit heights for underground
samples are composited) should be bench heights for | orkings. Where it is not possible to
open pits or adit heights for underground workings. take a continuous sample over the

desired length, sub-samples from
shorter lengths at regular intervals could be combined to create a representative sample (e.g.
compositing five sub-samples collected at regular intervals).

A sampling unit, such as a bench height, should be split into separate samples when it contains
different geologic units or material with different physical, mineralogical, geochemical,
weathering and leaching properties, whose potentially different contribution to drainage chemistry
needs to be individually understood. Drill logs and other geologic records should be consulted
prior to sampling to identify areas of core with materials that need to be sampled separately.

8.12  Blast Hole Cuttings

Prior to blasting, geologically representative samples of bedrock destined to be waste rock,
construction material, ore, low grade ore
and tailings can be obtained from blast
hole cuttings. An advantage of sampling
blast hole cuttings is that their locations
are recorded in a geologic block model for

Prior to blasting, geologically representative

samples of bedrock destined to be waste rock,

construction material, ore, low grade ore and
tailings can be obtained from blast hole cuttings.

the deposit.
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A composite sample over the height of a pit bench or a cross section of an underground blast can
be obtained by taking a cross section of the cuttings from a single pile of blast hole cuttings. The
geologic properties of the cross section of the blast hole cuttings should be recorded during
sampling and any differences in physical, mineralogical, geochemical, weathering and leaching
properties should be noted in the sample description (Section 8.6).

The spacing at which blast holes are drilled will depend on various factors including the
economics of mining, the friability and strength of the rock and the type of excavation. The
spacing of blast holes in an open pit is usually sufficiently wide that samples from an individual
blast hole could be analyzed separately in order to maintain the geologic and spatial integrity of
the samples. The shorter distance between blast holes in an underground mining may sometimes
allow compositing of samples from different blast holes in the same drift.

Not every blast hole needs to be analyzed. The frequency at which blast holes are sampled and
analyzed will depend on the prediction objectives, the geochemical variability, the required
accuracy and previous information.

Open pit, porphyry copper mines in Northern British Columbia typically blast 40 to 150 holes at
a time to break 50,000 to 200,000 tonnes of rock. The amount of rock broken in each blast
depends on the rate holes are drilled and loaded with explosive. The spacing of blast holes is in
staggered rows, with a hole typically every 8§ m by 8 m, but varying from 6 m x 6 m to 10 m x
10 m depending on the economics of mining and the friability and strength of the rock. The
depth of blast holes is a bench height (~12 m) plus 1.5 m of sub grade (total of ~13.5 m).

At one mine where the purpose is to segregate potentially ARD generating from non-ARD
generating rock, the frequency of sampling is every fifth blast hole or approximately one every
8,000 to 12,000 tonnes. Additional analyses and a review of the geologic variability were
conducted to arrive at this sampling frequency. More frequent sampling is conducted when
needed to more accurately identify the boundary between potentially ARD generating (PAG) and
not-potentially ARD generating (non-PAG) rock. At another mine, the frequency of sampling is
approximately one blast hole every 20,000 tonnes to segregate PAG from non-PAG. Where all
the rock is either PAG or non-PAG and the purpose of sampling is documenting the elemental
concentrations and Acid Base Accounting parameters, the sampling frequency is every 50,000 to
100,000 tonnes.

To avoid losing ore and milling waste rock, blasting typically results in very little lateral mixing

of the material and displacement of

Typically, blasting results in little displacement of | oundaries created from the blast hole
the material and boundaries created from the blast | qata  Occasionally the presence of

holes. This improves the opportunity for material | yisible differences makes it possible to
segregation based on pre-blast information. remove the rock almost exactly to the

boundary. The minimum amount of material that can be segregated is one loader bucket width.

The time between blasting and waste rock movement is dependent on the mining schedule but it
is usually within a few weeks, which allows some oxidation and weathering to start in the rock
before transport. It can be uneconomic to blast too far ahead of shovel production as this may
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result in costs being incurred well ahead of sales or reduced commodity recovery if there is
marked weathering of the ore.

8.13 Excavations

Geologic materials remaining or placed in excavations that should be sampled include
(Chapter 7):

residual blasted material;

backfill;

final walls; and
notable areas or masses of talus, fractures and residual blasted rock.

Although final wall surfaces are likely to be a relatively small portion of the future weathered
surface area, they may need to be sampled to:

o predict the future composition of talus; and
o identify sources for existing drainage chemistry.

Residual blasted rock, backfill and/or talus produced by roof and wall collapse will be the largest
source of weathering products in mine workings. The amount of talus will be relatively small
and probably will not need to be sampled in regions of the excavations where the voids are
almost entirely backfilled.

8.13.1  Sampling Backfill and Residual Blasted Rock

Sampling backfill should follow the procedures for the different types of backfill material (e.g.
waste rock, different tailings products and other backfill sources), with modifications for any
differences in materials handling, reprocessing, amendments or segregation. Backfill sampling
should occur prior to or during backfill placement as it is difficult to sample backfill after it is in
place. Use other sampling programs for drainage chemistry prediction only if they provide
samples of the final backfill material. Waste rock used as backfill underground can be sampled
on the post-blast muck pile from which it originates. Backfilled tailings should be sampled after
final processing and any amendments (Price, 2005).

Sampling residual blasted rock should follow the procedures for sampling waste rock. Sampling
of residual blasted rock should occur as soon as possible after blasting.

Where future access is a concern, it may be advisable to remove large enough representative
samples of backfill, residual blasted rock and/or talus to construct field trials in a more accessible
area.
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8.13.2  Operational Sampling of Final Walls and Resulting Fractures and Talus

Operational sampling of final mine walls typically consists of rock chips collected over an area
of wall with relatively uniform geologic, physical,
mineralogical, geochemical, weathering and leaching
properties.  Separate rock chip samples can be
collected from fracture surfaces to determine if their
composition differs from that of the wall as a whole.

Separate rock chip samples can be
collected from fracture surfaces to
determine if their composition differs
from that of the wall as a whole.

Sampling of notable areas or masses of talus, fractures and residual blasted rock should follow
the procedures for waste rock.

Sampling of final wall surfaces and the resulting fractures and talus should occur before access is
cut-off or the area becomes unsafe. Final mine walls may be unstable and sampling should only
be conducted when it is safe to do so.

The sample dimensions and sampling frequency and locations will depend on the prediction
objectives, mining practices, geochemical variability, the required accuracy, previous
information and the potential contribution of the sampled material to the drainage chemistry.
One commonly used sampling protocol is to combine sub-samples collected along short
transects. For example, each analyzed sample may be a composite of sub-samples collected
every meter along 4 to 5 m transects.

8.13.3  Sampling after Construction of the Excavations

Sampling of weathering and leaching features and drainage inputs and outputs from backfill,
residual blasted rock and talus should, to the extent required and practically possible, follow the
procedures used for other waste materials of similar physical composition, with modifications for
any differences in materials handling, reprocessing, amendments or segregation.

8.14  Post-Blast Waste Rock
Sampling of post-blast waste rock occurs from:

o excavation faces or the disposal location prior to incorporation in the dump; or
o holes and trenches in dump surfaces or holes drilled in the dump.

Their large size and weight make it very difficult to collect samples and measure the mass of the
largest waste rock particles from underground mines and practically impossible for the boulder
sized coarse fragments of waste rock from open pits. The coarse fragments in blasted waste rock
from an open pit can be up to 3 m in diameter.

Due to the logistical problems of handling large, heavy particles:

o samples of post-blast waste rock are typically restricted to particles <~ 12 cm in diameter;
and

o the stone sized fraction (~ 12 cm to 12 mm) or the stone and gravel sized fraction (~ 12 cm
to 2 mm) is considered to be representative of the entire coarse sized fraction.
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Samples of post-blast waste rock should be sieved into fine and coarse particle size fractions
prior to analysis. The diameter of the fine sized fraction that contains almost all the particle
surface area will be material specific. Many mines use < 2 mm as the sieve size for the fine
fraction and this is the particle size used to segregate soil from gravel in soil science. Less than
2 mm is a particle size in which typically most of the mineral grains will be exposed.

8.14.1  Sampling during Excavation
Post-blast waste rock sampled during excavation and mining may be used as:

o the primary source of information on the composition of waste rock; or
o a check on procedures for classifying and segregating waste rock based on the sampling
and analysis of exploration drill core or blast hole cutting.

Ideally, waste rock should be sampled at the blast site so the data can be compared with previous
data from drill core or blast hole chips from the same location. An alternative is to collect
samples when truck loads are first dumped at the disposal site.

Once waste rock is incorporated into a dump, it would be difficult to sample material that
corresponds to specific drill or blast holes samples and compare the two sets of results because:

o deposition may occur at a number of locations;

J waste rock spreads out and mixes with other waste rock to some degree; and

o there is usually no systematic record of all the locations where the waste rock from each
blast is deposited.

Concerns with sampling active excavations and disposal areas include:

o safety issues with sampling in areas with active equipment and unstable waste rock faces;
o sampling may interfere with mining, causing delays; and
o analysis results come too late to influence material handling.

One way to avoid working around active equipment is to conduct sampling during coffee and
lunch breaks or shift changes. Although

One way to avoid working around active sample results will come too late to influence
equipment is to conduct sampling during deposition of the sampled material,
coffee and lunch breaks or shift changes. information on the particle size distribution

and geochemical composition of the stone,
gravel and finer sized particles may be used to refine handling criteria for subsequent waste rock.

The sampling frequency should be guided by the prediction objectives, the geochemical
variability, the required accuracy, the previous information and logistical constraints such as how
much rock is moved between coffee break and lunch. Sampling should:

o be relatively frequent when a new geologic unit is first mined and there is little previous
information about whether the geochemical composition of the stone, gravel and finer
sized particles differ; and

o decrease as the uncertainty about the differences between the geochemical composition of
the stone, gravel and finer sized particles is reduced.
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A strategy used for sampling post-blast waste rock at some British Columbia mines is that each
sample is a composite of the sub-samples (five) collected at meter intervals along a four meter
transect at the base of the excavation face.

8.14.2  Sampling after Dump Construction
The objectives of sampling after dump construction are to:

o determine the composition of waste rock where there was inadequate previous
characterization; and

o monitor changes in weathering and leaching rates and conditions and the resulting drainage
chemistry.

Sampling after disposal may be needed to determine the composite dump composition where
waste rock is co-disposed with other materials (e.g. waste rock and tailings co-disposed in
backfill) or where thin layers of waste rock are mixed with the underlying soil material (e.g. thin
layers of crushed waste rock used to surface roads or airstrips).

Samples can be collected by digging holes and trenches or by drilling. Sampling waste rock
from faces exposed by
digging holes and trenches is
required if the objective is to
measure the particle size
distribution, the composition
of the fine size fraction, the solubility of weathering products, or other changes due to
weathering and the resulting pore water chemistry. Samples obtained by drilling cannot usually
provide this information because drilling breaks particles, creating new fine sized particles and
exposing fresh unweathered minerals. However, one advantage of drilling is that the holes can
subsequently be used for monitoring oxygen and temperature at different depths and to
determine the height of the water table.

Drilling usually cannot provide reliable samples for analyses
like in-situ particle size and particle surface weathering.
However, drilling does provide access to greater depths for
monitoring of drainage, gases, and temperature.

Representative samples of sulphidic geologic material placed in a single, thin waste rock bench
will be accessible from shallow trenches or pits. Representative samples of the entire range in
the composition of waste rock will be far more difficult to collect from trenches or pits where
dumps consist of more than one lift or where the drainage chemistry is determined by properties
and processes in the middle or at the bottom of a high dump. Information on changes in particle
size and weathering and leaching conditions can be obtained by ongoing sampling and analysis
of waste rock in dumps or field test pads.

Prior to sampling, the location or distribution of geologic materials and areas with significantly
different physical, mineralogical, geochemical, weathering and leaching properties, should be
identified by:

o reviewing records and maps of waste rock excavation and dump construction; and

o mapping the surface.

If possible, mapping should be done along the faces of backhoe trenches excavated across the
length and width of the surface of the waste rock. Backhoe trenches will expose structure,
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geologic composition and weathering features and vertical variability that may not be evident at
the surface, especially if there is a compacted traffic layer. Where the objective is to monitor
changes in weathering then spatial differences in secondary mineral precipitation and other
weathering properties should be mapped.

Samples should be collected at regular intervals across the width and depth of the different
geologic units and areas with other significantly different properties. The dimensions to sample
will depend on the variability of the properties of interest. Compositing should be avoided for
materials that have a significantly different geologic composition, structure and weathering and
leaching conditions. Where differences in potentially important properties occur irregularly or
along continuums, samples should be taken from geochemically similar units.

8.15 Tailings and Other Processing and Treatment Wastes

8.15.1 Sampling during Processing, Treatment and Deposition of the Resulting
Wastes

Process water, different tailings products and other products of processing and treatment
(Chapter 7) should be sampled during active processing and treatment to permit analysis of their
physical and geochemical composition. Depending on the complexity of the process, there may
be more than one processing or treatment waste. Examples of the different types of tailings
products that may need to be sampled are as follows:

tailings produced from different ore types with different geochemistry;

slurry, thickened and filtered tailings;

tailings sands and slimes;

sulphide rich tailings fractions, such as sulphide-rich cleaner tailings fraction and the
sulphide by-product of tailings desulphurization;

cycloned tailings sand;

J backfilled mill tailings amended with other materials, such as cement or crushed waste
rock or borrow materials;

o desulphurized tailings;
o tailings spills; and
o tailings moved by water and wind erosion.

Where, when and how often to sample will depend on the:

existing information;

where and when representative material is available;
timing of management actions and regulatory decisions;
variability of the targeted properties and processes; and
accuracy and precision required of the prediction.

An important consideration with regards to sampling representative material is that tailings and
process water should be sampled after:

o reprocessing (e.g. cycloning or desulphurization);
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o addition of supplementary materials (e.g. cement or borrow materials);
o mixing of different waste streams (e.g. rougher and cleaner tailings); or
o segregation during transportation and deposition (e.g. tailings sands and slimes).

Tailings leaving the mill will not be representative of the composition of final tailings where
other materials or amendments are added (Price,
2005) to reduce disposal costs (e.g. treatment
wastes or sewage) or increase their volume (e.g.
crushed waste rock or borrow materials) and
strength (e.g. cement or fly ash).

To ensure representative samples, tailings
and process water should be sampled after
any reprocessing, addition of
supplementary materials or segregation.

Tailings sand and slimes produced by alluvial particle and mineral segregation during deposition
on a tailings beach may have different compositions than the whole tailings. Regular sampling
of the tailings slimes and sands may be difficult due to ponding and a lack of strength during
active deposition. Possible options during active processing include sampling during intermittent
periods of drying or when the tailings are frozen. Options where field sampling is impractical
include particle size separation and artificially simulating the post-disposal segregation of the
sand and slime fractions. Artificially simulating differential settling or particle size separation
may be used to predict the composition of the sand and slime fractions prior to mining.

Air entry and the rates of weathering and leaching in tailings are typically highest in the upper,
surface layer of tailings. Therefore, it will be important to sample the final, upper layer of
tailings in impoundments and other areas of tailings disposal.

During active deposition, saturation and neutralization by process water will limit oxidation in
impoundments and other areas of tailings disposal.
Sampling of weathering features in impoundments and
other areas of tailings disposal will not be required until
final surfaces are completed or if there is a prolonged
interruption in tailings disposal at one location in the impoundment. Sampling may however
need to provide representative test materials for laboratory and field weathering (kinetic) studies
soon after the start up of tailings disposal.

Saturation and neutralization by
process water will limit oxidation
during tailings disposal.

When processing starts, there is often relatively little information on tailings composition and
frequent sampling is required. Frequent sampling may also be required:

o where a tailings product is used for construction in a sensitive area and prolonged upsets
are not permissible; or

o whenever significant modifications occur in the ore, mill, reprocessing, supplementary
materials or segregation, to confirm there is a consistently acceptable composition before
tailings are permitted to be placed in sensitive areas.

8.15.2  Sampling after Closure of Processing Facilities
The objectives of sampling tailings after closure of processing facilities may be to:

° characterize the surface in more detail;
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o determine the composition of tailings where there was inadequate previous
characterization; and

o monitor changes in weathering and leaching rates and conditions and the resulting drainage
chemistry.

The low bearing strength may result in inadequate characterization of the tailings sands and
slimes until deposition stops and the tailings surface dries.

Samples can be collected by digging holes and trenches or by drilling. Depending on the depth
and strength of tailings and the height of the water table, representative samples of deeper tailings
may not be accessible by digging pits. Unlike waste rock, drilling can be used to collect intact
samples of tailings that can be used to measure the particle size distribution, the composition of
the fine size fraction, the solubility of weathering products and the resulting pore water
chemistry. One advantage of drilling is that the holes can subsequently be used for monitoring
oxygen and temperature at different depths and to determine the height of the water table.

Prior to sampling impoundments and other areas of tailings disposal, the probable distribution of
tailings materials with significantly different geologic, physical, mineralogical, geochemical,
weathering and leaching properties should be identified by reviewing records and maps of
tailings deposition and mapping the surface. If possible, mapping should also be done along the
faces of backhoe trenches excavated across the length and width of the surface. Backhoe
trenches will expose vertical variability in structure, geologic composition and weathering
features that may not be evident at the surface, especially if there is a cemented hard pan layer.
Where the objective is to monitor changes in weathering, spatial differences in secondary
mineral precipitation and other weathering properties should be mapped.

Samples should be collected at regular intervals across the width and depth of the different
geologic units and areas with other significantly different properties. The dimensions to sample
will depend on the variability of the tailings properties of interest. Compositing should be avoided
for materials that have a significantly different geologic composition, structure and weathering
and leaching conditions. Where differences in potentially important properties occur irregularly
or along continuums, samples should be taken from geochemically functional areas and depths.

8.16 Safety
Safety should be a major consideration during sampling. Concerns include:

o steep and unstable ground conditions, especially in excavations;

o air quality in underground workings and in depressions and confined areas when sampling
excavations, waste rock and tailings;

o danger to eyes from rock chips during drilling;

o mining activities such as blasting and equipment working nearby; and

o remoteness of many sites especially when they close.

Plans for sampling and sample preparation should include measures, equipment and proper
training of personnel to address potential concerns.

Be safe when sampling!
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9.0 OVERVIEW OF STATIC AND KINETIC TESTS

Some Important Points in this Chapter

The analyses and tests for predicting drainage chemistry can be divided into one time
“static” and repetitive “‘kinetic’ tests. There are many types of static tests, such as
Acid Base Accounting (ABA) and total elemental analyses; these can be completed
relatively fast. Kinetic tests, including laboratory based humidity cells and on-site
leach pads, can take years to complete and are more expensive. For these reasons,

kinetic testing is often limited to samples identified as important and representative by
static tests. Also, some kinetic tests provide primary mineral reaction rates, while
others provide direct predictions of drainage chemistry after additional processes.

Therefore, the objectives of all testing should be carefully considered and stated.
Flow rates should always be measured in all kinetic tests to assist in interpretations.
Many static and kinetic tests provide some information that is similar and
complementary to others, so any discrepancies should be investigated and resolved.

Test results should be carefully tabulated, accompanied by descriptive statistics, and

also shown on scatterplots.

9.1 Introduction

Drainage chemistry prediction should be based on evidence from a number of different sampled
materials (Chapter 8), analyses and tests (e.g.
Figure 4.1).  Well-informed, site specific decision
making requires comprehensive testing and is only
possible if the necessary information is obtained and
correctly interpreted. Analyses and tests used to predict
drainage chemistry can be separated into static tests and kinetic tests. In drainage chemistry
prediction, the term “static” test refers to analyses that measure the composition or quantity of
some constituents in a sample at a single point in time. Kinetic tests consist of one or more
measurements of samples taken over time from a material exposed to certain weathering and
leaching conditions.

Analyses and tests for predicting
drainage chemistry can be divided
into one-time *“static™ tests and
repetitive ““kinetic’ tests.

The analyses and tests selected for each project component should be based on the prediction
objectives and on the physical, drainage, atmospheric and geochemical conditions that control
weathering and leaching. Some analyses and tests have specific requirements and it is important
to follow the proper procedure (e.g. measurements of Neutralization Potential, or NP). Other
analytical procedures and tests should be modified to match site conditions such as the drainage
pH or the relative amounts of sulphidic material and leachate (e.g. analysis of soluble
constituents, see Chapter 11).

Slight differences in analytical or test procedures for the same property may give different
results. In some cases, standard calculations are used to convert the measurements into common
units of interest (e.g. % sulphide-S is multiplied by 31.25 for conversion to acid potential in units
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of kg CaCOj; equivalent/tonne). It is important to know the procedure details and units when
interpreting or reviewing the results.

9.2 Static Tests

Static tests measure chemical, physical and mineralogical properties of a sample. There are a
large number of chemical, physical and
mineral  properties that  potentially
influence  drainage  chemistry  and
consequently, a large number of potential
static test procedures. As with all aspects
of drainage chemistry prediction, the prediction questions and the weathering and leaching
conditions must be considered in the selection of static tests and the interpretation of their results.

There are a large number of chemical, physical
and mineral properties that potentially influence
drainage chemistry and consequently, a large
number of potential static test procedures.

Static tests play a large number of roles and form much of the basis for the prediction of drainage
chemistry. For example, static tests are used to measure the composition of geological materials,
wastes (e.g. rock, tailings overburden), openpit and underground walls and weathering features.
Also, detailed static test data can be used to set criteria for material classification at a site.
Operational static tests may be used to segregate materials for separate disposal and mitigation.
Static test data can be useful in identifying materials with little or no ARD potential and trace
elements of lesser concern. However, given the present limited knowledge regarding rock and
mineral reactivity and the limits of precision and accuracy in the tests, static test criteria may be
rough and conservative at a site.

The results from a static test are generally used in conjunction with data from other static and
kinetic tests (discussed in detail in many of the following chapters), modeling drainage chemistry
(Chapter 20) and information about future physical, drainage, atmospheric and geochemical
conditions (Chapters 6 and 7). For example, if waste rock is submerged after mining, the
concentrations of soluble chemical species and the rinse pH of waste rock may be used with the
volume and chemistry of flood water and the solubility modeling to predict trace element
concentrations in the water cover.

Static test information obtained prior to kinetic tests can be used to select kinetic test materials
and to predict the approximate time until critical changes occur. For example, static
measurements of the acid and neutralizing potential and the solid phase levels of potentially acid
generating and neutralizing minerals may be used with kinetic humidity cell reaction rates to
predict approximate times to the onset of acidic drainage under aerobic weathering conditions.

Chemical elements or properties determined by some static tests may occur in more than one
mineral or chemical compound within a sample (see Chapter 8). In some cases, minerals or
chemical compounds that play no role in the field may contribute to the static test results. Thus,
discrepancies between the contribution of different minerals or chemical compounds in the field
and in the test may occur when static tests attempt to replicate the cumulative effect of much
slower kinetic processes (e.g. neutralization potential).  Consequently, static tests can
underestimate or overestimate the target parameters compared to site conditions and the correct
interpretation of static test results is critical to the prediction of drainage chemistry.
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One way to improve the accuracy of the resulting prediction is by conducting similar,

measuring similar properties may indicate that there

: : complementary  tests. Significantly
One way to improve the accuracy of the resulting different results from analyses measuring

prediction is by conducting similar, complementary | gimilar properties (e.g. carbonate-NP

tests. Significantly different results from analyses and bulk-NP) may indicate that there are

sample components that result in “blind

are sample components that result in “blind spots™ spots” in one or both the analyses (e.g.

in one or both the analyses.

significant contribution of Fe or Mn

carbonate to the measured NP). Somewhat redundant information may provide critical cross
checks or aid in the interpretation of predictive information, with discrepancies pointing to
properties or conditions warranting further examination and clarification. Complementary tests
can also be used to check for analytical errors and select the most cost-effective means of
operational sample characterization.

The tests listed below measure parameters that may strongly influence drainage chemistry and
should be considered for inclusion in any prediction program.

a)

b)

©)
d)

2

h)

Total Elemental Analysis (Chapter 10):
e Whole-rock major element analyses such as by XRF; and
e Multi-element trace analysis by ICP after strong acid digestion (major, minor and trace
constituents).
Soluble Constituents (Chapter 11):
e  Selective dissolution analyses including:
0 surface rinse and crushed pH measurements; and
0 shake flask (water extraction) measurements of accumulated reaction products.
Sulphur species, including sulphide, leachable sulphate and total sulphur (Chapter 12).
Neutralization potential (Chapter 13):
e Bulk Neutralization Potential;
e Sobek neutralization potential;
e Modified Lawrence neutralization potential; and
e Carbonate based neutralization potential, including detection of iron and manganese
carbonates (although manganese carbonates are less common).
Acid Base Accounting (Chapter 14):
e Neutralization Potential Ratio; and
e Net Neutralization Potential.
NAG test (Chapter 15).
Physical Analyses (Chapter 16):
e Particle size analyses; and
e Surface Area.
Mineralogical determinations/examinations (Chapter 17):
Visual description;
Petrographic analysis;
X-ray Diffraction;
SEM/EDS;
Microprobe; and
Laser Ablation.
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The recommended procedures for whole-rock and multi-element analyses, solubility and other
selective extraction analyses, particle size analysis, and mineralogical examinations are
commonly used in geology and soil science.

The combined measurement of sulphur species, neutralization potential and paste (crushed) pH
accompanied by the calculation of net neutralization potentials and net potential ratios is called
Acid Base Accounting (ABA, Chapter 14). There are several variations of ABA. The initial
procedures were described by Sobek et al., (1978), also known as the EPA-600 methods.
Modifications to these procedures have been developed and are described here.

The evaluation of static test data requires data tabulation, calculation of descriptive statistics and
plotting of critical parameters. The calculated
descriptive statistics should include means and 10%,
50% (median) and 90% percentiles (Table 9.1).
Tabulation and derivation of descriptive statistics
should be done for each potentially unique geological

The evaluation of static test data
requires data tabulation,
calculation of descriptive statistics
and plotting of critical parameters.

unit and waste or exposure type.

Table 9.1 Minimum recommended descriptive statistics for static tests.

Percentiles 10%, 50% (median), 90%
Central tendency moments arithmetic mean, arithmetic standard deviation'
"if the distribution is not normal or log normal, other statistics should be used

Arithmetic means and standard deviations are based on the assumption that data are distributed
normally. This is not always the case. Therefore, the distribution of data from static tests should
be displayed graphically. Based on the observed distribution, appropriate statistical summaries
can be created and if desired, percentages of statistical populations within specified categories
(e.g. NPR < 1) can be estimated.

In addition to the tabulation of descriptive statistics, data evaluation requires the production of
scatterplots which graphically reveal aspects of the distribution of data and population
differences not always apparent in the statistical data. Also, scatterplots of one parameter against
another can illustrate the relationships, such as correlations, between key parameters. For
example, a scatterplot of surface rinse pH vs. NP may reveal the amount of unavailable NP in
weathered samples after the sample becomes acidic (“goes acid”), and a plot of iron vs. sulphide
may indicate the additional amount of iron not accounted for by iron sulphide minerals.
Mineralogical examinations (Chapter 17) will also assist in these interpretations.

The required plots will depend on the site and the prediction questions (Chapters 12, 13 and 14).
However, there are some scatterplots that are often helpful to interpretations and usually should
be produced (Table 9.2 and Figures 9.1 to 9.5).
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Table 9.2 Generically required scatterplots for Acid Base Accounting.

Parameter #1 vs. Parameter #2 Potential Purpose
<2 mm Surface Paste pH comparison of pH methods; differences between surficial
Rinse pH and bulk pH
Sulphide portipn . of total .sulphur comprised of sqlphide;
Total Sulphur implications of substituting total sulphur for sulphide
Sulphate (optional) portion of total sulphur comprised of sulphate;
relationship of sulphate to total sulphur
Sulphate oxidative relationship of sulphide to sulphate
Sulphide o correlation showing any control by sulphide (for
P weathered materials only)
CO,-NP portigg of NP compriseq of carbonate minerals; general
reactivity of carbonate minerals
o correlation showing any control by NP; estimation of
Sobek NP P unavailable NP (for weathered materials only)
(CO5-NP)? NPR unavailable NP in samples with high NPR
Sulphide balance between AP and NP
Particle Size for weathered samples shows the contribution of various
particle sizes and possible occlusion
NNP relationship of two calculated bulk balance parameters;
NPR substitution of one parameter for another
u preliminary adherence to critical NPR values based on
p pH (for weathered materials only)
" The use of both < 2 mm surface rinse pH and paste pH should be reviewed.
2 The use of both Sobek NP or CO;-NP should be reviewed; see also Figure 9.1.

Tabulated raw data, scatterplots and descriptive statistics should be examined to:

° determine which, if any, trace elements occur in anomalous amounts;

o determine which analyses and correction factors are required to accurately and cost-
effectively measure the AP and NP;

o compare descriptive statistics with criteria for potentially acid rock drainage generating

(PAG) material to provide an initial assessment of the ARD potential for 10%, median, and
90% of the samples in each geological and management unit; and

o identify anomalous samples or groups of samples whose performance may significantly
differ from or alter the performance of each geological and management unit and
determine whether these materials can be handled separately.

The location, geological unit, waste type, sample location and sample type are needed. Where
possible, data from sample groups whose spatial occurrence, project component and composition
suggest they can be treated alike should be combined.
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Figure 9.1 Scatterplots of xXNNP vs. crushed pH from B.C. mines.

Prediction Manual for Drainage Chemistry from Sulphidic Geologic Materials Version 0 — Dec. 2009



CHAPTER 9

9-7

Crushed pH vs NPR

)
.
°
o.. d .
J.o" e o
%o o . .
5 .
<
Q
c
)
o
O
I ‘ I ‘ I ‘ |
40 120 160

80
NPR

a) early stage of acid generation; no
acidic samples

Crushed pH vs NPR

10
] .
B Ao e
1 ptn
87 o R
1 Lo
] g Sy et o g
] L) ‘
T 1 o
S o .
e .
g ] ., o, .
7 1 X
=} 7 . *f PRI
O 44 CRE.
] o
| i < w
| o - N
| " 1
4 * o o
N
B o
3 LEGEND z |2
] ooooo Talings
] 4%+ 4 4 ROCK
0 F——rrrr— T
19 °° 1o 127 19 12" 1 10
NPR

¢) only samples with NPR < 0.3
have acidic crushed pH

Crushed pH vs TNPR

@ [e]
o 0o o

oRE *1-*; ++ *x0 + *ix
ot wt Y gt T o +
)

304 o 9
'S Higher values of
TNPR truncated
2
T
'5 +  H/W Andesite
5 QO H/W Argillite
O contact Zone
O Rhyolite
A Rhyolite Massive
X Rhyolite Flow
#  Rhyolite Breccia
% Dacite
X ore
Mudstone H/W
\ \ \ \
8.0 12.0 16.0 20.0
TNPR
b) intermediate stage of acid generation;
only a few samples with TNPR < 1.0
associated with acidic pH
Crushed pH vs Adjusted NPR
P
A
-
a
T
Z
<

Rock Unit 1

Rock Unit 2 (excluding 2a)
Rock Unit 2a

Rock Unit 3

Rock Unit 4

Undifferentiated Waste Rock

NOTE: SNPR Default Value= 10.00
! I ! I I
10.0 20.0 30.0
Adjusted NPR

d) adjusted NPR values ~ 0 (unavailable
NP subtracted) associated with acidic
and neutral/alkaline pH
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TNNP vs % S (Total) TNNP vs Sobek-NP
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Figure 9.3 Scatterplots of xXNNP vs. total sulphur and Sobek NP from B.C. mines.
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Figure 9.4 Scatterplots of xXNPR vs. total sulphur and Sobek NP from B.C. mines.
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Figure 9.5 Scatterplots of xXNPR vs. xXNNP from B.C. mines.

9.3 Kinetic Tests

Kinetic tests are experimental designs that allow the ongoing measurement of weathering and

leaching rates and conditions of the sample

Kinetic tests are experimental designs that and/or the sample's drainage chemistry.
allow the ongoing measurement of weathering | ginetic information is a critical part of

and leaching rates and conditions and/or the | qrainage chemistry prediction.  While

resulting drainage chemistry. previously described static tests such as
Acid Base Accounting (ABA) provide data
on the composition of the sample, site specific kinetic information is required to show how a
material with that composition will react.

The information from kinetic testing includes:

rates of acid generation and neutralization;

changes in geochemical properties, such as solid phase depletion of a soluble element;
time to net acidic conditions; and

drainage chemistry and contaminant loadings.

The relative rates of acid generation and neutralization play a major role in determining
geochemical conditions, including whether the sample will become net acidic. Time to net
acidic conditions may determine how long a delay is permissible before prevention measures are
required.
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The information in the preceding bullet list can be estimated from measurements of the:

weathering of acidity and contaminant sources;
weathering of neutralizing minerals;
weathering and leaching conditions;

secondary mineral formation;

solubility of the released contaminants; and
drainage chemistry, flow rate and volume.

The weathering of acidity and contaminant sources, will naturally focus on the weathering of
sulphide minerals in this Manual. The investigation of the weathering of neutralizing minerals
will concentrate on carbonate minerals and whether non-carbonate minerals are capable of
contributing significant NP. The investigation of secondary mineral formation and the solubility
of the released contaminants includes solubility limits and other equilibrium levels.

9.3.1 Generic Information Requirements

Generic information requirements that should be addressed in any kinetic test, discussed further
in Chapters 18 and 19, are the following:

o detailed pre-test characterization of the geological materials and project components under
investigation;

o detailed pre-test static characterization of the test material;

o monitoring of drainage, weathering and leaching conditions and reaction rates and changes
in the test material; and

o post-test characterization of the test material, again requiring detailed static testing.

9.3.2 Pre-Test Characterization of the Project Component

As one generic information requirement, detailed pre-test characterization of the weathering and
leaching conditions and the properties of the project component (Chapter 7) under investigation
1s needed to:

identify the properties and processes of concern;

estimate the duration of weathering and leaching when combined with kinetic rates;
determine the prediction questions that kinetic testing needs to answer;

select the appropriate kinetic tests, test conditions and experimental designs;

identify mineral sources for different chemical species in the drainage;

determine the portion of the project component that is a concern and select samples of that
material to use as test materials; and

o predict how long the kinetic test should be run to answer the prediction questions.

The properties and processes of concern will be a function of present and future weathering and
leaching conditions and the properties of
the project component. For example,
under neutral pH and aerobic weathering
conditions, the primary source of
contaminants may be the dissolution of
sulphate minerals and the oxidation of

Under neutral pH and aerobic weathering
conditions, the primary source of contaminants
may be the dissolution of sulphate minerals and

the oxidation of sulphide minerals and their
contributions will change over time.
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sulphide minerals and their contributions will change over time. Also, after a later decrease in
the redox potential, a primary source of contaminants may become reductive dissolution of
contaminants co-precipitated with minerals like ferric iron. This would not be detected or
predicted by an aerobic kinetic test. As another example, the later onset of net acidic weathering
conditions due to the depletion of neutralizing minerals may increase primary mineral
weathering, contaminant solubility limits and secondary mineral dissolution.

Usually there are a number of problematic drainage chemistry properties. For example, in
drainage discharge, zinc release may be the major issue in the initially neutral pH effluent while
copper may be the major issue if the effluent becomes acidic. Thus, the time to net acidic
drainage and the maximum acidity may be the primary properties and processes of concern for
predicting and mitigating unacceptable drainage chemistry from sulphidic geologic materials.

An important consideration in the selection of kinetic tests is whether the test will measure
primary mineral reaction rates (e.g. rate of
sulphide oxidation, Chapter 18) or the drainage
chemistry after secondary mineral precipitation
and dissolution (e.g. trickle leach column or
cell, Chapter 19).  Usually both types of
information would be important, and therefore

An important consideration in the selection
of kinetic tests is whether the test will
measure primary mineral reaction rates or
the drainage chemistry after secondary
mineral precipitation and dissolution.

both types of tests should be performed.

Kinetic tests should duplicate critical weathering and leaching conditions and changes in
properties expected at the site and in the material. Two of the most important properties for
primary mineral reaction rates and secondary mineral precipitation and dissolution are pH and
Eh (redox potential). However, the impact of future pH and Eh conditions will also depend on
future property changes such as the depletion of sulphide minerals or the accumulation of
contaminants co-precipitated with ferric iron.

Duplicating pH and Eh conditions in tests without also duplicating other critical property
changes can produce an erroneous prediction of future drainage chemistry. For example, for a
sample with a large NP, artificially removing the NP at the start without similarly reducing the
concentration of sulphide minerals could result in a large overestimation of the rate of sulphide
oxidation at the onset of net acidic weathering conditions (Price, 2005).

Important considerations in kinetic tests measuring primary reaction rates are the possible
mineral sources for a chemical species in the leachate. In other words, the measured reaction
rates can reflect the individual rates of two or more minerals. A common situation where a
component or reaction may mask one of the critical properties or processes is where the
dissolution of gypsum or some other sulphate mineral masks sulphate release by sulphide
oxidation, making it difficult to measure the rate of sulphide oxidation.

This possible masking of properties or processes should be resolved to ensure potentially
important parameters can be measured and to identify situations where a component or reaction
may mask one of the critical properties or processes being measured. In humidity cell testing,
this should include data to support assumptions regarding the mineralogical origins of
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constituents. These constituents include sulphate, base cations and any other parameters which
are used to estimate rates of acid generation, neutralization, and leaching.

Potential solutions if a component or reaction may mask one of the critical properties or
processes include:

o selection of more appropriate samples; or
o pretreatment of the sample to remove the offending component.

Compared with static tests, the number of kinetic tests is typically much lower and the duration
and cost are much higher. Therefore, prior to selecting kinetic test material, considerable
forethought is required regarding the:

o variability in the properties of the project component that may create problematic drainage
chemistry;

portion of the range that is a concern;

levels of potentially problematic properties that need to be tested;

required number of individual cells, columns and test pads; and

selection of samples or materials representative of the properties that should be tested.

It is critical that kinetic tests are run on the samples of the project component that will produce
problematic drainage chemistry. For example, only waste rock with the lowest 10" percentile of
NP concentrations may be responsible for the first net acidic conditions, then causing other
percentiles to become acidic faster. In other situations, the problematic property of the drainage
chemistry will be the sum of the drainage chemistry produced by the material as a whole and
thus testing should be conducted over the entire range in composition (e.g. sum of the drainage
chemistry from materials with the 10th, median and 90" percentile metal concentration). Just as
it is important that static testing covers the entire range in geological, geochemical, physical,
weathering and leaching conditions, it is important that kinetic testing cover the entire range for
the portion of the project component that is a concern.

The design of a kinetic test program should use detailed static test information on the
composition of the project component and the test
materials, showing that the test materials have the
composition of the portion of the project component
they are intended to represent. For example, if the
problematic property of the drainage chemistry is
the onset of net acidic conditions, the test materials should be representative of the material with
the lowest carbonate content, lowest neutralizing potential and lowest ratio of these parameters to
the acid potential (NPR values). If the problematic property of the drainage chemistry is
elevated copper in near-neutral drainage, the test materials should be representative of the
material with the highest concentrations of dissolvable copper, total copper and reactive copper
minerals and the lowest concentrations of any components that may limit reaction of copper
minerals or the solubility limits for copper.

Detailed static test information should
demonstrate that the kinetic test
samples do represent the intended
portion of the project component.

In some situations it may take years, even decades, to reach the weathering conditions or
material properties of concern with regards to drainage chemistry. The duration of kinetic tests
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to answer the prediction questions should be estimated prior to initiating kinetic test work to
ensure:

o data will be available when needed to make management or regulatory decisions;
o resources are available to continue the tests as long as needed; and
o other prediction or management measures are selected if the data will not be available in time.

9.3.3 Selection of Kinetic Tests

Kinetic testing requires field situations and/or laboratory test procedures that include the desired
weathering and leaching conditions with the materials of interest. Kinetic testing includes a
variety of procedures, measuring a wide variety of properties and processes. Test selection
should be based on the prediction questions, the predicted weathering and leaching conditions
and the properties being tested.

The benefits and potential limitations should be considered when selecting a kinetic test and
interpreting or reviewing its results. Kinetic tests
are not interchangeable and one should be aware of
the differences when selecting a test and
interpreting or reviewing the results. Test selection
and the assessment of test results should include
consideration of the possible differences between the kinetic test and the project component.
They should also consider the time periods under investigation and their effects on properties
such as weathering and leaching conditions, mineral availability and exposure and contaminant
concentrations and solubility.

Kinetic tests are not interchangeable
and one should be aware of the
differences when selecting a test and
interpreting or reviewing the results.

Factors to consider in test selection include the following:

. whether the test occurs in the laboratory, at the mine site or at some other suitable field site;

° the scale of the test - full or reduced;

. differences among the tests in weathering and leaching conditions and inputs and how this
may alter weathering properties and processes; and

o whether the measurement objective is the drainage chemistry or the rate of primary mineral
weathering.

Measurement of primary mineral weathering requires an action to remove the solubility
constraints. Usually this is accomplished with aggressive leaching or flushing that limits
secondary mineral precipitation. Measurement of drainage chemistry and primary mineral
weathering are often mutually exclusive.

Large disparities may exist between laboratory kinetic tests and on site kinetic tests at the mine
due to differences in sample preparation, climatic conditions, sample size, scale and in the case
of waste rock, particle size.

One of the most critical aspects, and a common source of error when it is not recognized, is the
distinction between tests designed to measure kinetically limited primary mineral weathering
reactions and those designed to measure the drainage chemistry primarily resulting from
equilibrium controlled secondary mineral precipitation and dissolution. Some humidity cell tests
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have specific requirements that allow them to measure primary mineral weathering and it is
important to follow their procedures closely.

Potential sources of kinetic data include the following:

natural non-lithified surficial material (e.g. talus) and outcrops from materials with a
geological and geochemical composition similar to the material of concern, and that have
been exposed to similar weathering and leaching conditions;

other site materials with a similar geological and geochemical composition and weathering
and leaching conditions;

laboratory humidity cell tests;

laboratory trickle leach columns;

wall washing stations;

field test pads; and

full-scale project components.

A synopsis of the probable test conditions for various kinetic tests is shown in Table 9.3. More
detailed descriptions of humidity cell and kinetic tests that measure primary mineral weathering
and secondary mineral precipitation and dissolution are provided in Chapters 18 and 19.

Table 9.3 A synopsis of typical test conditions for various Kinetic tests.

Primary
Test Procedure | Field/Lab Scale Weathering Drainage Chemistry
Fumidity Cell Lab Bench, < 6 Yes Estimate with geochemical
mm particles models
Column Lab Bench to pilot No Yes
Field Test Pads Field Pilot No Yes
Wall Washlng Field 1w Maybe Estimate with geochemical
Stations models
Site Drainage Field Full No Yes

9.3.4 Pre-Test Characterization of the Test Material

Detailed pre-test characterization of the test material is required to:

check that samples are representative of the properties that need to be tested and the
portion of the project component that is a concern;

allow the extrapolation of measured reaction rates to materials with different surface areas
and concentrations of minerals;

identify mineral sources for different chemical species in the leachate;

predict how long the kinetic test will need to run to answer the prediction questions; and

in conjunction with results from post-test characterization, provide a check on results of
other forms of monitoring and measure the amount and type of precipitation and removal
of weathering products.
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The analyses for pre-test characterization should consist of the following:

total elemental analysis;

soluble constituents;

sulphur species, including sulphide, leachable sulphate and total sulphur;
bulk and carbonate based Neutralization Potential;

particle size analysis; and

petrographic and X-ray Diffraction mineralogical determinations.

Other forms of analysis, such as SEM/EDS or microprobe, may be needed depending on the
results (Chapter 17).

9.3.5 Monitoring during the Test

Monitoring requirements during the test will depend on the objectives and type of test.
Properties that may be monitored include:

J regular sampling and geochemical analysis of the discharged drainage;
o chemistry of drainage inputs;

o changes in colour;

o gas phase and drainage chemistry within a column, test pad or project component; and
. oxygen consumption.

Regular sampling and geochemical analysis of the discharged drainage is a requirement of
almost all kinetic tests, although the analyzed
parameters and the sampling frequency will depend
on the test. Analyses of drainage chemistry
generally include pH, conductivity, total dissolved
solids, hardness, acidity, alkalinity (pH 8.3),
sulphate, chloride, fluoride, nitrate, phosphate and
dissolved ICP elements including arsenic, mercury,
selenium and other chemical species of site-specific concern. A full suite of analyses will be
required for geochemical modeling (Chapter 20). Indicator parameters should be measured in
every sample, but it may be possible to measure the full suite of analyses needed for geochemical
modeling less frequently.

Regular sampling and geochemical
analysis of the discharged drainage is
a requirement of almost all kinetic
tests, although the analyzed parameters
and the sampling frequency will depend
on the test.

Wherever drainage chemistry is measured, drainage flow rates (volume per unit time) should
also be measured, in addition to
drainage concentrations, to permit
the calculation of reaction rates
and downstream loadings
(Figure 9.6). The location, flow
rate and volume of water should
be measured because changes in drainage chemistry may result from changes in these properties
rather than changes in geochemistry.

Wherever drainage chemistry is measured, drainage flow
rates (volume per unit time) should also be measured, in
addition to drainage concentrations, to permit calculation
of reaction rates and downstream loadings.
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Figure 9.6 Monitoring of the rate and volume of flow are needed to calculate contaminant loadings.

In addition to the discharged drainage, sampling and analysis can be done on the solid phase and
the porewater and groundwater within the test material or project component so long as the test
conditions are not disrupted. Data from monitoring of internal temperature and oxygen
concentrations may also reflect the rate of sulphide oxidation.

An important source of information that should be monitored for both laboratory and field
studies are influential climate properties such as precipitation and snow fall (Section 6.3).

9.3.6 Post-Test Characterization of the Test Material

Detailed post-test characterization of the test material, in conjunction with results from pre-test
characterization, is required to:

. check the results of other forms of monitoring;
. measure the amount and type of precipitation of weathering products; and
. identify the minerals in the initial test material that did not react.

The analyses should be the same comprehensive static testing as conducted prior to the test
(Section 9.3.4).
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10.0 WHOLE-ROCK AND NEAR-TOTAL SOLID PHASE
ELEMENTAL ANALYSIS

Some Important Points in this Chapter

The analyses discussed provides the total or near-total amounts of selected chemical elements
in a solid phase sample. This is accomplished in two major steps. First, most or all of a
sample is digested in a hot chemical flux or strong acid combination. Second, the digested
sample is analyzed by one of several techniques, such as X-ray Fluorescence (XRF) or
Inductively Coupled Plasma (ICP). It is important to be aware of the strengths and
weaknesses of each method of digestion and analysis because it may affect predictions of
drainage chemistry from sulphidic materials. For example, whole-rock analyses may be
reported as oxide equivalents, such as CaO and Al,O3, which require mathematical
conversions to obtain pure element concentrations. These analyses do not reveal the forms
in which an element occurs, such as in one or more minerals, although this can sometimes
be estimated using a few assumptions. Also, solid phase levels, whether high or low are not
on their own measures of the potential aqueous concentrations in drainage or of the threat
to the environment. However, tests in other chapters are combined with these solid phase
results for drainage predictions, such as the length of time until elements are fully leached
from a sample.

10.1 Introduction

Whole-rock or near-total solid phase elemental analysis is used to quantify elemental
concentrations in rock materials that may be exposed through
These analyses should be | mining activities. Information regarding solid phase elemental
conducted on all geologic | abundance represents a key component of mine waste
materials impac_ted bya | geochemical characterization and accordingly, such analyses
mine or project. should be conducted on all geologic materials impacted by a
mine or project. The initial solid phase elemental data often
comes from sampling and analyses conducted as part of geochemical exploration. More
comprehensive sampling and analysis is usually conducted as part of pre-mine planning, with
regular operational characterization used for verification and filling data gaps.

10.2  Objectives

The primary objective of whole rock or near-total solid phase elemental analysis is to determine
the concentration of elements that are drainage chemistry concerns (e.g. metals and metalloids).
Other uses for the results include the following:

o check whether trace elements of potential concern occur in elevated concentrations
compared with concentrations normally found in rock and soil at the site or more
universally;

o estimate trace element depletion times;
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o determine the maximum potential contribution of acid insoluble sulphate minerals (barite
[BaSQq4], anglesite [PbSO4] and celestite [SrSO4]) to the estimates of sulphide-S and AP
(Chapter 12);

o determine the maximum potential contribution of less acid generating sulphide minerals
than pyrite to compare to the estimates of sulphide-S and AP (Chapter 12);

o identify samples with elemental levels indicative of anomalous geochemical conditions;

o verify the predicted lithological classification and mineralogical composition; and

o estimate the concentrations of constituents that may control important properties of the
drainage chemistry (e.g. neutralizing minerals).

10.2.1 Limitations

Whole rock and near-total solid phase elemental analysis provides limited information about the
form (e.g. mineral) in which the elements exist and on its own is not a measure of the potential
concentrations in drainage or the threat to the environment. There are a large number of
properties and processes that determine whether solid phase elements will report to drainage.
These include:

o the elemental forms present (i.e. mineralogical associations) and whether the forms are
relatively soluble or will become more soluble through processes such as oxidation;

o environmental conditions (e.g. sub-aerial versus saturated storage conditions, climate, etc.);
and
o volume, chemistry and flow rate of the drainage.

Information on the mineralogy (Chapter 17), geochemical conditions and rates of weathering
(Chapters 18 and 19), secondary mineral solubility (Chapters 19 and 20) and the resulting
drainage chemistry are required to interpret the environmental significance of solid phase
elemental analysis results.

Relatively high elemental concentrations will not result in elevated aqueous concentrations in
drainage, if their mineral form is relatively insoluble or
unalterable, or if the weathering conditions are not
conducive to elemental mobility. An example of this is
the relative stability of copper that is often observed in
weathered rock materials (e.g. zones of supergene
enrichment) given the sparingly soluble nature of such materials under specific conditions.
Conversely, if the element is in a form that is very soluble or will become more soluble due to
weathering, normal or relatively low solid phase elemental concentrations may result in high
concentrations in mine drainage. An example of a relatively rapid weathering reaction that
increases solubility is sulphide oxidation under aerobic, low pH weathering conditions.

Relatively high solid phase
elemental concentrations will not
result in elevated aqueous
concentrations in drainage.

10.2.2 Overview of the Methods

There are a large number of possible methods for measuring the whole rock or near-total solid
phase elemental concentration. Some methods measure the concentration of a single element.
Other methods simultaneously measure the concentration of a large number of elements. Multi-
element methods are most commonly used due to their cost-effectiveness. Methods that measure
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the concentration of a single element are generally used when the equipment for multi-element
analysis is unavailable or the element is not amenable to multi-element techniques.

Most methods for measuring the whole rock or near-total solid phase elemental concentration
typically have two stages: 1) digestion of the
sample in acid to release the elements into a
measurable form; and 2) analysis of the
concentrations of the elements in the resulting
digestion. More than one method for the multi-
element analysis can generally be used with
each method of digestion and vice versa. For
example, X-ray Fluorescence Spectroscopy
(XRF), Inductively Coupled Plasma (ICP) or
Atomic Absorption Spectroscopy (AAS) can all be used to measure the elemental concentration
after digestion by Lithium Borate fusion. ICP or AAS can also be used for analysis after wet
digestion by a strong acid method, such as four acid (HF-HNO;-HCIO4-HCl) or aqua regia (HCI-
HNOs) digestions. There are two common ICP options for analysis, Atomic Emission
Spectroscopy (AES) or Mass Spectroscopy (MS). Non destructive methods for trace element
analysis (i.e. those not requiring digestion) include XRF which is conducted using pressed
powders.

Most methods for measuring the whole
rock or near-total solid phase elemental
concentration typically have two stages:

1) digestion of the sample in acid to
release the elements into a measurable
form; and 2) analysis of the concentrations
of the elements in the resulting digestion.

10.3 Methods of Sample Digestion

The purpose of sample digestion is to release elements from the mineral phase into a phase in
which they can be analyzed (e.g. liquid solution or glass disk). Digestion methods vary in their
ability to digest different minerals and therefore the proportion of the sample they are able to
digest. Digestion methods also vary in their susceptibility to interference by sample properties
such as sulphide content. The best detection method will depend on the degree of digestion
required, sample mineralogy and the intended use for the results. Lithium borate fusion
completely digests most samples, providing whole rock elemental results. Lithium borate is the
recommended procedure if the objective is to measure the total concentration of major mineral
forming cations. Sodium peroxide fusion can be used as a replacement for lithium borate fusion
to measure the total concentration of major mineral forming cations when the sulphide mineral
concentration is > 5%.

The two most common wet acid digestions are the four acid and aqua regia procedures. The four
acid digestion (hydrofluoric, perchloric, nitric and hydrochloric acids) produces near-total solid
phase elemental results. Aqua regia (hydrofluoric and nitric acids) is weaker and produces
partially digested solid phase elemental results. The lithium borate fusion, and the four acid and
aqua regia procedures all digest sulphides, carbonates, sulphates and oxides and therefore
provide a good measure of the total concentration of solid phase trace elements in the most
reactive minerals. Silicate minerals, which are typically not as environmentally significant, are
not wholly digested with aqua regia. Limitations in the degree of digestion should be indicated
when using and communicating solid phase elemental results.
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