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Abstract

This study evaluates the geochemical processes that control the geochemistry of acid
mine drainage in semi arid conditions. The central objective is to characterise and
understand the evolution of acid mine drainage and its potential environmental impacts
on the Mazowe River sub-catchment, in north east Zimbabwe. The work is based on a
case study at three neighbouring metal sulphide mines, namely Trojan Nickel Mine,
Mazowe Gold Mine and Iron Duke Pyrites.

The methodology used in this research includes site assessment & characterisation of
tailings dumps; waste rock samples; drainage from dumps; surface water and
groundwater in the vicinity of the selected mine sites. Geochemical modelling with
Phreeqc was used to evaluate pollutant attenuation mechanisms and thereby interpret
the environmental effects of over 6 years of acidic seepage infiltration into the
groundwater at the most acidic mine in the country, Iron Duke Pyrites. It was also used
to predict the seasonal variation in drainage chemistry along Yellow Jacket & Mazowe
Rivers due to mixing with other waters or drainage and reaction with bedrock
downstream.

The study shows that during the wet season surface water is more prone to acidification
than groundwater because the residence time of acidic drainage passing through the soil
and shallow bedrock into streams is generally much shorter than that of drainage
percolating through the unsaturated zone into the deeper groundwater flowpaths
associated with the semi arid climate. During the hot dry season, water flow conditions
are greatly reduced and may even stop. This is a favourable condition which limits the
rates of sulphide oxidation, acid release and pollutant loadings to the environment. The
study discusses several complex mechanisms which act simultaneously on the drainage
as it migrates from the source minerals into water and soil changing its chemistry, viz:
dilution, precipitation, hydrolysis, adsorption, desorption, complexation, cation
exchange, diffusion and evaporation to dryness. These processes play an essential role
in the natural attenuation and lowering of toxic concentrations of potentially harmful
heavy metals in polluted water draining from the mine sites.

The study has also shown that prediction tests using the standard Sobek humidity cell
procedure can overestimate the rates of sulphate generation for semi arid conditions by
a factor of four, predicts a shorter time to acidity, and also estimates rather high
chemical loadings to the environment than those actually measured when simulated
rainfall conditions at a site are used.
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Phreeqc geochemical modelling predicts that the resultant environmental effects of
more than 6 years of acidic seepage infiltration into Yellow Jacket River at Iron Duke is
‘a pollution time bomb’. A sulphate saturation front of 1795.2 mg/l is progressing
through the subsurface at an estimated rate of 6.67 m per year towards the banks of the
river. Considering that most of the metal pollutants are associated with sulphate as the
dominant anion, a major pollution breakthrough is predicted to occur within 7.5 years
when the sulphate saturation front reaches the river. However, simulation prediction
shows that the situation could be abated by injecting unpolluted streamwater into the
presently polluted aquifer, and shift equilibrium in favour of desorption of pollutants
from the currently saturated cation exchangers to the water phase. This is expected to
freshen sorption sites of the soil matrix, while allowing a slow dilution process from the
injected water to clean up the polluted aquifer.
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Organisation of the Thesis

This thesis is organized as a Monograph although chapters 2, 4 and 6 have been
published as indicated in the reference section and also from the list of scientific
pubications given below.

Chapter 1 gives background information to the research project and justification for the
study. The key research issues being addressed, the objectives of the study,
methodology, and limitations of the research study are presented in this chapter.

Chapter 2 provides a brief profile of the Zimbabwe Mining Industry and how the nature
of mining and mineral processing operations impact on the environment, especially
water quality. The problem of AMD in Zimbabwe is introduced in general. The
overview is intended to give the reader an overall picture of the state of mining and
environment in the country. An overview of mining and the physical environment, size,
geographic distribution, employment, production, and economic condition of the metal
mining industry are included to give the reader an appreciation of the basic data for the
mineral sector of Zimbabwe as in December 2005.

The main objectives of Chapter 3 are to provide a review of acid mine drainage
production mechanisms as well as present the current school of thought and practice on
methods and techniques used to control and treat AMD. The discussion focuses on the
environmental geochemistry of AMD, the applicability of assessment techniques, the
shortcomings and reproducibility of control and treatment methods under specific
environmental conditions such as semi arid climates. Current industry practice on
managing reactive sulphide mine waste and the relevance of such technologies to semi
arid climates are also reviewed.

Chapter 4 describes the location, general geology and environmental setting of the case
study sites. Most of the data from the field work program is discussed in this chapter,
such as field measurements, methods used for solids and water sampling, and the
analytical techniques employed to characterise and quantify sample compositions. The
environmental conditions at mine sites, potential for metal leaching and risk of AMD to
the Mazowe River watershed are assessed from drainage chemistry and discussed with
comparison to regulated and background levels.

Chapter 5 describes standard geochemical methods and the proposed modifications to
the standard protocols for predicting acid generation for waste materials in semi arid
climates. The laboratory tests investigate rates of sulphate generation, estimated time to
acidity and correction to field weathering rates.



In Chapter 6 a detailed discussion is given for a full scale study of the geochemical
controls on AMD using equilibrium analysis methods and Eh — pH diagram with
measurements at plant and field scale for the most acidic mine in the country, Iron Duke
Pyrites. The chapter focuses on the effect of geochemical processes on: leachate
chemistry; acid neutralisation with lime treatment; and the observed patterns and
mechanisms of natural attenuation of acid and metal bearing solutions in the
evaporation ponds, shallow aquifer and in sediments & water along the Yellow Jacket
River.

The application of Phreeqc geochemical modelling code in predicting water chemistry
after AMD — fresh water — mineral interactions at Iron Duke is explored in Chapter 7.
The geochemical processes contributing to contaminant transport, retardation and
attenuation are evaluated using the model. Predictions are discussed regarding the risks
of a major pollution breakthrough from the contaminated aquifer to stream water and a
possible remedial option suggested. The supporting data for the modelling is from
chapters 4 to 6.

Finally, Chapter 8 gives the conclusions and some recommendations for further study.
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CHAPTER 1
GENERAL INTRODUCTION
1.1 Background

There is a growing concern in Zimbabwe among the mining industry, government and
researchers that if left unchecked, acid generation from past and present sulphide
mining operations poses a significant risk to surface and groundwater pollution. The
problem is that the acidic drainage from mineralised areas has a high capacity to
dissolve metals, accelerating their turbidity and mobilisation. It is deemed that metals
and metal containing substances can accumulate to toxic concentration levels in water
or can become bio-magnified in the food chain.

The adoption of the ‘Polluter Pays’ principle under the Zimbabwe National Water
Authority Guidelines (1998) for Effluent Discharge limits and the Environmental
Management Act (2003), has put the mining industry under great pressure to control the
quality of drainage from mine sites. The perception of government policy makers and
the general public is to categorise effluents from mine sites as ‘very dangerous’.
Inevitably, such generalisation calls for regulation of pollutant concentrations in
discharged effluents, but sometimes to unattainable levels in mineralised environments.
The mining industry argues that such strict measures being imposed without a scientific
basis may place limitations on expansion programs and the general viability of
operations. Therefore, the challenge is to harmonise regulatory policies with supporting
scientific information, and establish a technical framework that will guide sustainable
environmental stewardship.

Studies on acid mine drainage issues in Zimbabwe have not yet realised the high profile
in the national public perception that it has in some developed mining countries like
USA, Australia, Canada, South Africa, etc. This research was formulated on the basis
that there is currently no sufficient scientific information on case studies in Zimbabwe
to guide the ways government and industry operate in controlling and managing
pollution from sulphide metal mines. An integral part of the control or the management
of AMD is the understanding of the physical, chemical, biological, hydrological and
geographical aspects of the problem. The input of many disciplines in minerals
engineering is required to address the research needs and challenges we face in
environmental protection and achieving sustainability in the mining industry as a
developing country.



The Nature of Acid Mine Drainage

Acid mine drainage (AMD) results from the oxidative dissolution of sulphide minerals
contained in mine waste materials with subsequent release of acidity, dissolved metals
and sulphate to the environment. It is considered the single most important
environmental problem world wide facing the mining industry in recent years, (White et
al., 1999; Jambor et al., 2002). By its acidic nature, AMD poses a significant threat to
ecosystem functioning around mine sites and to the sustainability of the metal mining
industry itself, (Miller e al., 1991 and Weatherel, ef al., 1997).

More than 90% of Zimbabwe’s operating mines process sulphide metal bearing
minerals and hence, pollution of natural water sources is a major concern to the
industry, government, scientific community and the general public. The generation of
AMD is a natural phenomenon occurring in sulphide bearing rock materials and
resulting in the production of acidic discharge. The sulphide minerals are oxidised when
exposed to oxygen and water. The low pH drainage seeps through waste rock piles,
tailing dumps, and country rocks, dissolving metals along its flow path, which then find
their way into surface and ground waters. Elevated concentrations of metals can include
typical major rock constituents (Ca, Mg, Na, K, Fe, Mn & Al) as well as trace elements
such as Cu, Cd, Pb, Ni, As & Zn. These contaminated waters have a negative impact on
public health, life of aquatic organisms, animal health, vegetation, soil quality and lead
to the impairment of engineering materials.

Global Challenges with AMD Control and Management

Control technologies are applied where AMD formation has already taken place or is
anticipated. At source control methods aim to stop or retard pyrite oxidation by reducing
the volume of water and/or oxygen infiltrating into the waste piles. Treatment methods
add neutralising chemicals such as limestone, lime, sodium hydroxide, etc, directly to
the acidified water or direct the acidic drainage through passive systems for treatment.
Chemical treatment is often a long term prospect, expensive and with liabilities. Re-
vegetation over waste piles stabilises the piles with respect to air and water erosion, but
does little to prevent or curtail sulphide oxidation and the subsequent discharge of
polluted acidic water. Selection and design of an AMD abatement technology is largely
site specific and based on water chemistry, flow rate, local conditions and site
characteristics, (Faulkner and Skousen, 1994).



Some of the control techniques have been very successful while others have achieved
very poor results. The Lekken mine, in Norway, operated for 333 years as a copper
mine, then a pyrite mine and finally a copper-zinc mine. It became the most acidic mine
in the country, with mine water having the following composition: pH - 2.3; 530 mg/l
Cu; 870 mg/l Zn and 1529 mg/l Fe, averaged over 15 years, (Arnesen, 1999). The mine
was closed in 1987, flooded and plugged, leading to less sulphates and metals in the
water for almost 15 years. Sandvik and Ese (2002) have recently observed a resurgence
in metal concentrations and a sharp drop in pH to around 2.9, in the mine water.
Presumably a lot of equipment was left in the adits at the time of closure, but besides the
probable iron reaction from this, it is still very difficult to account for the observed
changes.

There can be a lag period between waste placement and sulphide oxidation, and
between sulphide oxidation and the appearance of acidic drainage. The actual times
associated with these phases are at present very ill defined, (Miller et al., 2003). High
sulphur waste may generate acid a few days after exposure whereas low sulphur (<2%)
waste with some carbonate may not release acid for several years or decades, (Jampor et
al., 2002). After pyrite oxidation it is usually not possible to stop subsequent acid
production. As the acidic drainage is transported or dispersed away from the source, it is
not clear whether there is a general decay in the pollution profile or remobilisation and
regeneration (resurgence) in terms of pollutant loads. It is widely accepted that once
discharge of contaminated acidic water occurs from a mine waste dump, it becomes a
'perpetual pollution machine'.

Scope of the Current Study

The geochemical environment that exits in mine waste/tailings piles provides a basis for
assessing the equilibrium and kinetic controls on factors which affect the major
processes in the system such as sulphide oxidation, acid production and transport and
fate of contaminants. Such controls include lithology (rock types, porosity and
accessory minerals); mineralogy; acid/base balance; reaction rates; depositional
environment; microbiological and mine site hydrology, which limit or accelerate the
overall acidification process. A detailed evaluation of the mechanisms by which these
controls regulate the fate and distribution of contaminants in specific environs may
provide an insight on how to manipulate some of the controls in order to effectively
manage AMD.



1.2 Research Issues being addressed in this Study

a) Hydro-geochemical Characterisation of Mine site Drainage in the Mazowe
Catchment

About 90% of the 150 metal-related mines across Zimbabwe contain sulphide rock
materials that are either currently producing acid drainage or have the potential to do so
if exposed to oxidising conditions. The full extent of the impact of acid drainage and
heavy metal contamination on the environment has never been assessed in Zimbabwe.
There is lack of detailed hydro-geochemical characterisation, as well as baseline data on
mass loadings and environmental parameters at mine sites. There is need for an
assessment to establish the contribution of each mine to acid mine drainage pollution on
a watershed basis. Such an assessment requires evaluation of geochemical processes
over time and analysis of specific parameters not always measured in routine water
quality analyses.

b) Geochemical Controls Governing the Environmental Geochemistry of AMD in
Semi Arid Environments

The interactive nature of the composition of mine waste, geochemical controls and
predominant mechanisms in the generation of acid mine drainage play a critical role in
acid dispersion patterns, attenuation and fate. Evaluating and understanding these
controls and their mechanisms at selected sites would allow the design of a systematic
environmental assessment procedure for all the potential and current acid producing
sites. The discharge of AMD into soil and natural water systems results in numerous
physical, chemical and biological responses in which the environment can be modified
detrimentally.

Water plays a significant role in heavy metal mobilisation. It acts as a storage buffer for
the pollutants, as the medium in which most of the reactions take place, and is
undoubtedly the most significant transport vector in the pollution process, (Salomons,
1995). In wetter cold environments, dilution reduces metal concentration of acidic
discharges. However, in arid and semi arid climates such as Zimbabwe, acidic leachates
can be highly concentrated with toxic heavy metals, and dispersion is largely affected
by seasonal variations in the hydrologic cycle. The exact effects of the dry and wet
cycles on drainage quality and metal transport, dispersion and attenuation are not known
and need to be investigated.



1.3 Problem Statement

Sulphide wastes from metal mining in Zimbabwe are disposed without any measures to
prevent or control acid generation. Contrary to a previously accepted view that in this
semi arid climate, prolonged dry spells and re-vegetating mine waste piles will prevent
AMD, several mine locations are indicating pollution problems from acid mine drainage
and heavy metals contamination. The water quality of the Mazowe River sub-catchment
in north east Zimbabwe is strongly influenced by naturally mineralised and polluted
waters draining from mine sites and discharged to the surficial flows, (Magombedze and
Brattli, 2003; Lupankwa et al., 2004; Ravengai ef al., 2005).

It is commonly understood that the quality of drainage is primarily a function of mine
waste composition and the availability of water & oxygen, and also widely accepted that
the drainage quality varies with time and distance along its flow path. These conditions
are variable even within a mine site. The evolution in the geochemistry of AMD as it
disperses from the primary source minerals until final attenuation is subject to site
specific influences and necessitates site specific evaluation. Information on the
propagation of the acid flux, exact causes & effects of secondary minerals, and the
mechanisms by which the master variables of pH and redox potential continue to
influence acid attenuation and resurgence profiles under conditions of aridity is missing
from the literature.

Generally, pollution is a localised phenomenon, decreasing with distance from the
pollution source. This means that there are natural processes that act to reduce metal
concentration fluxes in aquatic environments downstream of impacted mine sites. Such
processes help to mitigate the effects of water borne pollutants on the receiving
environment and can be taken advantage of to find natural and cost effective solutions
to the control and management of AMD. The fundamental questions being addressed in
this research work are as follows:

a) What is the magnitude of the risk of AMD, potential for metal leaching and
impact on water quality draining from mine sites?

b) How do the geochemical processes change in response to dry and wet weather
conditions and what are the effects of such changes on drainage chemistry?

¢) How do the seasonal changes in geochemical processes impact the acid flux,
profile of AMD and management control measures with time and in space?

d) If a real threat from acid mine drainage related pollution on the Mazowe River
sub-catchment exists, when can this reach catastrophic levels?



e) Is natural attenuation a possible remedial option at some sites, and can it be
exploited sufficiently and reliably to achieve regulatory compliance in an
acceptable time frame?

In order to answer the above questions, and to choose and implement cost effective
technologies in alleviating the problems of AMD under semi arid environments, it is
necessary that the quality of the present drainage be determined and that of the future be
predicted. The extrapolation of laboratory test data to prediction of field behaviour over
time is not well defined in the literature. Furthermore, there is insufficient laboratory
prediction data and corresponding field behaviour to define a general correlation
between the two. These comparisons must be made on a site specific basis, influenced
by the mine plan, geology, climate, topography and hydrology of the area. Materials of
particular concern are those for which there is a long lag time until the onset of acid
generation.

1.4 Hypothesis and Research Objectives

It is hypothesised that drainage characteristics and environmental impact are time and
flow path dependent. The main objective of this study is to evaluate the geochemical
controls responsible for changes in the geochemical signature of acid mine drainage
under semi arid conditions. This requires site assessment and geochemical
investigations (on a seasonal basis) of AMD potential, impact on fresh water recipients,
geochemical modelling prediction of long term leachate chemistry and pollutant
loadings to a watershed impacted by several mines. The broad objective encompasses
four specific goals which are interrelated, namely:

e To identify mine wastes susceptible to AMD generation and metal leaching, and
ascertain the potential risk in degrading water quality

e To evaluate the reliability of some of the prediction techniques in forecasting
actual field behaviour of mine site drainage quality under wet and dry weather
cycles

e To determine the effect of geochemical controls on the environmental
geochemistry or evolution of AMD under semi arid conditions

e To predict the levels and variability of drainage pollutants in a watershed
impacted by neighbouring mines over time



1.5 Research Methodology

The strategy adopted in this research is to use an integrated, multidisciplinary approach

that recognises that there are four key areas associated with control and management of

AMD, namely: identification/assessment; prediction; treatment and mitigation. The case

study involves three neighbouring mine sites located in the Mazowe River watershed, in

north east Zimbabwe. The mines are Trojan Nickel Mine, Mazowe Gold Mine and Iron

Duke Pyrites. The approach in this study involves three elements:
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)
ii)

iii)

Field Site Assessment and Characterisation

Laboratory Geochemical Prediction Tests and

Geochemical Modelling. Both the field and laboratory data are used to
support geochemical modelling.

Site Assessment and Characterisation

The specific goals of site assessment and characterisation are to:

Identify the types and quantities of mine waste materials and determine
period of exposure

Assess the sources and path ways for acid and metal release, quality of
drainage from waste piles, mine water, and determine the extend of AMD
pollution in water streams draining from mine sites

Study observed patterns in terms of pollutant load distribution from point
source, direction (preferential flow paths), decay and resurgence profiles
Monitor parameters which control acid flux and chemical character of the
drainage

Assess waste handling procedures at the mine sites and how they influence
observed drainage quality

Ascertain  hydrological data, climate and topography from current
measurements and historical mine records

Establish a sampling and monitoring program based on the site plan drainage
pattern



1.5.2 Geochemical Prediction Tests
The purpose of geochemical prediction tests are to:

e Ascertain the mineralogy and chemical composition with a view to establish
neutralising and acid generating minerals

e Conduct acid base balance through static prediction tests in order to
determine the acid generation and neutralisation potentials

e Carry out kinetic tests for assessment of the reactivity of waste materials and
mode of acid generation, change of drainage quality with time, and
determination of potential pollutant loads and behaviour during dry and wet
seasons

1.5.3 Geochemical Modelling

It is well known that pollution from mining sources can take place during mine
operation or after mine closure. The long term nature of mining impacts requires
predictive tools and monitoring of any negative changes in the geochemistry of the mine
waste material over time, (Lappako, 2002). Predictive tools can help mitigate potential
problems by factoring control measures into facility designs and operating plans, while
design or operation can be modified based on monitoring. Models allow a maximum
number of interactive input variables and quick calculations. This greatly improves the
ability to predict impacts resulting from a given mine site for which the model
calibration is valid, allowing for reliable, technically supported decision making on
AMD control and management.

Geochemical modelling is an invaluable tool for predicting future water quality in
catchments impacted by acid mine drainage. The principal modelling goal is to evaluate
AMD attenuation mechanisms and thereby predict variation in pollutant characteristics
at [ron Duke Mine (the most acidic site) and downstream environments. It is intended to
address the question of transport and dispersion of the acid flux, the nature and result of
its interactions with clean water, soil and rock along its flow paths. Because
geochemical reactions affect solute concentrations in space and in time, geochemical
modelling is intended to answer some of the following questions.

e What geochemical reactions take place to enhance or attenuate AMD pollution
along its flowpath and what processes retard the migration of pollutants?



e How fast do the contaminants progress downstream and through the
groundwater aquifer, and if variables such as pH or pe or Pco, changes, how
does the system equilibrium change?

e Will the concentrations of the contaminants be above regulatory thresholds, and
what happens if the AMD is mixed with fresh water?

e What happens to the resultant water chemistry when an acidic solution is reacted
with minerals A, B and/or C, and what minerals are saturated in the system?

e s natural attenuation a possible option for control and mitigation?

A geochemical modelling program called PHREEQC, developed by Parkhurst and
Appelo (1999), has been selected for the purpose. It is a program designed to model
geochemical reactions, based on ion pairing and can calculate pH, redox potential, and
mass transfer based on reaction progress. The composition of solutions in equilibrium
with multiple phases can be calculated.

1.6 Data Quality Control, Analysis and Graphical Methods
Field Measurements and Instruments Calibration

A variety of special sampling and preservation techniques were employed for the
analysis of major and trace species in water samples and leachates measured during the
study. All natural water samples were filtered through a 0.45 micron pore diameter filter
to remove all suspended clays and most bacteria. The filtering was required to ensure
that the laboratory analysis represents dissolved species and not suspended constituents
which may be contributed from erosion. The dissolved species are the ones which take
part in most geochemical reactions and are used in chemical equilibrium equations.
Samples for cation analysis were acidified with 65% nitric acid to pH < 2 in order to
keep the metals in solution. Samples for anion analysis were filtered but not acidified.

Geochemical studies are based on the measurement of the inorganic constituents in a
water sample and a series of parameters that control the interactions of these
constituents. Certain parameters are difficult to preserve during storage and were
measured in the field using the Myron Ultrameter Model 6P (1999), viz: Temperature;
pH; EC; TDS; Redox potential (ORP); and Alkalinity (by titration). The instrument was
calibrated with reference buffer solutions of pH 4, 7 and 10; the EC and Redox potential
electrodes were also checked against the manufacture’s supplied solution.



Chemical Data Criteria Limits

Accurate analysis of environmental samples for their total or partial elemental content is
a simple routine task but numerous problems must be addressed to assure a high quality
analysis (Crock and others, 1999). The following accuracy checks were used to assess
the analytical quality of the chemical data for purposes of this study.

a) Major ion charge balance % error

Chemical analysis of all water samples were tested for charge balance (Freeze and
Cherry, 1979).

— > zm,~Y zm, 100

Zz.mc+Zz.ma ' (1.1)

where %CB is the charge balance error, z is the absolute value of the ionic valence, m,

the molality of cationic species and m, is the molality of anionic species.

b) Measured total dissolved solids (TDS) versus specific conductance (EC)
c¢) Calculated TDS versus measured TDS
d) Anions or cations versus specific conductance

The limits for the above criteria are summarised in Table 1.1.

Table 1.1: Data Quality Control Criteria limits

Rating Action Charge Measured Calculated Anions or
Balance % | TDS:EC TDS: Cations : EC
error Measured TDS | (% difference)

(% difference)

Good Accept Analysis | <10 0.55-0.75 <10 <10

Marginal Repeat/Duplicate | 10 - 15 0.50-0.49 or | 10-20 10-20

0.76-0.90

Poor Reject Analysis | > 15 < 050 or|>20 >20

>0.90
Censored Data

Water chemistry data is frequently censored, meaning that concentrations of some
elements are reported as non-detected, less than or greater than. These values are
created by the lower or upper detection limit of the instrument or method used.
Censored data are not appropriate for statistical analysis and therefore must be replaced
with unqualified values, (Farnham et al., 2002). In this study, there were no censored
values for the upper detection limit for the 21 variables used (Temperature, pH, TDS,
EC, ORP, DO, Acidity, Alkalinity, SO4*, NO3’, CI', Fe, Mn, Al, Ni, Cu, Zn, Ca, Mg, K
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& Na). However, there were censored values for the lower detection limits on trace
elements and half the value of the lower detection limit was used in those cases for
statistical calculations, (Jin et al., 2001).

Application of Statistics on Drainage Composition Data

When dealing with environmental geochemical data, many questions may be
encountered such as probability distribution, mean calculation, correlation, outlier
detection and differentiation of anthropogenic from natural background values, (Zhang
and Selinus, 1998). Identification of a probability distribution is useful to differentiate
between sample populations and to provide basic information for the subsequent
statistical analysis. Statistical associations do not necessarily establish cause-and-effect
relationships, but do present the information in a compact format as the first step in the
complete analysis of the data. This can assist in generating hypothesis for the
interpretation of hydro-chemical processes, (Guler et al., 2002).

The application of statistics in this study is limited to evaluating the distribution
characteristics of individual variables measured or analysed. The physical and chemical
properties are evaluated using central tendency (mean, median, dispersion or standard
deviation, skewness and kurtosis) assuming the data were normally distributed or log-
normally distributed. Statistical and graphical analyses are done using Microsoft Excel
2003 (Microsoft Corporation, 1985), Sigma Plot 9.0 (STATCON, 2001) and Phreeqc
(Parkhurst & Appelo, 1999) commercial software packages to show graphical displays
of the data as histograms, scatter plots, probability plots and box plots.

1.7 Limitations of the Research

Ores are valued chiefly for the metals they contain, which are recovered for use as
constituents of alloys, chemicals, pigments, or other products. In the context of this
report, the metal mining industry is defined to include facilities engaged primarily in
exploring for metallic minerals, developing mines, ore mining, ore dressing and
beneficiation operations. Environmental impacts from coal mining, small scale
operations, riverbed gold panning and ore or concentrate smelting operations are not
covered in this report. Background minerals that result from pre-mining weathering
could not be assessed since all sample locations were from operating mine sites. Biota
such as crops, vegetation, livestock, fish or other aquatic organisms were not sampled as
this was beyond the scope of this study. The study does not cover nor include any
investigations on air pollution, organic pollutants, toxicity or uptake of pollutants by
organisms and their behaviour in the food chain.
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CHAPTER 2

PROFILE OF THE ZIMBABWE METAL MINING INDUSTRY AND ITS
IMPACT ON THE ENVIRONMENT

2.1 Introduction

This chapter seeks to present an overview of the metal mining and mineral processing
operations in Zimbabwe as a basis for understanding the nature of these operations and
how they impact the biophysical environment. The specific requirements of the legal
framework or legislation on mining and the environment are presented. The chapter also
seeks to highlight the problem of acid mine drainage in Zimbabwe and its impact on
water quality. The problem of AMD, its potential threat to human health & the
environment are discussed in light of the new legislation on environment
(Environmental Management Act, 2003), and requirements on Waste Water & Effluent
Discharge Regulations (1998).

Mining of minerals is an essential economic activity that provides the raw materials for
our industrialised society and is driven by the need to make profit. The extraction and
beneficiation of these minerals generate large amounts of wastes which become exposed
to accelerated weathering leading to increased metal loading to the environment,
(Arnesen, 1999). Unless adequate precautions are taken, mining can be accompanied by
serious negative impacts on the environment and human health. Mining can change the
landscape, alter water tables, disrupt the local ecology, generate serious air and water
pollution, and permanently degrade large areas of land. Exposure to toxic chemicals,
dusts, heat and noise can seriously affect the health of workers.

Zimbabwe produces over forty metals and minerals including precious metals, platinum
group metals (PGM’s), base metals, industrial minerals, iron & steel, diamond, asbestos,
ferrochromium alloys and coal. Gold and platinum contribute over 70% of foreign
earnings from mineral production. The industry is dominated by large scale
multinational companies but small scale miners in the gold and chrome sectors also
make significant contributions to minerals production, (Maponga & Mutemererwa,
1995). Despite this socioeconomic importance, effluent discharges from mining point
sources represent a significant threat to water quality with implications to human health
via consumption of contaminated drinking water & fish. Aquatic ecosystem integrity is
also impaired through toxicity and poisoning from pollutants, leading to changes in
ecosystem structure and function and overall aquatic biodiversity, (Zelmanowitz, et al.,
1995).
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The typical life cycle of a mining operation consists of sequential phases such as
prospecting, development, operation, decommissioning and eventually closure. Each
phase is associated with different environmental impacts which have the potential to
drive environmental change in several different ways and at various scales, (Ashtorn et
al., 2001). The environmental impacts of mining and metal processing in Zimbabwe
originate from the two sections characteristic of the industry, namely: the large scale
formal mining operations and small scale informal miners involved in gold panning,
including riverbed and chrome mining.

Some of the serious environmental damage from small scale operators includes river
siltation and land disturbance, mercury poisoning, deforestation, health & safety due to
unprotected mine shafts and poor housing and sanitation conditions. The large mines
extract ore with sulphide mineralization and sulphides oxidize in the presence of water
and oxygen resulting in acidic drainage high in sulphate and toxic metal concentrations.
Most of the currently known methods that deal with acidic drainage and toxic residual
process chemicals have largely revolved around containing the mine waste in structures
such as tailings dams. Though tailings dam failure is not a common occurrence in
Zimbabwe, acidic seepage from the dams & waste rock piles often find its way to fresh
water recipients around mine locations.

2.2 Overview of Mining in Zimbabwe
Geological Outline

Zimbabwe is a landlocked country in central Southern Africa. It consists predominantly
of Precambrian rocks, which can be divided into five major geological units:

a) The Archean Craton - granite/greenstones: cover about half of Zimbabwe and
form the central part of the country.

b) The Archean Limpopo Mobile Belt: located between the Archean Craton and the
Kapvaal Cratons in the south. It is characterised by high grade metamorphic
rocks that have undergone polyphase deformation.

¢) The Paleoproterozoic Umkondo and Lomagundi Group: low grade
metasediments of the Umkondo group which are exposed in the east - southeast
along the border with Mozambique.

d) The Neoprotorozoic Makuti, Rushinga and Sijarira Groups: metasedimentary
successions in the northwest part of the country.

e) The Great Dyke: a massive intrusive body with similarities to the Bushveld
Complex of South Africa, hosts most of the gold, PGM's, base metal and

13



chromite mines. The Great Dyke is one of the longest mafic and ultramafic layered
intrusions in the world, crossing the country for about 550km in a north-north
easterly direction. It varies in width from 4 km to 12 km, and age is estimated at
2,586 /. 16 million years (Mukasa et al, 1998). Figure 1 shows a map of the
geology of Zimbabwe, adapted from Batholomew (1994).
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Figure 2.1: Geological map of Zimbabwe

Geographic Distribution and Structure of the Industry

The country is divided into four mining districts or regions as depicted in Table 2.1. and
Figure 2.2. Harare Mining Region covers mines located in Mashonaland East,
Mashonaland Central and some parts of Mashonaland West provinces. The Midlands
Mining Region covers all the platinum producing mines (Zimplats, Ngezi mine in
Mhondoro, Unki mine, & Mimosa), all of the gold mines around Kadoma, Chakari,
Sanyati Copper Mine in Gokwe, chrome & iron ore mines in central Midlands and
asbestos and diamond mines in the Zvishavane and Mberengwa districts. Renco and
Penhalonga gold mines are the only notable large scale gold mines which lie in the
MasvingoRegion.

Bulawayo Region hosts River Ranch Diamond in Beit Bridge, How mine &
Vubachikwe gold mines, as well as Wankie Colleiry, the only coalmine in the country.
Though mining operations are performed throughout Zimbabwe, the concentration of
metal mining is located around the Great Dyke.
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Table2.1: Geographical spread of operating mines in Zimbabwe

Region/Mining Large Formal | Small Scale & | Riverbed gold
District Mines* Syndicates** panning
Gold Base Gold Base km of  rivers

Metals Metals | affected

& Other & Other
Harare 7 21 11 25 55
Midlands 8 5 30 12 80
Bulawayo 18 4 21 0 80
Masvingo-Mutare | 2 9 2 0 120

*More than 50 people labour force & mechanised; **More than 20 but less than 50
Source: Extracted from schedule of mining claims registered at the Office of the Mining Commissioner,

Harare, 2003.

Fig.2.2: Zimbabwe Mining Districts & Major Mineral Locatio
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The industry is dominated by few large multinational mining companies which are
predominantly foreign owned, and which produce the bulk of the mineral output.
Besides the major foreign companies that dominate mining, there is a growing informal
sector, particularly in gold panning and chrome mining. There are approximately 1,000
operating mines (mainly gold) worked by small companies, syndicates and individuals,
(Larson and Guyette, 2002). The large number of panners, estimated at between 50,000
and 500,000, coupled with the enormous geographic expanse of the activity, makes gold
panning currently difficult to regulate. These comprise mainly registered and unlicensed
operators from an individual to a syndicate, working on small gold reefs, chrome seams
and gold panning along rivers. Group numbers are usually less than 50 and mostly
characterised by poor methods of ore extraction due to lack of mechanised equipment.
Operations are not continuous and depend heavily on seasonal rainfall/drought patterns
and alternative employment.

2.3 Minerals Production and Waste Generation

Open Pit and Underground Mining Methods

There are two mining methods most commonly used at mines in Zimbabwe. Surface
mining is favoured when the characteristic of the ore deposit (e.g. location, size &
grade) make it cost effective to remove the overburden. This is the most economical
way to mine highly disseminated low grade deposits but has more physical impacts on
the environment than underground mining. For the large ore bodies at Ngezi Platinum
Mine, Ripple Creek Iron Ore Mine, Freda Rebeca Gold Mine, Sanyati Copper Mine &
Eureka Gold Mine, the ore bodies are typically mined in benches by drilling vertical
holes from the top of the bench and blasting the ore onto the adjacent lower level. At
Wankie Colliery, the less resistant coal materials are excavated by scraping machinery
without the use of explosives. For primary blasting, virtually all open pit mines use
fertiliser grade ammonium nitrate (ANFO) explosives mixed with 6% fuel oil.

Underground mining is the major method for the production of metals from sulphide
deposits. Typically it has less visual impact on the environment compared to surface
mining in that there is reduced surface disturbance and lower quantities of materials that
must be removed and disposed as waste. Table 2.2 shows extraction methods for major
metals mined in Zimbabwe and the nature of waste materials generated.
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Table 2.2: Metal Extraction Processes and Waste Materials

Metal Mining Beneficiation Method Primary Waste
Method Materials
Gold & Silver Surface & »> Milling » Mine water
Underground » Cyanidation (CIP, CIL, » Overburden
CIS) » Waste rock
» Elution » Dust
» Electrowinning/zinc » Tailings
precipitation » Spent
» Smelting solutions
Alluvial Gold Riverbed » Panning (small scale) » Process
» Sluice Box water
» QGravity concentration » River silt &
bedrock
» Mercury
Platinum Group | Surface & » Milling » Mine water
Metals Underground » Flotation » Overburden
(Platinum, » Smelting » Waste rock
Paladium, » Dust
Rhodium, » Tailings
Iridium & » Slag
Rhuthenium)
Base Metals Surface & » Milling » Mine water
(Nickel, Copper | Underground » Acid Heap Leaching » Overburden
& Cobalt) » Solvent Extraction & » Waste rock
Electrowinning » Spent ore
> Flotation » Tailings
» Smelting » Spent Leach
solution
» Slag
Chromite Surface & » Milling » Waste Rock
Underground » Briquetting » Overburden
» Smelting Arc Furnace > Slag
Iron Surface »> Milling » Waste rock
» Magnetic separation » Overburden
» Sintering » Dust
» Blast Furnace » Slag
Pyrites Underground » QGravity concentration » Mine water
» Roasting Waste rock; SO,
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Beneficiation Techniques

After the ore is extracted from the mine, the first step in beneficiation is comminution
(crushing & grinding) to liberate the valuable minerals from the less valuable rock.
Beneficiation or ore dressing includes physical separation techniques such as gravity
concentration, magnetic separation, heavy media separation, electrostatic separation and
flotation. Generally no chemical changes occur in the mineral during beneficiation
which simply utilises the differences in physical properties between valuable mineral
and gangue to achieve separation. Such properties include: specific gravity, magnetic
susceptibility and surface affinity for certain chemicals.

Ore dressing and milling operations serve to separate and concentrate the mineral values
from waste material, remove impurities, or prepare the ore for further refinement.
Gravity concentration, which exploits the density difference between valuable and
gangue minerals, is a common part of the milling circuit at most gold mines in
Zimbabwe. The Shaking Table in conjunction with amalgamation and Knelson
Concentrators are used to recover almost 50% of the gold production. The gold is
usually found in quartzite veins hosted in mildly sulphide material. The remaining gold
is usually recovered by cyanidation employing the technology of carbon in pulp (CIP)
as at Jumbo, Acturas, Shamva & How mines) or carbon in leach (CIL) as at Ashanti
Goldfields and Renco mines).

Flotation, the most versatile mineral separation technique in mineral processing, utilises
the physico-chemical surface properties of sulphide minerals to effect separation. After
treatment with reagents, surface properties of finely ground ore change, causing some
minerals to become air avid (hydrophobic) while others become water ‘loving’
(hydrophilic). The technique is used to produce base metals at Trojan Nickel Mine and
platinum group metals at the Makwiro Metallurgical complex.

Heap leaching is applied to the dissolution of soluble minerals such as copper at Sanyati
Copper Mine and gold at Chaka Mine near Kwekwe. The ore material to be leached is
placed on the ground and a leaching solution is applied. As the liquid percolates through
the ore, it leaches out metals, and impermeable liners under the leach material assist in
recovery of the leachate. Leaching can take place from several months to years, and the
spent ore is left in place after rinsing or some other detoxification.
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Waste Generation Volumes

In metal mining in general, there is a high volume of waste to product ratio, implying
that the waste volumes generated during the recovery of a target mineral can be very
high, a feature which distinguishes mining from other waste generating industries.
'Waste' is defined as rock that must be broken and disposed of in order to gain access to
and excavate the ore. Most of the waste rock generated is disposed of in piles near the
mine site. Tailings are the valueless material generated from beneficiation activities.
Conventional beneficiation processes generate tailings which generally leave the plant
as slurry consisting of 30 to 60% solids, and are disposed of in onsite impoundments
such as tailings ponds.

Table 2.3 shows waste generation volumes at prominent mines in Zimbabwe. The
extraction and beneficiation of metals produce significant amounts of waste and by-
products. Total waste produced can range from 10 percent of the total material mined to
well over 99 percent. The volume of total waste can be enormous. At mining sites, the
major sources of pollution include waste rock, overburden disposal, tailings, and mine
water, much of which is introduced directly or indirectly to rivers and streams. Pollution
from mining sources can take place during mine operation or after mine closure.

2.4 Basic Economic Data on the Mineral Sector
Mining Industry’s Contribution to National Economy

The Zimbabwean economy depends heavily on mining and the processing of metals,
non-metal minerals, coal and industrial minerals. Most of Zimbabwe's modern day cities
and towns owe their origin to the discovery and development of mining or agricultural
activity at these locations. The country is relatively well endowed with mineral
resources. Over 40 different types of minerals are mined in Zimbabwe. The country is
the world's third largest known source of high grade chromite, second largest source of
platinum group metals and significant reserves of nickel are located in Zimbabwe's
Great Dyke craton. Furthermore, significant attention has been focused on diamonds in
recent years, following a country-wide aero-magnetic survey that drew attention to
several potential diamond deposits. Zimbabwe is the fourth largest producer and
exporter of asbestos, after the Russian Federation, Canada, and Brazil.
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Table 2.3: Waste generation volumes at major metal mines

Mine Mine Mineralogy | Production | Waste on surface | Mining
District ore tons/yr | million tons Method
Waste | Tails
rock | (Mine H,0)
Harare Ashanti Auin S* 1020000 |2 .4 11.5 Open pit &
Underground
Jumbo «“ 79 200 0.7 1.2 Underground
Acturus «“ 132 000 1.1 2.3 Open pit &
Underground
Shamva Auin S* 90 000 1.2 2.1 “
Trojan Ni, Cu & | 972000 52 110.8 “
CoinS”
Iron- Duke FeS, 70000 0.25 (180m’/day) | Underground
Midlands | Zimplats Pt, Cu, Ni, [ 2200000 | 6.5 9.5 Open pit &
& Coin §* Underground
Fe as Fe,0;
Ripple- 600 000 244 |0 Open pit
Creek Cr
Zimasco 700 000 15.8 3.5 Open pit
Bulawayo | How Auin S* 150 000 1.7 3.2 Underground
Wankie Coal 5000 000 9.5 6.7 Open pit &
underground
Masvingo- | Penhalonga | Auin S* 120 000 0.8 1.7 Underground
Mutare
Dorowa P,0; in | 110 000 1.6 2.5 Open pit
Phosphate COs™ &
F 6304

The mining sector contributes:

¢ Approximately 5% towards the country's GDP

¢ Between 35 - 44% of the country's foreign earnings
¢ About 60 000 jobs in formal direct employment and between 300 000 - 400 000 jobs
as informal miners in the small to medium scale mining activities

¢ Directly supports supplies to the agro-industry and manufacturing sector
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¢ Mineral products generate half the export tonnage carried by the National Railways
of Zimbabwe, about 45 percent of internal rail traffic and 16 percent of railed
imports.

¢ Mines and smelters purchase about one-third of all of Zimbabwe's electrical energy
supplies.

However, mineral production has weak linkages with the manufacturing sector resulting
in less value-addition. Gold and other base metals, which are produced for export, are in
semi-processed form and therefore are exposed to risks associated with commodity
price fluctuations on the world market.

Challenges and Future Outlook

Despite its strong minerals base, production in Zimbabwe has been depressed as a result
of the macro-economic problems being experienced since 2000. The mining sector has
great potential for investment with huge unexplored deposits on the Great Dyke.
However, the country is facing its worst economic and political crisis since
independence from Britain in 1980. Low commodity prices, unhealthy macro and micro
economic policies, shortage of foreign currency and fuel, and a severe drop in direct
foreign investment, among other factors, have all contributed to significant job losses,
mine closures, run away inflation pegged at 1180% in May 2006, and a shrinking
economy in general.

Platinum production started in 1995 and was set to be the leading mineral export but
suffered a serious setback with suspension of production from 1999 to 2002 at the
Hartley platinum mine. The mine faced viability problems due to unsafe mine design
conditions underground and a huge drop in the world prices of platinum caused by the
Russian Federation’s offloading of huge stockpiles onto the market.

2.5 Major Mineral Products

Precious metals, PGM’s and base metals
a) Gold

In value terms, gold is the principal mineral produced in Zimbabwe, with annual
production rising from 14tons in 1980 to 27tons in 1999. Production is on decline in
recent years, as shown in Figure 2.3, down to 18tons per year in 2001 and 14 tons per
year in 2002, due to a weakened economy and unfavourable government policies.
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All gold is sold to the central Reserve Bank of Zimbabwe with payment in local
currency at a fixed exchanged rate, which is much lower than companies have to buy
the foreign currency on the parallel market. This puts the gold sector at a disadvantage
compared to other companies whose commodities are exported for hard currency. Gold
used to contribute about half the value of annual mineral production but production is
declining and platinum group metals are more likely to top the list as the major
contributor in value terms.

Notable mine closures impacted by the hostile conditions in 2002 included the
operations of Consolidated Trillion Resources Ltd., Delta Gold NL (now Aurion Gold
NL), Falcon Gold Ltd., and First Quantum Minerals Ltd. Surviving operations include
the major gold producers namely, Freda Rebecca Mine owned by Ashanti Goldfields of
Ghana; Renco Mine, Patchway Mine & Cam Reprocessing Dump owned by Rio Tinto
Zimbabwe (Pty) Ltd; and Metallon Gold’s Mazowe, Shamva, Blanket, Muriel and
Acturus Mines.

Figure 2.3: PGMs & Precious Metals
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b) Platinum Group Metals (PGMs)

The mining of PGMs dates back to 1969 when Union Carbide successfully undertook
pilot plant scale production at Wedza culminating in refined metals being sold, (Mobbs,
1998, Coakley, 2003). In 1994, Zimasco started production at Mimosa mine (at the
southern end of the Great Dyke), now owned by Aquarius Platinum of Australia and
Implats of South Africa. Concentrates are sent to Impala Refining Services in South
Africa.
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Makwiro Platinum Mines, a joint venture between Zimbabwe Platinum mines
(Zimplats) and Impala Platinum, has taken over the much publicised and failed Hartley
operation developed by BHP and Delta Gold in the mid 1990's. An underground
operation, Hartely was brought into production in 1997 at a cost of some US$289
million, but shut down within two years due to operational problems. In early 2001,
Zimplats announced the development of Ngezi into a 2.2 Mt/y open pit operation
producing 208 000 oz/y of PGMs, plus nickel, copper and cobalt. Ore from Ngezi is
treated in the Selous Metallurgical Complex at Hartley, thus reviving part of the original
project, although the refinery section remains closed. An output of 3400 t/y of smelter
matte is targeted. Plans by Anglo American to develop the Unki Project also along the
Great Dyke are at an advanced stage and production is expected to start in 2007. With
these developments the platinum sector in Zimbabwe is geared for rapid expansion and
it is anticipated that platinum will soon overtake gold as the principal mineral produced
and the main foreign currency earner.

c) Base Metals

Nickel dominates in tonnage and value terms, Figure 2.4, with national production
amounting to 12000 tons annually. Bindura Nickel Corporation (BNC), which was
owned by Anglo American until mid 2003 when ownership changed to Mwana Africa
(Pty) Ltd., operates the Madziwa, Shangani, and the Trojan Nickel Mines as well as a
smelter and refinery.

Fig.2.4: Base Metal Production
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Rio Tinto operates the Empress Nickel Refinery, which processes matte from Botswana
on a toll basis. A small proportion of the production also comes from PGM processing
as a by product together with cobalt. Copper production has declined in recent years
following the closure of Mhangura Copper mines owned by the Zimbabwe Mining
Development Corporation (ZMDC) and also the closure of Sanyati mine owing to high
cost and dwindling oxide deposits. Lack of sufficient concentrates to feed the Alaska
smelter and Refinery has led to its closure.

Iron and Steel, Ferroalloys and Fuel Minerals

The country has huge iron ore resources estimated at approximately 30 billion tons and
grading +40% Fe. Production of crude steel is at Ziscosteel with a capacity to produce
Imillion tons per year following an extensive rehabilitation program of the steel works
in 1999. Production of iron & steel and ferro alloys is shown in Figure 2.5. Ferroalloys
are processed from the chrome ore resource along the Great Dyke. Zimbabwe Alloys
Limited (a subsidiary of Anglo American) and Zimasco, have the major stakes in the
production of low carbon and high carbon ferrochrome.

Zimbabwe has no domestic reserves of oil or gas and depends on coal, hydropower and
petroleum imports to meet its energy requirements. Coal has been the dominant energy
mineral and the country has adequate capacity to meet its energy requirements in terms
of domestic heating, agricultural heating, industrial energy and power stations.
However, the quality of coal in terms of sulphur and phosphorus content is not suitable
for metallurgical purposes and therefore such coal is imported from South Africa.

Figure 2.5: Ferro Alloys & Fuel Minerals
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2.6 National Environmental Policy and Regulatory Framework on Mining

Minerals are valuable national assets and adequate supplies are essential for the
sustainable development of a modern economy. Zimbabwe, along with other developing
nations of the world are signatory to international conventions which seek to find the
best ways of avoiding undue environmental impact through the systematic application
of preventive technologies, processes and legislative procedures. With the severe
decline in production in Zimbabwe's agricultural sector since the land reform program
instituted by government in 2002, and agriculture's bleak outlook for the next few years,
economists suggest that the burden now falls on mining to resuscitate the economy.
Zimbabwe's National Environmental Policy is closely linked to its overall development
policy and plans. Environmental issues in mineral exploitation are given due attention at
project inception and development stages. Zimbabwe's Environmental Management Act
of 2003 provides that Environmental Impact Assessments should be undertaken for
major development projects. Environmental awareness is generally high and increasing.

Statutory instruments which regulate mining and the environment in Zimbabwe include
the Mines & Minerals Act, the Water Act, Hazardous Substances Act, Atmospheric
Pollution Prevention Act, Stream Bank Prevention Regulations, Mining & Safety
Regulations, Mining (Alluvial Gold) Public Streams Regulations, and the
Environmental Management Act (2003).

Mineral Legislation

Zimbabwe's general mining policy is to sustain development of the country's mineral
resources and create employment opportunities. There is no prioritisation of minerals
for exploration and development. The Mines and Minerals Act was enacted in 1961 and
a number of amendments have been made since then. All minerals are vested in the
President and one requires rights to work mineral deposits through an application to the
Mining Commissioner. Mining activity is open to both local and foreign individuals and
companies. An amended version of The Mines and Minerals Act, 1992, has become
quite controversial. Exploration for mining purposes supersedes the right of the land
owner for farming without any compensation to the farmer. Once a mining claim is
pegged, all other acts can not be considered. Mining is depended upon non-renewable
resources and it has proved difficult to enforce land reclamation after mining operations
have ceased.
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Recognising that there are mineral resources that can be worked profitably by small
workers the Government has put in place facilities that are geared towards the
development of this sub-sector which in turn would yield great benefits in terms of
employment creation and alleviation of poverty among the indigenous Zimbabweans.

Prospecting License

Prospecting license holders are entitled to peg and register claims. The claim then
becomes a registered mining location where mining activity can take place. A
Prospecting license is valid for two years. A fee for processing a prospecting license is
levied. Mining claims which are worked continuously do not have expiry dates.

Exclusive Prospecting Order (EPO)

An EPO confers the exclusive right to prospect for specified minerals in any defined
area in Zimbabwe. The EPO is obtained through an application made to the Mining
Affairs Board (MAB) and on payment of a deposit fee. Areas cannot normally exceed
130,000 hectares for coal, mineral oils or natural gas; 2 600 hectares for precious stones
other than diamonds and 65,000 hectares for any other mineral.

The maximum possible period for operating an EPO is six years, initially for three years
and possible extension for a maximum of three years. License holders are obliged to
submit from time to time work programmes to be carried out in the next 6 to 12 months
and work done in the past six to 12 months.

Mining Claims

The permit to mine is called a Mining Claim. Since a Claim covers a small area, usually
several claims are grouped to form a block of claims. Ordinary claims are up to
25hectares and special claims are between 26 and 150 hectares. A block of claims may
be transformed into a Mining Lease for simplicity of administration. There are two types
of claims: precious metal/mineral claims and base mineral claims. There is fees payable
on registration of claims. The claim confers on the holder the exclusive right to mine the
mineral resource for which the claim was registered and of prospecting for other
minerals on the claim. The claim must be inspected annually and inspection fees are
applicable. The holder is required to fulfil minimum conditions. These are commitment
to development work programs or production or capital expenditure. Landowners' fees
are paid in respect of a producing mining location and any registered block, mining lease
or special grant.
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These payments are made when the owner makes an application to the Mining
Commissioner. The owner may also make an application to the Mining Affairs Board
(MAB) for an order authorising increased payment in respect of his location. The
Government of Zimbabwe does not participate in managing the projects of local or
foreign firms in the private sector. Presently Government participation in mining is
through Zimbabwe Mining Development Corporation (ZMDC) and through the
Minerals Marketing Corporation of Zimbabwe (MMCZ). The ZMDC was formed in
1982 for Government to participate in the mining sector and to save companies that
were being threatened to close. It is active in exploration, mining and giving assistance
to co-operatives and small-scale miners.

The MMCZ was formed in 1992, and is responsible for marketing all the country's
minerals and metal products except gold and silver which are sold through the Reserve
Bank of Zimbabwe following the enactment of the Gold Trade Act (1982). The MMCZ
finances its operations by a commission charge of 0.875% on sales conducted for its
clients.

2.7 Environmental Management Act (2003) and implications for Mining
Tailings Disposal

Tailings must be disposed of in a manner that optimizes protection of human safety and
the environment. On-land tailings impoundment systems must be designed and
constructed in accordance with internationally recognized engineering practices, local
seismic conditions, and prevailing rainfall conditions. On-land disposal systems should
be designed to isolate acid leachate-generating material from oxidation or percolating
water. Direct discharge of tailings into a stream is not acceptable and the project owners
are responsible for any negative effects on aquatic resources and on downstream users
of the water resources. If the mining operation involves a series of open pit operations,
project sponsors must evaluate the feasibility of using abandoned open pits for tailings
disposal.

Water Quality Criteria

One of the most immediate threats posed by mineral development is water pollution.
Mining impacts on water quality through mine water discharges; acid mine drainage;
heavy metals contamination; discharges from waste rock, tailings & overburden; and
through erosion and sedimentation. Pollution of surface and ground waters by these
sources is a major cause for concern in Zimbabwe. Residual toxic chemicals used
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during mining and beneficiation are also a potential source of water contamination.
Common types of reagents include cyanide, sulphuric acid, mercury, ammonia, sodium
hydroxide, hydrogen peroxide and lime. Significant quantities of residual chemicals are
left in the process water and even after dewatering the stockpiled tailings may still
contain a significant proportion of residual reagents. Most of the reagents used in
beneficiation processes are extremely toxic and lethal on ingestion. It is not clear from
current literature studies if these residual chemicals have an enhancement effect or
curtailing effect on AMD.

Water is the most significant casualty of mining. Water quality is composed of the
physical, chemical and biological characteristics of water and the abiotic and biotic
interrelationships. The designation of unacceptable and acceptable water quality is
entirely based on the intended specific uses of the water resource. Major water uses
include human consumption, irrigation, recreational, fish culture, industrial processing,
energy production, transportation and fire fighting. Across the whole world, water
quality standards differ as they are set out by the respective controlling authorities, but
the quality parameters laid out are essentially the same. In Zimbabwe, the criteria set
out by the Zimbabwe National Water Authority, (ZINWA), are used as the benchmarks
to monitor & control the country’s water quality in rivers, dams and ground water.
These criteria are also used to develop wastewater discharge permits and determine
pollution loads in water bodies situated around mine sites, municipalities and irrigated
farmlands. Tables Al and A2 in Appendix A, show the permissible discharge limits for
pollutant concentrations in effluent in comparison to the Zimbabwean Standard
Specification for Water for Domestic Supplies (Standards Association of Zimbabwe,
SAZ 1997: 7 —9) and WHO (2003) guidelines for drinking water quality.

A considerable challenge to address water quality issues and environmental
sustainability, especially in developing countries, is the lack of capacity at the country
or regional level to provide effective water governance. This is characterized by
fragmented responsibility over water resources, including multiple government agencies
responsible for water management, which typically operate in isolation and in
competition for funds. Unfortunately, water quality problems around mine locations
have not been adequately addressed in the past and Moyo (1999) admits that there is
death of information on the quality of the country’s waters. Deteriorating water quality
has become one of the most critical issues affecting the mining industry in Zimbabwe.
While most of the big mines have the technical, administrative and financial capability
to support advanced technologies to treat effluent from their operations, many simply
don’t give sufficient consideration to environmental sustainability issues, while small
scale to medium operators lack the capabilities to do so.
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Water pollution is defined as the decline in the quality of natural water due to man’s
activities, causing it to become unsuitable for use by humans and/or some other life
form. Thus, it involves the alteration of the biological, chemical, or physical properties
of the water. In general, the quantity of discharges and the range of pollutants reaching
the rivers have increased due to population growth, intensive urbanisation, mining
activities and increased industrial activities. Thus water is considered a limiting resource
in Zimbabwe and as such the Government is taking measures to manage the quality of
the country’s water more effectively, (Zimba, 1999). The Water Pollution Control
Section takes the sensitivity of a receiving water body into account when deciding to
issue a permit for discharge of wastewater that does not comply with the set standards,
and has adopted the ‘Pollute and Pay’ principle. This implies that all effluent discharged
to receiving waters from tailings impoundments, waste rock drainage, mine water,
process water and any spillage effluent from mining sites should be covered by a
permit.

The waste disposed can be placed in the category termed Blue, Green, Yellow or Red
according to the quality as explained below. All categories attract disposal fees: ranging
from US$80 - Blue; US$150 — Green; US$240 — Yellow; to US$350 — Red (as of
December 2004). In addition, effluent in the green, yellow and red bands are levied
environmental fees, 40, 100, & 200 US cents respectively, per mega litre of effluent.

e Blue: The quality of the effluent meets the standards set for this category and is
considered environmentally safe. The method of waste disposal does not result
in significant environmental risk.

e Green: The effluent pollutant concentrations are more than those of the Blue
standards in one or more parameters, risk to water resources and environmental
hazard is low.

e Yellow: The effluent is of poor quality in one or more parameters, above the
standards set for the Green band, and there is medium risk to the water quality.

e Red: The effluent is of very poor quality, and disposal presents significant risk
of water pollution and environmental damage.

The classification is based on the quality of effluent and the potential environmental risk
as submitted by the permit applicant and as assessed by the Water Pollution Control
Section. The categories are according to the sensitivity of the area in which the
receiving water bodies occur that is either sensitive or non-sensitive as adopted from the
old Water Act (1976). The zones specified as Zone I and Zone II are those found to be
sensitive and not so sensitive areas respectively. Zone I is in most of the eastern part of
the country where there is fish breeding, especially trout.
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Non compliance by permit applicants can result in any of the following decisions being
applied:

(a) Issuing a short duration permit (6 months), whilst pollution abatement works are
being installed;

(b) Propose alternative methods of disposal;

(c) Refuse to issue the permit;

(d) Advise on installation of pollution control facilities.

Table 2.4 shows the recommended target guidelines below which no risk is expected or
significant adverse impact on aquatic biota or human use. The figures are compared
with AMD discharge from one of the metal mines in Zimbabwe and also to a polluted
stream passing through the mine site. In cases where natural background concentrations
exceed these levels, the discharge may contain concentrations up to natural background
levels. Concentrations up to 110% of natural background can be accepted if no
significant adverse impact can be demonstrated.

Mining operations use water mostly for cooling, underground drilling operations and
mineral processing such as grinding, flotation and leaching. Larger mines also
frequently use water to supply nearby residential areas attached to the mines. In arid and
semi-arid areas such as Zimbabwe, the quantity of water used by a mining operation
places it in direct competition for water with other water users, especially domestic and
agriculture. This “competition” becomes heightened when the mining operation is also
responsible for any deterioration in water quality as a result of effluent discharges.

An unexpected or chronic decline in water supply and deterioration in water quality can
significantly jeopardize business operations, or raise the cost of operations, especially
for mines that are water intensive. Fees are levied by ZINWA for water abstraction
rights and effluent discharge. These factors can result in production delays, place limits
on expansion programs, cause negative publicity or total failure of downstream
industries. This, in turn, affects the company’s financial performance at a facility level,
and ultimately at a corporate level.
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Table 2.4: Comparison of AMD to recommended effluent discharge levels (mg/l)

Parameter Recommended Level Yellow Red AMD Polluted
Stream
WHO ZINWA
pH 6-9 55-9 <6& >9.5 | >10.5 0.95 3.56
Temperature °C | <5°C  above | <25 <40 <40 32 23
ambient
DO 8 >6.0 <4 <4 32 4.8
Oil & Grease 5 <2.5 <7.5 >7.5 ND ND
TSS 50 <25.0 <100 >100 456 210
TDS 1000 <500 <1500 >1500 10600 1180
ol 300 <250 <400 >400 28700 1560
As 0.1 <0.05 <0.15 >0.15 | <l <1
Cd 0.1 <0.01 <0.1 >0.1 0.04 <0.01
Cr (VD) 0.1 <0.05 <0.2 >(.2 ND ND
Cu 0.3 <0.5 <3.0 >3.0 0.56 0.62
Fe 2.0 <1.0 <5.0 >5.0 4480.17 | 58.74
Pb 0.1 <0.05 <0.2 >(0.2 0.87 0.33
Ni 0.6 <0.3 <0.9 >0.9 1.54 0.46
Zn 0.5 <0.3 <0.9 >0.9 4.88 0.65
Hg 0.02 <0.01 <0.03 >0.03 | ND ND
Total Cyanide 0.01 <0.05 <0.15 >0.2 0.02 ND

2.8 Effluent Quality and Environmental Impacts

By far and large the biggest impacts of mining on water quality are acid mine drainage,
heavy metals leached from wastes, residual or spillage flotation chemicals, cyanide &
mercury used in the process for recovering gold, arsenic, suspended solids and sediment
runoff. Derelict equipment left underground may also undergo severe corrosion leading
to high metal concentrations in pumped mine water.

The type of water contamination produced by a mining operation depends to a large
extent on the nature of the mineralization, mining method and on the processing
chemicals used to extract the valuable minerals from the host rock. Open cast and
underground mining and the subsequent beneficiation of base metal sulphide deposits,
precious metal deposits and chromite ore along the Great Dyke has led to generation of
poor quality leachates draining from the mine sites. Extensive vegetation death, yellow,
brown and white salt crusts on the soil surface and pale blue, green and cloudy
appearance of surface water can be observed in the vicinity of processing mills, waste
rock and tailings dumps, a situation depicted by plates (a) to (d) in Figure 2.6.
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(a) Ponded AMD at Shamva Gold Mine (b) Heavy metal deposition in stream sediments
from Athens gold mine tailings dam (c) Secondary mineral precipitates at Mhangura
copper mine tailings dam (d) Dried trees and oxidation salts (white) at the jig tailings
dump at Iron Duke Mine.

Fig.2.6: Legacy of AMD in Zimbabwe e
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Flotation reagents, mainly xantahtes, used to concentrate sulphide minerals, cyanide
used in the extraction of gold, heavy metal ions such as antimony, cadmium, lead,
copper, nickel and zinc are present in high concentrations in process water and seepage
streams. Table 2.5 shows the average chemistry of leachates and stream water samples
from mine locations in the Midlands and Harare mining districts during a survey of
water quality around mine sites in July 2003. The worst case of acid mine drainage
occurs at the Iron Duke Pyrites underground mine which must cope with 180m’/day of
acid mine water with pH < 2.5, about 14000mg/1 in sulphate, 9500mg/1 iron and other
dissolved metals. Several other mines are also affected. The acidic waters drain through
the waste rock piles dissolving metals accelerating their turbidity and mobilisation.
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Table 2.5: Characteristics of Leachate from selected mines (July 2003)

Site Type of | pH E.C TDS | Alkalinity | Fe SO, DO
Name Sample
uS/cm | mg/l mg/l mg/I mg/I %Sat.
Cam & | Tailings
Motor drainage 8.5 2341 3783 | 287 0.12 2021.74 | 13.8
Dump
Athens | Tailings 4.3 3456 | 4160 | (acidic) 0.46 4289.07 | 5.8
Mine drainage
Waste rock
Trojan | seepage 7.76 | 3310 | 4950 | 145 0.74 221.43 54.7
Nickel
Mine
Dam stream | 8.44 | 1524 1300 | 240 0.34 650.51 80.6
South
Effluent (at | 8.85 | 1170 1200 | 105 3.85 305.48 77.0
V-Notch)
Mine water 8.12 | 1750 1480 | 90 3.2 1000.77 | 76.2
Jumbo
Mine Effluent from
old heaps 2.85 | 3050 |[4300 |21 46.81 8089.33 | 16.7
Mine water 2.90 | 15460 | 30570 | (acidic) 9783.72 | 25600.45 | ND
Iron
Duke Ground 3.25 | 6786 5670 | (acidic) 1580.86 | 28400.67 | ND
Pyrites | water(BH1)
Yellow
Jacket 3.57 | 3762 2789 | (acidic) 10.89 3986.23 | 2.5
Stream water
(downstream)
Freda- | Tailings
Rebecca | drainage 5.85 [ 2564 |2034 |16 1.87 234.65 13.5
Mine

The extremely low pH drainage is a big problem to the environment, and can find its
way into surface and ground waters, severely degrading both habitat and water quality,
(Kimmel, 1983).
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Heavy Metals Mobilisation

The discharge of AMD into soil and natural water systems results in numerous physical,
chemical and biological responses in which the environment can be modified
detrimentally. Water plays a significant role in heavy metal mobilisation. It acts as a
storage buffer for the pollutants, as the medium in which most of the reactions take
place, and is undoubtedly the most significant transport vector in the pollution process.

The intrinsic properties of the acidic drainage such as chemical composition, speciation
of key mineral components, redox potential and pH are master variables controlling
metal release, transport, deposition, reactivity and availability to biota. The mobility of
heavy metals is strongly increased by acidification from acid mine drainage, and the
discharge of these metals into the receiving waters results in numerous physical,
chemical and biological responses in which the environment can affect the metal and
vice versa, (Magombedze & Brattli, 2003). The result is an overwhelming number of
association/dissociation, substitution, and adsorption or desorption reactions, giving rise
to a complex migration pattern as seen in Figure 2.7.

Figure 2.7: Schematic diagram of Pollutant Emission and Migration through
the Geosphere.
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Residual Mining Chemicals

Chemicals used in mining and beneficiation are also a potential source of water
contamination. Common types of reagents used include cyanide, flotation xanthates,
sulphuric acid, mercury, ammonia, sodium hydroxide, hydrogen peroxide and lime.
Significant quantities of residual chemicals are left in the process water and even after
dewatering the stockpiled tailings may still contain a significant proportion of residual
reagents. These residual reagents can form complexes with metal ions from acid mine
drainage, posing great danger to human health and aquatic systems. The impact of
metals on aquatic life within a water system is dependant on the specific complex that
the metal is in, the ligands it is associated with, and the thermodynamic and kinetic
stability of the complex (Fernando, 1995). Different metal species have different bio-
availabilities, and some metal species are more toxic than others.

Discharges of process water, mine water, storm runoff and seepage are the primary
transport mechanisms to surface water and ground water. Most of the reagents used in
beneficiation processes are extremely toxic and lethal on ingestion. In 1993, 16 soldiers
of the Zimbabwe National Army who had settled at an abandoned mine location in
Kwekwe, died after drinking water contaminated by leachate from a tailings dump. In
1998, How Mine tailings dam failure occurred, resulting in several million tons of tails
contaminated with cyanide, heavy metals and other toxicants spilling into the nearby
river. Massive fish deaths were observed in Lake Chivero which supplies Harare with
drinking water in 2001.

2.9 Concluding Remarks

The mining industry is backbone to Zimbabwe’s economic growth. However, lack of
environmental stewardship, economically affordable abatement technology, poor
environmental monitoring, and a harsh economic climate, have resulted in the pollution
of surface and ground waters by mine effluents and acid mine drainage. Re-vegetation
stabilizes the dumps in relation to geotechnical stability but can not prevent the sulphide
bearing waste material from oxidation. In semi - arid environments, sulphide waste
disposal options are very limited, leading to unsustainable costly treatment options. The
analysis given in this chapter justifies the need to assess the nature and magnitude of the
problem of AMD in Zimbabwe and thereby dispel the myths regarding pollution from
metal mines, especially in light of the new legislation concerning effluent discharges.
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CHAPTER 3

REVIEW OF THE GEOCHEMISTRY OF AMD AND METHODS USED FOR
ITS KINETIC CONTROL AND TREATMENT

3.1 Introduction to Environmental Geochemistry

Environmental Geochemistry involves the development and application of chemical
principles to understand the processes that control the fate, transport and distribution of
contaminant elements in geologic systems. Contaminant elements may cause acute
human health effects as well as economic and resource damage. As mineral deposits
continue to be mined, their associated waste rock and tailings piles continue to be
exposed to weathering, large concentrations of metals and sulphate will continue to be
found in surface and ground waters (Nordstrom and Alpers, 1998). Aqueous
geochemistry is the application of chemistry to reactions between rock and natural
water. Its major goals are to provide answers as to how the elements are distributed
between the primary mineral sources, soil (vadose zone), surface water and
groundwater, why the elements are distributed that way, and what principles or
processes govern the distribution of the elements? Knowledge of such principles helps
to understand the geochemical processes governing the changes to AMD over time and
space.

To have a common base of understanding, some basic theoretical aspects of practical
significance must be reviewed. The review starts with a discussion on mineral
dissolution reactions that influence mine waste drainage quality. The reactions
presented result in acidic drainage, acid neutralisation, and trace metal release. A
detailed discussion of the geochemistry of AMD is presented by Morrin and Hutt,
(1997); Nordstrom and Alpers, (1999), Smith and Huyck, (1999). This chapter
continues with a review of current state of understanding and technology on AMD
control and treatment. The rationale for implementation of present methods used in the
characterisation and kinetic control of AMD is discussed in light of their applicability
under different environmental conditions, simplicity, resources required, ease of
interpretation, value of data, and time constraints.

3.2 The Problem with Acid Mine Drainage
Acid mine drainage is a low pH, sulphate and metal bearing solution usually formed

when rocks containing sulphide minerals (essentially pyrite & pyrrhotite) are exposed to
the atmosphere or an oxidising environment, and subsequently leached by water.
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AMD ranges widely in quality from alkaline (pH ~10) to strongly acidic (pH ~ -3),
usually corrosive, and contains dissolved solids ranging from about 100 to 100 000 mg/1
(Hyman and Watzlaf, 1995; Rose and Cravotta, 1998; Nordstrom et al., 2000). AMD is
a major issue affecting the metal mining and coal industry throughout the world.
Dissolved metals and other constituents of AMD can be toxic to aquatic organisms and
can precipitate forming ochreous encrustations that degrade the aquatic habitat
(Winland ef al., 1991; Bingham and Nordstrom, 2000). The pH and concentrations and
loadings of alkalinity, acidity, and metals such as Fe, Cu, Ni, Cd, Zn, Al and Mn in
mine effluent and receiving water bodies are commonly measured to identify potential
for environmental effects and to plan appropriate treatment methods to remove metals
and produce near neutral effluents. Many old mining sites have a legacy of acid
drainage long after the completion of mining.

The problem of acid mine drainage begins with sulphide oxidation (mainly pyrite
oxidation) and is accompanied by the dissolution and precipitation processes of metals
and minerals. It has been a major focus of investigation over the last 60 years (Sato,
1960; Bryner et al., 1967; Nordstrom, 1977 and 1982; Nordstrom et al., 1979; Ritcey,
1989; Jambor and Blowes, 1994 & 1998; Alpers and Blowes, 1994; Evangelou, 1995;
Morin and Hutt, 1997; Nordstrom and Alpers, 1999). The problem is multifaceted as
AMD forms within a complex environmental system where several factors need to be
considered. The presence of pyrite in the mineral assemblage, and the availability of
water and oxygen constitute the principal recipe. Where different sulphides are in
contact with each other, electrochemical processes are likely to occur and influence the
reactivity of sulphides (Kwong, 1993). Furthermore, factors such as microbial catalysis,
neutralization reactions, sorption reactions, and climatic effects have an important
influence on pyrite weathering.

There are many sources of acidic drainage, both natural and anthropogenic. Natural
sources include volcanic eruptions, hydrothermal activity (visible as hot springs),
formation of limestone caverns, stalactites and stalagmites, brine formation from soluble
minerals, and acid rock drainage from activities such as highway construction, civil
engineering works and logging. Drainage from such sources is commonly referred to as
Acid Rock Drainage (ARD) as opposed to AMD which emanates from mined out areas.

The oxidation of sulphide minerals such as pyrite and pyrrhotite is responsible for the
bulk of acid production by mine wastes (Stumm and Morgan, 1996). Other sources of
acid release from mine wastes include dissolution of soluble iron sulphate minerals, and
the dissolution of less soluble sulphate minerals of the alunite/jarosite series.
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3.3 Oxidation of Sulphide Minerals and the Chemistry of AMD Generation

Acidity is measured in terms of H™ and other dissolved species (e.g. Fe, Al, Mn) capable
of producing acid. Acidity generally increases as pH decreases and it is possible to have
water with a high acidity but neutral pH values. pH is a measure of H™ only, and
technically it is the negative logarithm of the hydrogen ion activity, {pH =-log [H']}.
pH is a function of the balance between acid-generating and acid-consuming reactions,
the relative rates of these reactions, and accessibility (liberated grains) of minerals that
contribute to these reactions. Most reactions in geologic systems are pH driven because
of the hydrogen ion's great potential to react with aqueous chemical species and/or
mineral surfaces. This is due to its small size and high electron accepting capacity.

The acid production processes can be split into three categories. The first is the
oxidation of sulphide minerals by oxygen and ferric iron. The second involves bacteria
assisted oxidation and the third is hydrolysis of mainly Fe(Ill) and subsequent
precipitation of ferric oxy-hydroxides or oxy-hydroxide sulphates.

3.3.1 Abiotic Oxidation of Sulphides

The most common sulfide mineral is pyrite (FeS;). A complex interaction of physical,
chemical and microbiological processes can influence the generation of acidic drainage
and typically these factors vary on a site specific basis. The initiator reaction in AMD
generation from mine sites is the oxidation of pyrite, (Singer and Stumm, 1970; Forstner
and Wittmann, 1979).

1) Pyrite oxidation by oxygen
When pyrite is exposed to water and oxygen, it decomposes into water soluble
components, acid is produced. Oxidation of the disulphide according to reaction 3.1
releases Fe*" and 2 protons.

FeS2+%Oz+H20 = Fe* +280.* +2H " (3.1)

The relatively reduced water soluble components (ferrous iron) are further oxidised at

low and circum-neutral pH, and acid is consumed, (reaction 3.2), (Moses & Herman,
1991).

Fe2*+lo +H = Fe3++lH 0] 3.2
2 2
4 2

The conversion of ferrous (Fe*") by oxidation to ferric (Fe’"), reaction 3.2, is followed
by hydrolysis of Fe*™ to form ferric hydroxide (insoluble at pH>3.5) releasing 3 more
protons in the process, (reaction 3.3).
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Fe**+3H ,0 = Fe(OH),+3H" (3.3)

Thus, in sufficiently aerated/oxidised environments, the formation of ferric iron in water
resulting in the precipitation of ferric hydroxide is a key acid producing stage. Once
sulphides have been oxidised, it is extremely difficult to avoid ferric hydroxide
precipitation.

2) Pyrite oxidation by ferric iron (Fe*")
With the formation of soluble ferric iron (Fe’") in the presence of fresh iron sulphide,

further sulphide oxidation is accelerated, as represented in reaction 3.4, (Alpers and
Nordstrom, 1999).

FeS ,+14Fe* +8H ,0 = 15Fe* +2804* +16H " (3.4)

Equation (3.1) describes the initial step of pyrite oxidation in the presence of
atmospheric oxygen. Once ferric iron is produced by oxidation of ferrous iron, Fe*™ will
be the primary oxidant of pyrite (equation 3.4) (Nordstrom, 1979; Moses et al., 1987;
Ehrlich, 1996). Under abiotic conditions the rate of oxidation of pyrite by ferric iron is
controlled by the rate of oxidation of ferrous iron (reaction 3.2), which decreases rapidly
with decreasing pH. Therefore pyrite continues to oxidize as long as ferric iron is
regenerated. The ferric iron is reduced by the pyrite itself (Singer & Stumm, 1970)
according to reaction (3.4). A simplified diagram illustrating reaction pathways is
depicted in Figure 3.1.

Fe(ll) + S5
: Fig.3.1: Reaction pathways for pyrite
+0, Ooxidation (modified after Stumm &
" Morgan, 1981)

FeS;(s)+ 0, —» SO07 + Felll) .
ast

+ 02 + Fas5s

Slow

Fe(lll) :F Fe(OH): (s)
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3) Oxidation of other sulphides
(a) Pyrrhotite (Fe(.y)S) Oxidation

Pyrrhotite oxidizes much more rapidly than pyrite (Robertson et al., 1997; Nicholson
and Scharer, 1994). The amount of acid produced or consumed by pyrrhotite weathering
depends on the particular oxidation path followed and the pyrrhotite composition. The
general chemical formula for pyrrhotite is Fe() S, where x can vary from 0.125 to 0.
Reactions that have been proposed to describe pyrrhotite oxidation are as follows (from
Jambor and Blowes, 1994):

e Complete reaction as represented by equation 3.5. The amount of acid produced
depends on pyrrhotite stoichiometry.

Fe, ,S+(2+ %)02+tz0 = (1-x)Fe* +8S04> +2xH* (3.5)

e Partial reaction to produce native S:
Fe, ,S+(2- 2x)Fe’ = (3-3x)Fe* +S° (3.6)

e Rapid oxidation to pyrite/marcasite (FeS,) in which acid is consumed:

2Fe o S+(Vo=x)0, +(2-4x)H "= FeS +(1-2x)Fe” +(1-2x)H,0  (3.7)

Nicholson and Scharer (1994) propose that the stoichiometry of the pyrrhotite affects
the relative production of acid. At one extreme, if x = 0 and the formula is FeS, no
protons are produced in the oxidation reaction; at the other extreme, the maximum
amount of acid will be produced by the iron-deficient Fe;Sg phase. The role of
pyrrhotite in the acidifying process is similar to that of pyrite, but it is very important at
early weathering stages because its oxidation rate is 20 to 100 times higher than that of
pyrite in atmospheric concentrations of O, and at 22°C (Nicholson and Scharer, 1994).
The oxidation of pyrrhotite can also involve the formation of elemental sulphur
(Ahonen and Tuovinen, 1994), marcasite (Jambor, 1994), or the formation of pyrite
(Burns and Fischer, 1990).

(b) Chalcopyrite (CuFeS>) Oxidation
Chalcopyrite, together with molybdenite, are known as some of the most resistant
sulfides to oxidation (Plumlee, 1999). Walder and Schuster, (1998), propose that

complete oxidation of chalcopyrite may proceed according to reaction 3.8 without acid
production:
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2CuFeS,+40,=> 2Cu> +Fe* +2804*" (3.8)

However, the combination of ferrous iron oxidation and ferrihydrate hydrolysis will be
the main acid producing process, reaction 3.9.

2CuFeS, + 1% 0, +5H,0 = 2Cu’>" + 2Fe(OH),+4504> +4H" (3.9)

Rimstidt and Newcomb (1993) reported that the oxidation rate of chalcopyrite increases
with increasing ferric iron concentration, but with an oxidation rate of 1-2 orders of
magnitude less than pyrite. Jambor (1994), reported a general sequence for the oxidation
tendency of most important sulphides from readily attacked to increasingly resistant as
follows:

Pyrrhotite > galena — sphalerite > pyrite — arsenopyrite > chalcopyrite

The high resistance of chalcopyrite to weathering is due to the fact that the grains are
often encapsulated in silicate grains and thereby may escape the dissolution process,
(Jambor, 1994).

(c) Arsenopyrite (FeAsS) Oxidation

Arsenopyrite may be oxidized by the following reaction path (Mok and Wai, 1994):

4FedsS +130,+6H ,0 = 4Fe™ +450." +AH,4s0s +4H*  (3.10)

Combined with ferrous iron oxidation and ferrihydrate precipitation, the overall
arsenopyrite oxidation reaction can be written as in equation 3.11:

FeAsS+ 7/, 0, +4H ,0 = Fe(OH),+SOs" +H ,4sOs +3H" (3.1

If ferric iron is the oxidant, the oxidation rate of arsenopyrite is similar to the oxidation
rate of pyrite. If the oxidant is oxygen, the oxidation rate of arsenopyrite is somewhat
lower than that of pyrite (Mok and Wai, 1994).

4) Oxidation of non-acid producing sulphide minerals

Sphalerite (ZnS), galena (PbS), Covelite(CuS) and Chalcocite(Cu,S)
Sphalerite and galena are the most important base metal bearing minerals. Though Zn

is toxic only at very high concentrations, sphalerite may contain environmentally
dangerous amounts of Cd and Thallium (T1). In addition, Fe may significally substitute
for Zn, in some cases up to 15 mole %, in sphalerite. If iron substitutes for zinc,
sphalerite will be an acid generator in a similar way as pyrrhotite due to hydrolysis of
ferric phases, (Walder and Schuster, 1998).
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Galena is the main source of Pb contamination in mine areas. The common result of the
wet oxidation of galena is secondary anglesite (PbSO4) in equilibrium with a Pb*" and
SO4> solution according to equation 3.12:

PbS +20,=> Pb*" +S04°" (3.12)

Secondary anglesite coating on galena may increase the apparent resistance because
anglesite has a low solubility and protects the sulphides from direct contact with
oxidizing reagents (Jambor and Blowes, 1998). The oxidation process does not give rise
to acidity when oxidation from O, is considered, as is also the case with sphalerite and
Cu-sulphide minerals covellite, chalcocite, digenite and djurleite which may occur as
hypogene, supergene, as well as secondary phases (Dold, 1999). In the presence of Fe*",
the oxidation of divalent metal sulphides (MeS) produces acidity according to reaction
schemes where part of the oxidation capacity of the system is derived from Fe’" as, e.g.

2MeS +4Fe* +30,+2H ,0 = +2Me*" +4Fe* +250.* +4H"  (3.13)

In the absence of ferric iron at pH 2.5-3.0, sulphuric acid will dissolve some heavy
metal carbonate and oxide minerals, but has little reactive effect on heavy metal
sulphides. However, ferric ion is capable of dissolving many heavy metal sulphide
minerals, including those of lead, copper, zinc, and cadmium, by the above general
reaction. It is by this process that significant amounts of heavy metals may be
solubilised by AMD. In addition, many metallic elements are often present at trace
levels within the minerals pyrite and pyrrhotite. Oxidation of these minerals can
therefore release and mobilize trace elements.

3.3.2 Microbial Assisted Pyrite Oxidation

Stumm and Morgan, (1970) pointed out that conversion of ferrous to ferric is the rate
limiting step in pyrite oxidation. Under low pH conditions (pH<3), oxidation of Fe*" to
Fe’" may be strongly accelerated by microbiological activity. The half life is estimated
to be in the order of 100days in the pH range around 3, thus oxidation of pyrite would
be extremely slow unless catalyzed by some microorganisms. Jaynes et al., (1984),
Nordstrom and Alpers, (1999), showed that sulphur oxidizing bacteria such as
Thiobacillus thiooxidans and Thiobacillus ferrooxidans can rapidly oxidise ferrous iron
to ferric iron in the pH range 2.5 — 3.5, and sometimes can substitute for the role of
ferric iron when in the presence of oxygen and some organic substrate. Below pH 3 the
oxidation of pyrite by ferric iron (reaction 3.4) is increased by up to a factor 105 over
abiotic oxidation (Singer and Stumm, 1970), and Ritchie, (1994) showed that the rate
can be up to about 10 to 100 times faster than by oxygen.
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It is commonly thought that in the absence of bacteria, equations (3.1), (3.2) and (3.4)
predominate, while in the presence of bacteria the mechanisms of pyrite oxidation are
best described by the reactions 3.14 to 3.18, (Singer and Stumm, 1970, Stumm and
Morgan, 1981, Nordstrom and Alpers, 1999):

FeS,+7/50,+H,0 = FeSO +H SO, (3.14)
4FeSO,+0,+2H,50,,.... = 2Fe,(S0,),+2H ,0 (3.15)

FeS,+Fe,(SO,),=3FeS0O,+28 (3.16)
28 +30,+2H,0,,,...= 2H,S0, (3.17)
S +3Fe,(SO,),+AH ,0 = 6FeSO,+4H ,50, (3.18)

Equations 3.15 and 3.17 contain the term "bacteria" in addition to chemical formulae.
The bacteria, which are usually site-specific strains of Thiobacillus ferro-oxidans, utilize
the sulphur present as their source of energy. They are autotrophic (can transform
carbon dioxide to organic carbon) and heterotrophic (can mineralise organic carbon to
inorganic carbon), obtaining their nutritional needs from the atmosphere (nitrogen,
oxygen, carbon dioxide and water) and from minerals (sulphur and phosphorus), (Ledin
and Pedersen, 1996; Madigan et al., 2000). While these bacteria are not catalysts by true
definition, they do act as accelerating agents if their habitat conditions are at or close to
optimal and they are a most important factor in the generation of AMD. They are also
capable of adaptation by mutation if their habitat is markedly changed. For their growth,
the optimal pH levels are 2.0 — 3.5, but they can survive from pH 0.5 — 5.5, become
inert in temperatures below -20°C and may die when temperatures exceed 60°C,
(Nordstrom and Alpers, 1999).

It may be seen that in addition to pyrite, the presence of oxygen, water and sometimes
bacteria, is required for process progression. This has important ramifications for AMD
control technologies in that removal of the oxygen source (e.g. by total submersion
under water) or the water source (e.g. conditions of aridity) will halt AMD production.
AMD production would also be considerably slowed or halted by the termination of
Thiobacillus ferro-oxidans reproduction by a bactericidal agent.
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3.3.3 Dissolution of Iron Sulphate Minerals Resulting in Acid Production
a) Dissolution and Transformation of secondary minerals

Dissolution and precipitation of secondary minerals is an important mechanism for
recycling metals and acidity (H") in surficial environments. Processes that can lead to
precipitation include evaporation, oxidation, reduction, dilution, mixing, and
neutralization (Alpers and others, 1994). Secondary minerals include efflorescent
sulphate salts, metal oxide, hydroxide, hydroxysulphate, and sulphide minerals.

Secondary minerals found within a given deposit type can vary dramatically with
climate. Many of the hydrated efflorescent salts such as that shown in Figure 3.2, are
stable within only relatively narrow ranges of temperature and relative humidity.
Soluble salts may form upon evaporation of acidic waters and these salts store acid and
metals until released by rainfall or snowmelt.

Fig. 3.2: Oxidation
salts from Iron Duke
mine’s jig tailings
dump

Iron sulphate minerals are the most common secondary minerals found in the oxidizing
environment of the mine waste, due to the wide distribution of pyrite and pyrrhotite as a
sulphur source. They are also common in the oxidized portions of weathering zones
from ore deposits (e.g. gossans). They may be composed of Fe(Il), Fe(Il) & Fe(Ill), or
only Fe(Ill). Examples are melanterite, roemerite, and coquimbite, respectively. A
detailed overview of these secondary minerals is given in Alpers et al., (1994) and
Nordstrom and Alpers (1999). In general they have a high solubility, whereas supergene
jarosite shows relatively low dissolution kinetics. Baron and Palmer (1996) conducted a
series of dissolution experiments with jarosite from 4 to 35°C and at pH values between
1.5 and 3. Equilibrium was established in the experiment after approximately 3 to 4
months. It is important to notice that this mineral group is meta-stable with respect to
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more stable iron hydroxides and oxides and may liberate acidity by the following
transformations, (Alpers and others, 1994):
Jarosite » goethite:

KFe,(S0O,),(OH),= 3FeO(OH)+K "+2504 TH3H?T (3.19)
Schwertmannite » goethite:
Fe,O,(OH),(SO,)+2H ,0 = 8FeO(OH)+ SO+* +2H* (3.20)

An extended group of highly water-soluble sulphates, as for example gypsum or
chalcanthite (CuSO4.5H,0), formed under oxidizing conditions and high evaporation
rates, can release significant amounts of metals and acid with rain. This mineral group is
an important factor that could lead to seasonal fluctuations in contamination levels of
ground and surface waters, especially in semi-arid and arid climates, (Alpers et al.,
1994, Dold, 1999).

b) Hydrolysis of Metal Cations

There are two factors that affect the acidity of metal ions, viz: the charge on the metal
ion, (thus acidity increases with charge) and the size of the metal ion (ionic radius) (thus
acidity decreases as size increases). The charge: size ratio can be used to predict the
relative acidities of metal ions: highly charged, small cations are the strongest acids in
aqueous solution. This is because the greater the power of the metal ion to attract
electron density from the oxygen atom of a co-ordinated water molecule, the weaker the
O—-H bond of this molecule, and the easier it is to break so releasing an H" ion. When a
divalent metal aqua-ion is placed in water, the following equilibrium is set up:

[M(H,0),["+H,0 ©[M(H,0),] +H,0 (3.21)
The equilibrium position lies to the left and the equilibrium constant, K, values lie
between 10 and 107", with a pH of about 6, (Langmuir, 1997). Thus a small amount of
acid is generated due to the production of oxonium ions (H;O"). Similar equilibrium is
established for trivalent metal cations with K, values between 10~ and 107, producing a
pH of about 3, equation (3.22).
Fe**+3H ,0 < Fe(OH),+3H" (3.22)

The process of hydrolysis of Fe(Ill) has been reviewed by Schneider and Schwyn
(1987), Stumm and Morgan (1996), and Cornell and Schwertmann (1996). Metal ions
undergo hydrolysis because coordinated water is a stronger acid than free water. This
results from the effect that the metal-oxygen bond weakens the O-H bonds in a way that
in aqueous systems the free water molecules behave as proton acceptors. So the
hydrolysis of metal ions is the result of the de-protonation of the coordinated water
molecules.
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3.4 Acid Neutralization Mechanisms

3.4.1 Acid Consuming Reactions

Rates and mechanisms of dissolution reactions are important in terms of predicting the

neutralisation potentials of minerals that are commonly present in waste rock and

tailings. Many rock forming minerals have the capacity to neutralise acid upon

dissolution, and these include:

a) Calcium and Magnesium bearing carbonates

b) Oxides, hydroxides oxyhydroxides of Calcium, Magnesium and Aluminium

¢) Soluble, non-resistant silicate minerals, and

d) Phosphates, primarily apatite.

Table 3.1 shows the maximum neutralisation capacity of some minerals based on

stoichiometric considerations assuming that the mineral dissolves completely and not

accompanied by precipitation of secondary phases, (Paktunc, 1999). Incongruent

dissolution behaviour of some minerals will have an effect on these values.

Table 3.1: Maximum Neutralisation Capacity of some Minerals, (Paktunc, 1999).

Neutralising Mineral Formula Moles to neutralise 1 mole
H,SO,
Calcite CaCO; 1
Dolomite CaysMg,sCO; 1
Ankerite CaysFep,Mg3CO; 1.25
Chlorite MgsAl,Si30,4(OH)s 0.125
Muscovite KAl (SizAl)O,4(OH), 0.2
Kaolinite AlSi,05(OH), 0.67
Olivine (Fo100) Mg,SiO, 0.5
Hornblende Ca, ;Mg; sFe; 3Al;3S1;0,(0OH), | 0.11
K-feldspar KAISi;04 0.5
Plagioclase (Ano) NaAlSi;Oq 0.5
Plagioclase (An100) CaAl,Si,05 0.25
Goethite Fe(OH); 0.67
Brucite Mg(OH), 1
Gibbsite Al(OH); 0.67

Most weathering reactions
categories:

consume acid and can be grouped into the following
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1) Dissolution of carbonate minerals consumes acid while releasing Ca, Mg,
H,CO; or HCO; or CO;%, reaction 3.23. In the case of carbonates, 2 moles are
required to neutralise the acid generated by the oxidation of a single mole of
pyrite. However, with iron bearing carbonates such as siderite, the situation is
different. Although the acid neutralisation capacity of siderite is the same as that
of calcite, the oxidation of ferrous iron to ferric iron and its precipitation as
ferric hydroxide produces acidity and this eventually cancels the neutralisation,
resulting in a net zero effect contribution by siderite, equation 3.23.

CaCO,+2H "= Ca™ +H ,CO, (3.23)

The solubility of carbonate minerals depends on whether the system is open or closed to
the atmosphere. Calcite is more soluble in an open system relative to a closed system at
25°C (Stumm and Morgan, 1981). Conversely, tailings water migration studies by
Morin et al., (1988), indicate that below the water table (in a closed system), the
principal pH buffering is due to calcium carbonate dissolution. Acidic plumes are
neutralised in different regions based on mineral equilibrium pH. The base pH above
which precipitation occurs is as follows:
Fe (OH) 3= (3.0 - 3.7); Al (OH) 3 = (4.3 - 5.0); FeCOs = (5.1 - 6.0) & CaCOs = (5.5 -
5.9).
i1) Dissolution of alumino-silicate minerals in acid releases Al, Ca, Fe, K, Mg, Mn,
Na, & Si, reaction 3.24. In nature the primary sink for acidity is silicate
weathering, hence, chemical weathering results in the dissolution of species that
determine the alkalinity of water as in the dissolution of muscovite, (Lasaga,
1981), e.g. dissolution of muscovite increases pH:

KAL,Si,0,,(OH),+H "+9H ,0 =K *+3H ,Si0 ,+3 AI(OH), (3.24)

iii) Dissolution of hydrous Fe and Al oxide minerals releases Fe, Al, and sorbed
elements.
iv)  Sorption of H" onto mineral surfaces releases sorbed elements.

3.4.2 Buffering of Acidity by Aluminosilicates

The role of silicates in the neutralisation process is less well understood than that of
carbonates. Buffer intensity calculations predict that the acid neutralising capacity of
silicate minerals is greater than carbonates. However, silicate minerals tend to dissolve
slower. Thus most buffering in near surface natural waters is achieved by carbonates,
(Sherlock et al, 1995). Secondary amorphous silica and goethite have also been
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identified within waste rock piles by Alpers and Nordstrom (1990). They found out that
acid neutralisation was the result of albite, chlorite, sericite, epidote and calcite
dissolution (determined by computer speciation analysis) with the largest pH increase
due to chlorite dissolution. Within AMD waters, once the carbonate minerals have been
depleted, the silicate minerals may play a role in long term neutralisation of sulphide
oxidation products.

Kwong, (1993) listed a hierarchy of minerals and their generalised relative reaction
rates, Table 3.2, on a scale from O (no contribution to acid neutralisation) to 1
(dissolving minerals with maximum contribution to acid neutralisation), although in
reality they are site specific.

Table 3.2: Relative Reaction Rates of Minerals contributing to Acid Neutralisation
(Kwong, 1993)

. . Relative
Group Name Typical Minerals .
Reactivity
Dissolving Calcite, aragonite, dolomite, magnesite, brucite 1
Fast Anorthite, nepheline, olivine, garnet, jadeite, leucite, 0.6
as .. .
) spodumene, diopside, wollastonite
weathering
Epidote, zoisite, enstatite,hypersthene, augite,
) hedenbergite, hornblende, glaucophane, tremolite, 0.4
Intermediate . . . .
) actinolite, anthopyllite, serpentine, chrysotile, talc,
weathering . .
chlorite, biotite.
Slow Albite, Oligoclase, labradorite, vermivulite, 0.02
weathering montmorllonite, gibbsite, kaolinite
Very slow K-feldspar, muscovite 0.01
weathering
Inert Quartz, rutile, zircon 0.004

It can be seen that although kaolinite and gibbsite will provide additional capacity to
neutralise acidity, their dissolution rates are much slower than their parent minerals,
therefore the overall contribution to the neutralisation potential may be insignificant.
Thus, depending on the kinetics of the oxidation and neutralisation reactions, most rock
forming minerals may be effective in terms of providing additional long term buffering
capacity.
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3.5 Kinetic Control of Drainage Chemistry

There are two basic approaches to drainage chemistry control, namely proactive and
reactive. Proactive control focuses on minimising concentrations leaving a mine site
using ‘solid covers’ such as water covers, dry covers or other techniques like back
filling, blending and segregation. The concept behind the covers is that the prevention
of one or more reactants from entering the mine waste will affect subsequent
concentrations in the drainage. Reactive control involves collection and treatment of the
drainage, and will be discussed in section 3.6. These sections address the concepts and
techniques behind control of drainage chemistry rather than detailed design and
engineering which is site depended.

3.5.1 Water Covers

Background Chemistry

Research has demonstrated that the oxidation of sulphides in mine tailings and waste
rock is inhibited by placing the mine wastes under a water cover, (MEND, 2000).
Arguments for under water disposal arose from the premise that acid generation from
sulphides could be suppressed when submerged underwater where oxygen
concentrations are greatly diminished relative to the atmosphere. In other words,
lowering the concentration of one of the principal reaction ingredients (oxygen) would
lower the oxidation reaction rate, hence the rate of generation of acid and dissolved
metals.

Sulphides are formed in reducing environments (in the absence of oxygen), and they are
unstable and susceptible to chemical reaction in the oxygen-rich environment of the
earth’s surface. Accordingly the most stable environment in which to store sulphide-rich
mine tailings is one devoid of oxygen, one that mimics their environment of genesis.
The maximum concentration of dissolved oxygen found in natural waters is at a
minimum 30 fold lower than that in the atmosphere, (Hollings et al., 2000). Because the
rate of sulphide oxidation is in part dependent on the concentration of oxygen, it is
readily apparent that the generation of acid and dissolved metals can be dramatically
minimized underwater.

The flux of oxygen across the water cover/tailings interface depends on the oxygen
concentration at the top of the diffusive boundary layer that separates the tailings from
the water column and on the thickness of the boundary layer, (Hollings et al., 2000).
The researchers also report that the oxygen flux can be estimated, assuming steady state
conditions, using Fick’s First Law:
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(CI_CO)
eff L

F=-D (3.25)

F is the mass flux of oxygen (mass/unit area/time); C, is the atmospheric concentration
of oxygen, C; is the concentration of oxygen below the cover; L is the cover thickness;
and D, is the effective diffusion coefficient of the cover.

More importantly, however, is the rate at which oxygen is replenished to the reaction
site. Once the small inventory of dissolved oxygen in the water is consumed, it is
typically replaced by processes of molecular diffusion and small-scale turbulence; the
transfer of oxygen in water is nearly 10,000 times slower than similar transfers in air,
(Li et al, 1997). Consequently, storage under permanent water cover is perhaps the
single most effective measure that may be taken to inhibit acid generation from
sulphidic tailings. The chemical loadings balance assuming diffusion only allows
calculation of the minimum allowable thickness of the inert cover Az that will not
exceed the maximum permissible concentration in water, Cyo:

c -C A
Cho= D(‘—HZO]T f (3.26)
Az Y

w

C; is the measured concentration in tailings (mg/L); D is the diffusion coefficient of the
inert cover (m?/s); Ty is the residence time in water (s); 4, is the area of tailings (m?) and
Vv is the volume of water (L).

Limitations

The practice of disposing of sulphide rich tailings under water is based on inhibiting
oxidation, and acid generation and the potential for the release of metals into the aquatic
system. Primary concerns that have been addressed are the potential deterioration of
receiving water quality and the impact on biological resources from excessive
concentrations of dissolved metals.

Previously oxidized wastes can in some instances be disposed under a water cover, but
only after the wastes have been well-characterized and the potential effects of the
oxidation products on tailings pore waters, containment structure seepage, groundwater
recharge, and impacts to the quality of the water cover and effluent treatment
requirements have been thoroughly assessed. This is to allow measures to be planned in
advance and taken to deal with the possible release of contaminated pore water and
oxidation by-products to seepage, the water cover and subsequently to the environment.

50



MEND (2000), indicates that it is apparent from laboratory and field experiments that
subaqueous disposal represents the most successful method presently known for
preventing and controlling acidic drainage. However, in many cases the water covering
the oxidized tailings may require treatment prior to discharge to meet regulatory
standards. It is not currently possible to accurately predict either the nature or duration
of treatment prior to actual deposition and observation. One of the key physical
processes affecting submerged tailings especially in lakes is that sufficiently large
waves can generate velocities along the bed that can mobilize the bed material. The
generic minimum depth (dni,) of water cover required to maintain a physically stable
submerged bed can be calculated as follows, (Atkins et al., 1997):

2 -2
d._.=1.58x10"g(U F)*In| 5.14x10 (Mj (3.27)

b

where: g is force of gravity (m/sz); F is the fetch length (m); U, is wind speed (m/s); R
is the wave height coefficient (R= 1, for significant wave height); and V7, is the critical
bed velocity (m/s).

The suitability of the water cover method is subject to site specific factors, and as such
is not universally applicable. For instance in semi arid climates, water covers are not
feasible due to various technical factors such as water scarcity, surface topography,
hydrological conditions, and long-term stability of retaining structures, as well as
various social and economic factors. However, for sites where water covers can be used,
the method offers one of the best solutions for preventing sulphide oxidation and acid
generation over the long term, (Devos et al, 1997). Additional enhancement is
accomplished at some tailings ponds through the use of substrate covers over the
submerged tailings using oxygen consuming materials to reinforce reducing conditions
in the sediments, or the use of a non-acid generating sand layer to form a diffusion
barrier.

3.5.2 Dry Covers
Dry cover systems as a closure option for management and decommissioning of waste
rock and tailings is a common prevention and control technique used at numerous sites
around the world. They are an alternative where underwater disposal is not possible or
feasible. The two principal design objectives of dry cover systems are:

a) To function as an oxygen ingress barrier for the underlying waste material by
maintaining a high degree of saturation within a layer of the cover system,
thereby minimizing the effective oxygen diffusion coefficient and ultimately
controlling the flow of oxygen across the cover system; and
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b) To function as a water infiltration barrier for the underlying waste material as a
result of the presence of a low permeability layer and/or a moisture storage and
release layer.

Apart from these functions, dry covers are expected to be resistant to erosion and
provide support for vegetation. Dry covers can be simple or complex, ranging from a
single layer of earthen material to several layers of different material types, including
native soils, non-reactive tailings and/or waste rock, geosynthetic materials, and oxygen
consuming organic materials. Multi-layer cover systems utilize the capillary barrier
concept to keep one (or more) of its layers near saturation under all climatic conditions.
This creates a blanket of water over the reactive waste material, which reduces the
influx of atmospheric oxygen and subsequent production of acidic drainage.

The influx of atmospheric oxygen to reactive waste material can also be limited by
incorporating oxygen consuming materials in dry cover systems. The primary function
of these barriers is to reduce the ambient oxygen concentration at the waste
material/cover interface by consumption of oxygen. Almost invariably, the cover
systems contain organic matter, primarily lignocellulosics such as wood chips, wood
wastes, peat, sewage sludge, compost, hay, straw, silage, and paper mill sludge.
Oxidation of an organic layer material will eventually decline as the remaining material
becomes more humidified and more resistant to further decomposition. As a result, the
long-term efficiency of oxygen consumption barriers is a key element in the design of
cover systems that incorporate such barriers.

Limiting the Influx of Atmospheric Water

The net infiltrative flux through a cover system is also an important consideration in the
design of a closure system for a mine waste disposal facility. The objective is to
control/limit the quantity of water that flows downward through the cover to the
underlying waste material because the infiltrating water ultimately contributes to
subsequent production of acidic drainage. The net infiltrative flux is a function of the
total rainfall, evaporative flux, transpiration, change in soil moisture storage, and runoff.
Each of these factors is in turn influenced by a variety of conditions. For example,
runoff and infiltration rates are a function of rainfall intensity, surface topography,
vegetation, soil properties, and soil moisture conditions. Evaporation or evapo-
transpiration from the cover surface is a strongly coupled process that depends on
atmospheric conditions, soil/waste properties, and soil/waste conditions. In addition, it
is clear that runoff, as well as run-on, are site-specific considerations. The water balance
equation for any site is given by:
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Rainfall - Evapo-transpiration = Flownotr + FloWseepage = FlOWdrainage (3.28)
Which can be rewritten as:

R - ET = F; + Fs = Fq

The chemical loadings balance can be computed to find the minimum allowable ratio of
FloWunotr t0 FloWseepage (Fr:Fs) that will not exceed the maximum permissible regulatory

concentration, Cyq: CF+CF
C =—_1r"r “s s

v (3.29)

C; and C; are the measured concentrations in runoff and seepage, respectively.

It is difficult and usually not economically feasible in arid and semi-arid climates to
construct a cover system, which contains a layer that remains highly saturated, thereby
reducing the influx of atmospheric oxygen. The cover system will be subjected to
extended dry periods and therefore, the effect of evapo-transpiration will be significant.
However, subjecting the cover system to evaporative demands can be beneficial in arid
climates and result in a reduction of infiltration to the underlying waste material. A
cover surface layer possessing sufficient storage capacity can be used to retain water
during a rainfall event. Subsequent to the increase in moisture storage in this layer, it
would release a significant portion of pore water to the atmosphere by evapo-
transpiration during extended dry periods, thereby reducing the net infiltration across
the soil cover system. The objective is to control acidic drainage as a result of
controlling the transport mechanism (i.e. water) into the waste material.

An issue that arises with respect to a dry cover system designed to only limit net
moisture percolation to the underlying waste is the question of decreasing seepage only,
leading to higher concentrations and ultimately the same loading to the environment. In
general, there is not complete agreement as to whether very low net percolation rates
will lead to the same loading or a reduced loading. It is argued that the low percolation
rates associated with a properly designed store and release cover system (with no
oxygen control) will eventually lead to contaminant release, (Morin et al., 1988).
Conversely, it can be argued that there must be a reduction in loading for a percolation
rate given that: zero flow corresponds to zero loading release. In addition, at lower
percolation rates the leachable areas of waste rock, for example, will be greatly reduced
(albeit the finer textured material will contain higher concentrations of leachable
contaminants).
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Climate Conditions

The climate conditions at the mine site are a key factor in determining the dry cover
system objectives. Generally the site is considered a dry site if potential evaporation
greatly exceeds annual rainfall, and generally a wet site if annual rainfall meets or
exceeds annual potential evaporation. In most parts of Zimbabwe, evaporation exceeds
rainfall on an annual basis. However, the sites typically experience hot, dry months
from September to mid November, where evaporation greatly exceeds rainfall; hot, wet
conditions from mid November to March, where rainfall exceeds evaporation; and dry
cool months from April to August. These conditions can make it difficult to design a
cover system that meets all objectives throughout the year, (Magombedze et al., 2006).

3.6 Reactive Control
3.6.1 Active Treatment

The principal objectives in treating AMD are to neutralize free acidity and reduce the
concentrations of contaminants of concern (i.e. metals, total dissolved solids) to very
low levels so that the effluent quality is acceptable for release to the natural
environment or recycle. The active chemical treatment of acidic drainage is typically
accomplished using lime-based processes which vary in application from the batch
treatment of ponded acidic water to continuous treatment using a high density sludge
type treatment plant, (Zinck, 2004). In these processes, lime is used to raise the pH of
the acidic streams and remove dissolved metals through precipitation and co-
precipitation. These processes result in the formation of a gypsum/metal
hydroxide/carbonate sludge which requires disposal. Lime/limestone treatment is the
most common and preferred method because of the following reasons:

a) Itis adaptable to a large range of concentrations

b) It is adaptable to a large range of flow

c¢) It has moderate capital and operating costs, and

d) Itis generally considered best practical technology.

Some researchers report that even the simple spreading of lime in catchment basins can
be beneficial. Other alkalis are used for pH adjustment to a lesser degree (i.e. sodium
hydroxide, and sodium carbonate) along with other metallic salts for the removal of
specific contaminants (i.e. iron salts for arsenic removal and barium salts for radium
removal). Lime treatment depends on the general reaction:
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Aqueous metals + aqueous sulphate + lime = metal hydroxides + gypsum (3.30)

The resulting precipitates are often collectively referred to as ‘treatment sludge’, and
gypsum is desirable in the sludge because it improves chemical stability. The presence
of metal hydroxides such as Fe(OH); formed during treatment assist in scavenging other
metals from the drainage, (Morin and Hutt, 1997). However, the primary problem with
sludge is that it is composed mainly of water, sometimes less than 3% solids that can
not be disposed of in a compact form. As a result, sludge requires anomalously large
storage areas and is difficult to handle. The design, operation, and maintenance of
chemical treatment systems consist of four principal components: AMD collection,
AMD treatment, treated water release or recycle, and treatment sludge disposal. Figure
3.3 shows a general flowsheet diagram for the high density sludge treatment process
used at most plants in the world.

SLUDGE LIME
. l Fig.3.3: The HDS Treatment
Process
AMD | 7 Sindee
Mix Tank AIR FLOCCULANT
. 3 |
— | EFFLUENT
. —
¥
Clarifier
F—q;‘_ﬂiﬁ-" il Floc Tank —_—
Lime Reactor - .
| RECYCLE | DISPOSAL .
SLUDGE

The HDS process shown in Figure 3.3 is the standard in the AMD treatment industry
today, (Aube, 2004). While conventional treatment processes contact lime directly to
the AMD, this system contacts recycled sludge with the lime slurry for neutralisation.
This is achieved by pumping sludge from the clarifier bottom to a ‘Lime/Sludge Mix
Tank’ where sufficient lime to neutralise the AMD to the desired pH setpoint is also fed.
This forces contact between the solids and promotes coagulation of lime particles onto
the recycled precipitates.
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Applications
At active mine sites, the stream flow or ponded water that requires treatment often

consists of a mixture of AMD and diverse flows such as mine water, process water,
tailings area decant, seepage, and runoff. The cessation of mining or metallurgical
activities typically reduces the volume of water to be treated and alters influent
contaminant concentrations. There are three types of lime-based treatment processes:

a) Batch treatment of ponded AMD by the addition of alkali material to the ponded
water;

b) Conventional treatment of acidic water flows by continuous addition of lime;
and

c) The high density sludge (HDS) type chemical treatment process.

The best application of these processes is site-specific, however, Murdock et al., (1994),
reported that as a guide:

e Batch treatment is most suitable for the treatment of low flows of acidic water
that can be collected, stored and treated on an infrequent basis (e.g. every three
to six months);

e A conventional treatment plant is most suitable for continuous treatment where
suitable conditions and sufficient space are available for the disposal of the low
density sludge; and

e A HDS-type treatment plant is most suitable for continuous treatment and where
sludge disposal space/conditions present a challenge. HDS plants produce
significantly smaller volumes of sludge in comparison to conventional plants.

Neutralisation and Precipitation

The principle of lime neutralisation of AMD lies in the insolubility of heavy metals in
alkaline conditions. By controlling pH to a typical set point of 9.5, metals such as Fe,
Zn and Cu are precipitated as in Figure 3.4, (Aube and Zinck, 1999). Other metals such
as Ni and Cd require a higher pH, in the range of 10.5 to 11 to effectively precipitate the
hydroxides.
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Fig. 3.4: Metal Hydrolysis
with pH (after Aube &
Zinck, 2003)

AP +30H — AI(OH);
Cu®" + 20H — Cu(OH),
Fe*" + 20H — Fe(OH),
Fe’" + 30H — Fe(OH);

Ni*" + 20H — Ni(OH),

METAL CONCENTRATION, mg/L

Pb*"+ 20H — Pb(OH),

-

Limitations

Concerns have been raised about the long-term chemical stability of treatment sludges
and about potential liability arising from the dissolution of heavy metals contained in
sludge. Literature studies to date largely indicate that sludge will remain stable if
properly disposed of and if geochemical conditions are maintained. The volume of
sludge requiring disposal can be quite large at some mine properties. In extreme
conditions, the cumulative volume of sludge produced over the long term from the
conventional lime-based chemical treatment of AMD from tailings can exceed the
volume of the stored tailings. As part of chemical treatment system planning, provisions
need to be made to provide for adequate and suitable sludge storage space, or
consideration of methods to reduce sludge volume. Increasing the solids content of
sludge can have a very significant impact. For instance, increasing the sludge solids
content from 1% to 10% produces about one tenth the total sludge volumes. An increase
in solids content from 15% to 30% reduces sludge volume by roughly half.

Conventional lime-based treatment plants produce a low density sludge typically in the
range of 1 to 5% solids, Morin & Hutt, 1997; Aube, 2004). These sludge tend to be
flufty, gelatinous voluminous flocs and difficult to dewater. HDS treatment plants can
produce treatment sludge with solids contents in excess of 25%. Price and Errington
(1998) indicate that while long-term chemical treatment can be effective in protecting
the off-site environment, its use can result in significant long-term environmental risk,
liability and land alienation.
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3.6.2 Passive Treatment

By definition, passive treatment includes methods of neutralizing AMD and removing
metal contaminants that require minimal inputs of labour, energy, or raw materials
following the initial capital construction phase. Passive treatment technologies include
both physical/chemical and biological treatment methods. The passive technologies
discussed in this section include anoxic limestone drains, aerobic wetland treatment
systems and passive anaerobic treatment systems. Variations on these basic passive
treatment methods such as open limestone channels, passive in situ treatment
techniques, successive alkaline producing systems (SAPS), biosorbents and hybrid
active/passive treatment technologies are not discussed.

Contaminant reductions in nature can occur passively through a variety of abiotic and
biologically mediated processes, including oxidation and reduction, biological alkalinity
production, metals re-mineralization as hydroxides and sulphides, plant uptake, and
filtering and sedimentation. Whether these natural reactions will occur depends on the
site-specific conditions, such as topography, oxidation state (aerobic or anaerobic), and
water chemistry.

Natural treatment processes can be imitated in man-made treatment systems, such as
constructed wetlands, passive anaerobic treatment systems, and anoxic limestone drains.
The principal goal of a passive treatment system is the long term, sustainable
neutralization of acid and immobilization of metals at low cost and with relatively
minor labour, raw material, or energy inputs. The challenge facing the mining industry
is to design passive treatment systems capable of consistently reducing contaminant
concentrations in a time frame measured in hours or days, rather than centuries, (Hedin
and Watzlaf, 1994). Hedin et al., (1994), propose a selection scheme for choosing a
passive treatment system for AMD based on water chemistry and flow rate, Figure 3.5.

Anoxic Limestone Drains (ALDs)

ALDs consist of limestone rock filters designed and constructed to gradually release
alkalinity through dissolution of the limestone as acidic water flows through the drain.
ALDs are truly passive treatment methods because the AMD flows through the
limestone by gravity. Further, the rate of dissolution is controlled only by the flow rate
through the drain and the size and quality of the limestone used. The maximum
alkalinity achievable in ALD effluent is reported to be approximately 300 mg/L as
CaCO; and cannot be increased significantly beyond this level by increasing the
hydraulic retention time. ALDs are designed to exclude oxygen, as indicated by the
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term "anoxic" in their name. Excluding oxygen prevents iron oxidation and subsequent
precipitation of ferric hydroxides within the drain. Also, the anoxic character of ALDs
allows high CO, partial pressures to develop resulting in alkalinity additions greater
than those possible in systems open to the atmosphere. Hence, anoxic conditions are
critical to achieving effective treatment through the use of ALDs.

Determine flow rate

Analyze water chemistry Fig.3.5: Selection

Caleulate loadings Flowsheet for
Net Alkaline | Passive Treatment
Water Met Acid Water Systems (after
Hedin et al., 1994)
Determine O, content
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| ! |
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Meet effluent |
— limits2 ~

Discharge dﬂl \N—G»Chem ical treatment, recirculate

Effective ALDs are reportedly capable of neutralizing acidity resulting in the
subsequent removal of metals, including Al, Fe, and Mn, (Eger & Wagner, 1995). Metal
removal occurs in an aerobic pond or wetland downstream of the ALD rather than
within the ALD. Therefore, oxidative ponds or wetlands are typically installed in
conjunction with and downstream of ALDs.
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Woods and Noller (1995) report that in tropical climates, year round operation of
wetlands can provide better efficiency than in temperate cold climates, particularly for
near neutral drainage. However, dry periods can temporarily reduce biological activity
and increase aqueous salinity due to evaporation. During the dry periods, diversion of
mine water into the wetlands is critical to maintenance, (Noller et al., 1994).

Eger et al., (1994) examined the removal processes that operate in wetlands. Although
metal removal levels in the vegetation increased by factors of 3 to 14, the vegetation
actually accounted for less than 1% of metal removal. Instead, the researchers found out
that the peat supporting the vegetation accounted for 99% of metal removal, primarily
through organic complexing. If wetlands act simply as sorption media and filters, then
they can eventually reach full capacity and cease filtering. This is not the primary
concept of wetland treatment, where continual growth of vegetation would provide an
ongoing source of metal removal. Sheoran (2006) argues that the primary and long term
objective function of wetlands is to absorb and bind heavy metals and make them
slowly concentrated in the sedimentary deposits to become part of the geological cycle.

Aerobic Wetland Treatment Systems

Aerobic wetlands are capable of facilitating a wide variety of abiotic chemical reactions
and biologically mediated treatment processes for removing metal contaminants from
aquatic environments. The key to successful treatment of AMD in constructed, aerobic
wetland systems involves providing the proper combination of environments in the
correct sequence required to facilitate the appropriate, site-specific removal processes.
Price and Errington (1998) cite the unreliability of passive treatment systems for
consistently achieving compliance with low metals discharge limits in Canada due to
the high influent metals concentrations, low temperatures during Canadian winters, and
high metal loadings during the spring freshet. The researchers indicate that aerobic
wetlands may only be applicable for mitigating small, marginally contaminated
drainages or for use in polishing effluent from active treatment plants.

The chemical and physical processes occurring in aerobic wetlands include oxidation,
hydrolysis, chelation, adsorption, complexation, sedimentation and filtration,
(Sobolewski 1997; Skousen et al., 1996, Woulds and Ngwenya, 2004). Wildeman et al.,
(1991) describe the abiotic removal processes occurring in passive wetland treatment
systems. These processes include the exchange of metals onto naturally occurring
organic matter, oxidation and oxy-hydroxide precipitation, coprecipitation, and
adsorption. Fe, Al and Mn can form insoluble compounds through hydrolysis and/or
oxidation depending on pH, redox potential and the presence of various anions.
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Aerobic wetlands are frequently constructed to act as sedimentation basins aided by
various plant-mediated filtering mechanisms. Concentrations of metals such as
aluminum, copper, and iron can be significantly decreased through abiotic processes as
AMD flows through an aerobic wetland. Further, oxy-hydroxide precipitates of ferric
iron and aluminium are capable of scavenging other metal ions and removing them from
solution by adsorption and coprecipitation reactions. For example, arsenic is readily
removed from solution by coprecipitation with ferric hydroxide.

Oxidation of iron from ferrous (Fe*") to ferric (Fe’") is dominated by abiotic processes
at pH greater than about 4.5. The subsequent hydrolysis reactions leading to
precipitation occur abiotically in the presence of oxygen, i.e. the reactions are not
catalyzed by microorganisms (Hedin ef al., 1994). However, the rate of iron oxidation is
highly pH dependent. Ackman and Kleinmann (1984) indicate that the relationship
between pH and the time required to oxidize 97% of the ferrous iron in Pennsylvania
coal mine drainage under oxygen saturation conditions was exponential. At a pH of 7,
oxidation occurred in less than an hour, whereas at a pH of 6.0, 35 hours were required.
At a pH of 5.5, more than 350 hours are required to oxidize 97% of the ferrous iron.
Ferric iron hydrolysis and precipitation reactions tend to proceed rapidly at pH greater
than 3, but occur very slowly at pH less than 2.5. Provided oxygen and pH are not
limiting and given the appropriate retention time, iron oxidation, hydrolysis, and
precipitation occurs passively in oxidized portions of wetland environments. Oxidizing
conditions needed to facilitate iron removal can be promoted in constructed wetlands in
the following ways:

¢ By maintaining a shallow water depth, thereby by providing a large surface area
for diffusion of atmospheric oxygen into the water;

e By planting aquatic plant species that oxygenate their root zones; and

e By providing mechanical aeration through construction of artificial riffles, such
as small man-made cascades or drop structures.

Aerobic wetlands facilitate a wide variety of biologically-mediated chemical reactions
and treatment processes capable of removing metal contaminants from aquatic
environments. Biologically-mediated processes occurring in aerobic wetland systems
include biological oxidation and plant uptake. Constructed aerobic wetlands are
typically designed to mimic conditions in natural wetlands. Hence, an understanding of
the biological processes occurring in aerobic wetlands is key to designing effective
passive treatment systems. Metals are mainly removed by precipitation and exchange
reactions while plant uptake and other processes are responsible for removal of a
portion of the dissolved metals. Plants, especially the plant rhizosphere, provide large
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surface areas for oxygen exchange and also act as hydraulic baffles, thereby increasing
the mass transfer of oxygen into the AMD. Plant growth and decay provide a constant
supply of degradable organic matter. The organic matter provides sorption (adsorption
and absorption) sites and stimulates bacterial activity.

Figure 3.6 illustrates a schematic view of the common passive treatment systems
including: (a) aerobic wetlands; (b) anaerobic wetlands; (c) SAPS; (d) ALD; (e) settling
pond; and (f) open limestone channel. The design selected will depend on site
characteristics and other specific criteria, (Skousen, 1995).
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1-3 in. water 1-3 in. water
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35 vater along sides and in bottom of culverts,
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Fig.3.6 Common Passive Treatment
Svstems. Skousen (1995)

Anaerobic Wetland Treatment Systems

Passive anaerobic treatment systems are engineered ecological systems similar to
wetlands in some respects, but are designed to optimize the natural microbially-
catalyzed chemical processes resulting in AMD treatment. Whereas aerobic systems
may be adequate for removing iron, aluminum, and manganese from sources of net
alkaline AMD, anaerobic systems are needed to remove the heavy metals and acidity
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typical of metal mining sites. In an anaerobic system designed to treat AMD,
microbiological and chemical processes are responsible for most of the neutralization
and heavy metal removal. Metals removal and acid neutralization are achieved by the
activity of sulphate reducing bacteria (SRB). Typically, degradable low-cost agricultural
wastes are used as the organic substrate for a consortium of bacteria to generate free
sugars and other metabolites. Anaerobic microorganisms utilize these free sugars to
produce short chain organic acids that are further utilized as the carbon source for SRB.
SRB derive energy by reducing sulphate ions to sulphide according to reaction 3.31.

2CH,0+ 804" =H,S +2HCO;~ (3.31)

This bacterial sulphate reduction reaction produces bicarbonate alkalinity and hydrogen
sulphide (H»S). The H,S reacts with metals to form insoluble metal sulphides, (reaction
3.32) and the bicarbonate alkalinity neutralizes the AMD.

Zn**+H ,S = ZnS +2H" (3.32)

The SRB consortium mineralizes degradable organic matter (CH,O) in the process of
reducing sulphate. The bicarbonate produced as a by-product of this reaction acts to
buffer the pH at about 6.5, while dissolved zinc remineralises to form sphalerite as a
result of sulphide precipitation. Conditions needed to promote biological alkalinity
generation and sulphide precipitation include a highly reduced environment
characterized by a low oxidation reduction potential (ORP) in the range of —100 to —300
millivolts (mV) and an abundance of degradable organic carbon, (Wildeman et al.,
1991). The organic carbon source is designed to be site-specific and waste-specific to
provide a long-term food source for heterotrophic bacteria. The organic carbon source
also exerts the biochemical oxygen demand (BOD) needed to create the highly reduced
conditions.

Due to the absence of dissolved oxygen, iron oxidation and precipitation reactions that
would normally occur rapidly at neutral pH are prevented from occurring in passive
anaerobic treatment systems. Hence, ferric hydroxide precipitation is not a significant
threat to system performance under normal operating conditions.
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3.7 Chapter summary

Physical, chemical and biological processes all play important roles in the production,

release, mobility and attenuation of contaminants in acid mine waters. The specific

processes that have been reviewed and found to contribute to the overall phenomenon of

AMD geochemistry are summarised in Table 3.3:

Table 3.3: Summary of Processes contributing to AMD Geochemistry

Physical Chemical Biological
= Geology = Pyrite Oxidation = Microbial catalysis of
=  Mineralogy » Oxidation of other reaction rates
= Hydrology: water sulphides =  Microbial sorption &
budget, porosity, = Oxidation & uptake of metals
permeability, flow hydrolysis of iron & * Organic complexing
direction, flow rate, other elements
dispersion,  mixing, = Neutralising capacity
surface transport of gangue minerals
= (Climatic variations: = Oxygen transport
diel, storm events, *  Fluid transport of
seasonal water & water vapour
=  Mining method = Evaporation,
= Mineral Processing efflorescence & re-
methods dissolution
=  Temperature

Mineral precipitation
& dissolution during
transport

The geochemistry of acid mine waters is a complex subject that draws upon many

technical disciplines. There will always be insufficient data to understand such a

complex natural phenomenon and although considerable

research has been

accomplished on this subject, the need for new challenges will continue to appear.
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CHAPTER 4

CHARACTERISATION OF ACID MINE DRAINAGE AT SULPHIDE METAL
MINES IN THE MAZOWE RIVER SUBCATCHMENT

4.1 Selection and Location of Study Sites

The general objectives in this chapter are to assess the environmental condition at metal
mining sites in the Mazowe River watershed and characterise drainage from the mine
sites with respect to metal leaching. Although there are several thousand claims,
prospects and small mines in the selected mining district, the approach in this
investigation was to identify the larger examples of active sulphide metal mines for
observation, sampling and geochemical testing. The three metal mines selected as case
studies lie in the Mazowe — Bindura area in North East Zimbabwe and are located on
the same watershed presenting a good case for impact study from neighbouring mines
on a catchment basis.

The scope of work for the assessment of AMD in semi arid Zimbabwe called for the
selection of mine sites which deliberately or unwillingly discharge untreated or treated
effluent to natural surface streams draining from their environs. To the extent possible,
the study sites were selected on the basis that the mine site (1) processes sulphide
bearing metal minerals on a large scale as described in Chapter 2. (2) perennially
discharges effluent from mine dumps and (3) was willing to share their own historical
data and allow access to the study of their mine components. The project sites selected
for the case study are Trojan Nickel Mine, Mazowe Gold Mine and Iron Duke Pyrites.
All the three mines are located north east of Zimbabwe in the Mazowe Valley sub-
catchment, (Figure 4.1).

The mines are situated within the Harare — Bindura — Shamva greenstone belt of the
Zimbabwean Archaean craton, west of the Chinhamora batholith, and they all process
sulphide ores with varying amounts of pyrite, pyrhotite and arsenopyrite. Their relative
proximity to the Mazowe River and its tributaries present the best case for a study of
cumulative impacts and other geochemical investigations on acid mine drainage in
Zimbabwe. Large commercial farms, small scale farms, urban councils & rural
communities of Bindura, Goromonzi, Marondera and Mount Darwin draw water from
the Mazowe River, a trans-boundary water system flowing into the Zambezi in
Mozambique. Zimbabwe is signatory to the SADC Protocol on Shared Water and is
committed to reducing and controlling pollution of the Zambezi River (SADC, 2000).
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Trojan Nickel Mine is located 9km south west of Bindura town and extracts nickel
sulphide ore that exists at the Cardiff and Trojan hills in north east Zimbabwe, 90km
north of Harare. Trojan Nickel is part of Bindura Nickel Corporation (BNC), a
subsidiary of Mwana Africa Pvt. (Ltd). Trojan mine is the largest base metal operation
in Zimbabwe, producing Ni, Cu and Co.
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The Mazowe group of mines consists of several shafts, (Jumbo, Bernheim, Ogilvy,
Connaught, Nucleus, Vesivius and Stori’s Golden Shatft); all located about 50km north
of Harare, in an intensively cultivated commercial farmland producing citrus, maize and
wheat. The shafts are situated within a 7km radius from the mine office and share a
common gold treatment facility at Jumbo.

Iron Duke Mine is located approximately 65km north of Harare, at the southern end of a
gorge in the SW — NE trending Iron Mask mountain range. Yellow Jacket River passes
through the mine site, and receives drainage seeps from mine water, before the
confluence with Mazowe River, approximately 2km downstream from mine site.
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The mine draws processing water from Yellow Jacket River. Other major water users in
the vicinity are a small scale gold mine, a horticultural flower project and commercial
irrigation. Iron Duke is the only pyrite and most acidic mine in the country.

4.2 Basic Geology, Mineral Processing and Environmental Setting
4.2.1 Trojan Nickel Mine - Site 1

The nickel bearing minerals at Trojan are pentlantite ((Fe,Ni)oSg) and polydymite
(Ni3S4), hosted in serpentinised ultramafic lavas, with a variety of iron, iron-nickel,
copper-nickel sulphides and magnesium basalts, (Chimimba and Ncube, 1986). Pyrite,
pyrrhotite and chalcopyrite exist in the ore in minor quantities. Ore production is
exclusively by underground mining methods and about 90 000 tons per month of ore are
crushed, milled and concentrated by flotation according to the flowsheet in Appendix B,
Figure B1, to produce nickel concentrates grading an average 9.2% Ni, along with
copper, cobalt and small quantities of precious and platinum group metals as by
products.

Trojan Nickel mine is the largest base metal producer in Zimbabwe. The mine produces
about 11,000 tonnes of refined nickel per annum of which about 7,000 tonnes are own
production and the balance is toll material from Botswana and South Africa. Under
current production rates, operations are expected to continue for at least another ten
years. The Trojan shaft is currently being deepened by some 600 metres to access new
reserves and it is expected that these will extend the life of the mine considerably,
(Smith, 2003).

The mining activities at Trojan Nickel mine have directly created 28 million tons of
sulphide bearing tailings situated in 10 tailings impoundments covering a combined area
of 182 ha, approximately 5 million tons of permanent waste rock and overburden
covering an additional area of 22.8 ha. On such a large scale operation, concerns for
AMD during and after mine operation are very high on the mine’s rehabilitation
program.
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4.2.2 Mazowe Gold Mine - Site 2

The geology of the Mazowe group of mines has been discussed in detail by Bleknisop,
et al., (2000). Gold minerals in the form of quartz reefs are intimately associated with
sulphide mineralization hosted within shear zones. The shear zones are basically
situated in two different rock types: granodiorite in the west and feldsparporphyre in the
east. In the granodiorite, the principal sulphide mineral is pyrite, which occurs in white
to grey quartz. Minor sulphides which also occur include pyrrhotite, chalcopyrite,
arsenopyrite and scheelite. In the porphyries, pyrrhotite is more abundant than pyrite
and quartz.

Gold mining at Mazowe started in 1880. Ore from the different shafts is transported to
the coarse ore bin and conveyed to the crushing plant where size reduction takes place
in three crushing stages until the ore is 100% passing 12mm. The fine ore averaging
about 12g/tAu is fed to the milling circuit consisting of two ball mills in closed circuit
with two sets of hydrocyclones. The mill discharge enters a gravity circuit consisting of
two superbowl concentrating units and a James Table for re-concentration. The gravity
circuit recovers 70 — 75% of the gold, and the remainder is recovered by cyanidation in
a Carbon In Leach configuration (CIL). Finely ground tailings are discharged at the rate
of 10 tons per hour and stored in slimes dams. The production flowsheet is shown in
Appendix B, Figure B2.

There is an excess of water within the plant and a dedicated return water dam to capture
fugitive spills from the mill, underground mine water and run-off from tailings dams
was constructed to recycle water to the plant for various purposes when need arises.
Over the years, this dam has filled up and a perennial overflow of poor quality water is
discharged to Murowodzi River, a tributary of the Mazowe River, presenting a
significant risk of water pollution and environmental damage.

4.2.3 Iron Duke Pyrites — Site 3

The geology of the area around Iron Duke has been described by Ferguson and Wilson
(1964), and Bleknisop, et al, (2000). The Iron Mask mountain range occurs in the
Zimbabwe Archean craton and is characterised by stratiform Fe mineralization,
metasediments and metavolcanics. These rocks are locally succeeded by Archean
greenstones of the Acturas Formation and metagreywackes of the Shamvain Group to
the north east. The main orebody at Iron Duke comprises massive pyrite, with minor
pyrrhotite, chalcopyrite, and scheelite. Traces of gold, arsenopyrite and other sulphides
also occur. The gangue minerals comprise mainly chert (silica and manganese).
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The mine started in 1914 as an open cast gold operation, (Smythe, 1996). Pyrites mining
of the sulphide facies started in 1940. The mine targets to extract 12 500 tons per month
of Run of Mine (ROM) ore with a minimum grade of 30%S using underground
stopping method. The ore is mined with little waste that is stock piled on the surface.
Wet drilling is used, and approximately 180m’/day of water is drawn from nearby
Yellow Jacket River for this purpose and to suppress dust and fumes during the blasting
operations. The treatment flowsheet is shown in Appendix B, Figure B3. The ROM ore
is stage crushed from <300mm to +/-12mm. A small gravity separation plant utilising
two Velco jigs in parallel circuit (Ston/hr each), is used to upgrade the minus 12mm
fraction of the pyrites from 30 to 36%S for the export market in Zambia, South Africa
and Europe for applications in metallurgical fluid bed roasters and Foundry Industries.
The bulk of the product output around 30%S is used in the production of phosphate
based fertilisers at Zimbabwe Phosphate Industries (ZIMPHOS) in Masasa, Harare.

Introduction of water to the drilling faces with sulphudic rock chips in the drill holes
forms sludge with the perfect mixture for acid mine drainage formation. Another source
of acid drainage underground is associated with seepage of ground waters into old
workings. The oozing takes place in stopped out areas. The reticulation is such that the
acid water (pH ~2) gravitates to the bottom of the mine, 9™ level (270m below ground
level), collected in sumps and pumped in two stages to the surface, Figure 4.2. Special
precautions are needed for equipment which includes stainless steel pumps, acid
resistant paints, extra greasing and PVC piping. Due to intermittent drilling and
blasting, the acidic mine water is pumped to a holding tank in the neutralisation plant in
a batch wise operation, and treated with lime before discharge to evaporation ponds.

Pump

Pollution Ponds/
Jig Process Water

\4

Evaporation

Neutralization Ponds
Plant Discharge pump

Sump pump
Sump pump
Level 9 h

Sump pump Fig.4.2: Water Reticulation
Process at Site 3
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4.3 Previous Work in the Study Area

Published previous work on mining and the environment in Zimbabwe has largely
focussed on environmental problems caused by small scale mining, legal issues, and
management of tailings dams with regards to geotechnical stability. At big mines,
studies on environment are considered sensitive, access to the mine area is strictly
prohibited unless by prior arrangement with mine management. Where permission to
investigate environmental problems at a mine site has been given, publication of the
results of such work is restricted to confidential reports for internal circulation only. The
University of Zimbabwe’s departments of Mining, Metallurgy, Geology and Institute of
Mining Research, and some consulting firms have undertaken, to a limited extend,
studies on environment work at mines in Zimbabwe in the form of consultancy reports
and student thesis.

Maponga & Mutemererwa (1995), Svotwa (1996), Endahl & Hedenvind (1998),
Thixtorn (1999) have documented evidence of the negative environmental effects of
mercury and other chemicals used by small scale gold miners along the Mazowe and
Ruenya rivers in north east Zimbabwe. Magadza & Masendu (1986) and Gratwicke
(1999) studied the effects of seasonal changes on biota along the Yellow Jacket River.
A study of the gold mineralization in the Mazowe area was done by Blenkinsop et al.,
(2000). The study looked at tectonic controls on mineralization by considering the
Harare — Bindura — Shamva greenstone belt. Lupankwa et al., (2004) showed that
drainage from the waste rock dump at Trojan nickel mine contains sulphate
concentrations overl00ppm and there is presence of metals such as lead, zinc and
nickel, raising concerns of acid mine drainage. Williams & Smith (2000) and more
recently Ravengai et al., (2005) described the effects of Iron Duke mine water effluent
to aquatic life biodiversity along Yellow Jacket River. As part of this study, several
geochemical investigations to characterise the area have been undertaken,
(Magombedze & Sandvik, 2006; Magombedze et al., 2006; and a number of BSc and
Master Thesis.

4.4 Field Work Program
4.4.1 Objectives
a) To determine the extent of possible environmental impacts associated with

sulphide metal mining and establish geochemical baseline levels for acid mine
drainage related pollution by characterising drainage at the selected mine sites.
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b) To quickly assess the potential of metals and acid release from tailings and
waste rock dumps at the three sites, and thereby establish potential to degrade
water quality.

4.4.2 Water Sampling and Field Measurements

A field reconnaissance and drainage monitoring of sulphide metal mines in the Mazowe
area was conducted once every month, from May 2004 to April 2005. The selected sites
comprise a nickel mine, a gold mine and a pyrite mine operation.

Surface water samples were collected from nearby rivers, streams, ponds, seeps, mine
water and drainage locations in proximity to tailings and waste rock piles. Ground water
samples were collected from monitoring boreholes and domestic boreholes. The
monitoring boreholes were flushed out by removing 20litres of water and given
30minutes to recharge before collecting the water sample. Photographs of contaminated
locations within sites were taken for recording observations of colour, texture and
physical appearance, where possible. Figures B4, B5 and B6 in Appendix B show the
sampling and monitoring locations at each site used throughout the study.

Temperature, pH, ORP, EC, and TDS were measured in the field using the Myron ultra
meter Model 6P. The quick analysis is done by just filling the cell cup, rinse three times
with sample, pushing a parameter key and taking the reading. Dissolved oxygen was
determined by means of a membrane based oxygen meter, after calibration and allowing
for temperature correction. The performance of the probes in the reading cell was
confirmed using the pH 4 and pH 7 buffer standards, and also calibrated using the
standards for TDS and EC. All water samples collected for trace metal analysis were
filtered at the site using a 0.45um membrane filter. The filtered solution (1litre) was
stored in polyethylene containers which were used exclusively throughout the sampling
campaign. The sample containers were first rinsed with an aliquote of the filtered
sample, then filled to the brim to exclude oxygen and acidified with 65% nitric acid
solution to pH<2. Samples for major anion analysis were also filtered through 0.45 pum
membrane filter but were not acidified. Samples were kept in a cool place until returned
to the Department of Metallurgical Engineering, UZ, where they were analysed within
7days. Concentrations of Ca, Cu, Fe, K, Mg, Mn, Na, Ni and Zn were determined by
atomic absorption spectrometry. ClI, CN', NO;™ and SO.> were determined by titration
and gravimetric analysis.
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4.4.3 Grid Composite Solids Sampling

To understand the complex chemistry taking place in a waste rock pile or a tailings
disposal area, it is important that good sampling techniques and analysis are applied.
Because of the differences in the physical and chemical nature of waste rock and
tailings, the sampling procedures may differ slightly but are basically the same. A
sample is defined as a small quantity of material relative to the geological mass it
represents, collected according to a systematic procedure, of measurable reliability,
from which the acid mine drainage potential of the mass which it represents may be
estimated, based upon appropriate protocols, (Vallee, 1999). Poor sampling techniques
and inadequate sample selection can contribute to excessive variance, difficulties in
interpretation and incorrect assessment of AMD characteristics at mine sites, resulting
in serious consequences and costs.

A detailed description of the sampling theory used in this study is given in Smith et al.,
(2002). The primary goal in the use of this sampling technique is to determine the
average properties and average geochemical behaviour so as to provide a rapid
classification of weathered mine waste materials regarding AMD potential. The top
surface of each mine dump was demarcated into a block of 50m by 50m. A grid pattern
was marked at Sm intervals on both sides of the square, making 100 cells of Sm by Sm.
Multiple surfical (top Scm) samples were collected from at least 30 cells systematically
chosen to cover the grid evenly. The samples from each cell were taken using a stainless
steel trowel, were of roughly equal mass and were placed in a plastic bucket, and mixed
to create a mine dump composite sample weighing at least 3kg. The sample was sun
dried, thoroughly mixed, and then dry sieved to <2mm and subjected to diagnostic
leaching as described below.

4.4.4 Diagnostic Bottle Role Leach Tests

The potential for leaching of soluble constituents from tailings and waste rock dumps
was assessed for weathered materials by conducting simple bottle role leach tests. The
leach test method developed by Hageman and Briggs (2000) was used with slight
modification as briefly described below. The leach procedure is an effective indicator of
mine waste geochemistry and is used to determine the mobility of inorganic analytes
present in soils, waste and waste waters. The method assumes that the most chemically
reactive material in weathered mine waste consists of relatively soluble components in
the fine fraction, <2mm, (Price and Kwong, 1997).
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About 200g of the dry solid weathered tailing sample (<2mm) from each site were riffle
split from the bulk (~3kg) and pulverised for chemical analyses while 50g were
prepared for leaching. Organic free, deionised water was acidified with a mixture of
sulphuric acid and nitric acid (60/40 weight percent) to a pH = 4.20. Using a ratio of
20:1 water to sample, one litre of the acidified deionised water at 25°C was added to
50g of the sample in a rinsed polypropylene bottle. The mixture was rotated at 35 rpm
for 18 hours. One blank sample using the acidified deionised water was included in the
batch of samples leached to act as a control on solution compositional analysis. After
rotation, measurements of pH, EC, TDS, ORP and temperature were made. Instead of
filtering the entire 1litre leachate through a stainless steel positive filtration unit, only
400ml were filtered using disposable 0.45um filters. The filtrate was immediately
acidified with 65% nitric acid to pH<2 and saved for trace metal analysis.

4.5 Physical Data Analysis

4.5.1 Climate and Hydrology

The chemical composition of surface and groundwater draining from mine sites is
controlled by many factors that include rainfall patterns, mineralogy of the watershed
and mine waste materials, climate and topography. These factors combine to produce
diverse water types that change spatially and temporally, (Guller and Thyne, 2004).
Surface and groundwater flows originate from rainfall. Zimbabwe has an estimated area
of 390 757 km” of which over 60% is underlain by Archean granite and greenstone belts
that have a considerable influence on relief, (Mazvimavi, 2003). Altitude varies from
162 to 2592 m above sea level. On the basis of relief, Table 4.1, the country can be
divided into four physiographic regions, Figure 4.2. Most of the rivers only flow during
the rainy season.

Table 4.1: Physiographic Regions of Zimbabwe

Region Altitude Min and Max | Mean Annual
(m) Temperatures (°C) Rainfall (mm/yr)

Lowveld 162 — 600 9.4-337 344 - 600

Middleveld 601 — 1200 5.5-30.7 601 — 700

Highveld 1201 — 1800 5.0-275 701 — 1200

Eastern Highlands 1801 - 2592 5.0-22.0 1201 — 2000

Seasons: Duration:

Rainy Season November to March

Cool Dry Season April to August

Hot Dry season September to October
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Zones: A - rivers draining into the Gwayi River and then into Zambezi River; B —
rivers draining into the Limpopo River bordering South Africa; C — catchment of
the Manyame and Sanyati Rivers draining into the Zambezi River; D — basin of
Mazowe River which drains into the Zambezi River; E — basin drained by Save
and Runde Rivers; F — rivers draining from the Eastern Highlands into
Mozambique.
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To quantify rainfall amounts and seasonal variability, historic daily rainfall data for
each site was obtained from mine records. From these data, monthly rainfall, average
annual rainfall amounts and extreme storm events were calculated for the period
January 2000 to December 2005. Temperature data were also considered in the same
way. Figure 4.4 shows the seasonal variation of rainfall at the three sites. The rainfall
pattern at all three sites is almost similar as these mines fall within the same
physiographic region and also located within 45km distance from each other. The mean
annual rainfall is about 800mm, and most of it is recorded from November to March. A

long dry spell is experienced from April to October.
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Stream flow measurements were done using flumes and weirs at Site 1 and Site 2,
Figure 4.5(a) — (c), while river flow data was obtained from records at gauging stations
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Figure 4.6 shows the hydrograph of mean monthly stream flows draining from the study
sites and into the nearby Mazowe River. Runoff is highly variable and ranges from 60 to
80 mm/year in the catchment. Potential evaporation rates exceed rainfall except during
the rainy season. There is a huge variation seen in the Mazowe River monthly flows due
to abstraction by farmers in the area during the dry season and recharge from feeder
streams attributable to a bigger catchment contributing to higher flows during the wet
season. These changes are expected to impact on metal loadings and other pollutants
draining from the mine sites.

Fg.4.6 Hydrograph of streams draining from mine sites
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45.2 Sources of AMD Pollutants and Release Mechanisms

Pollutant sources, release mechanisms, pathways and receptors were identified at the
three mine sites and summarised in Table 4.2. The potential and observations of acid
generation are significant at Site 2, but due to the addition of lime and cyanide used in
the gold processing plant, observed pH levels around the site are alkaline except for
drainage from the old Bucks tailings dam where pH ~ 4.5. AMD is severe at Site 3,
while no clear evidence of AMD could be seen from Site 1 during the field assessment.

All the three mine site facilities considered in this study are adjacent to freshwater
systems in remote areas away from other industrial and urban developments. Drainage
from the sites is discharged into small, headwater streams where the effluent dominates
the flow of the system. Pollution control systems are complicated by diffuse drainage
from waste rock piles and tailings areas. Under normal circumstances, the surface water
streams have an elevated background level of contamination from the mineralized areas
but effluents and runoff associated with the mining facilities add to increased pollutant
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levels. Unlike most other industries, mines still continue to contribute contaminants to
local surface waters even when they have been closed and abandoned, implying that the
potential for long term water quality impacts can not be ignored.

Table 4.2 Sources of AMD Pollution at mine sites

Category Site 1 Site 2 Site 3
Constituents | Ni, Cu, Pb, Residual | AMD, high pH, As & | Low pH, AMD, Fe,
of Concern Flotation reagents& | Cyanide Mn, TDS & SO,
AMD
Primary Waste rock; Mine water; Mine water;
Sources Slag Dump; Sulphide mineralogy in | Old Waste rock
Tailings & tailings; dump; Jig Plant
Mine water tailings
Secondary Process water & Plant spills Evaporation  ponds
Sources Plant Spills Hydrolysis of secondary | seepage; Soluble
salts secondary salts
Jig plant spills.
Primary Chemical Dissolution; | Sulphide oxidation; | Pyrite oxidation in
Release Metal Leaching; Cyanide dissolution of | the  presence  of
Mechanisms | Water and wind erosion; | metal constituents; | drilling water;
Surface run off; Percolation of dissolved | Chemical instability
Infiltration to | metals to vadose zone & | of neutral sludge;
groundwater groundwater; Iron hydrolysis
Water Erosion;
Wind erosion
Pathways & | Fine grained sediments | Surface run off; | Infiltration of pond
Transport scavenging metals in | Infiltration of leachate & | seepage to aquifer &
Mechanisms | wetland. process spills to soil | recharge to Yellow
Surface run off column; Jacket River.
Sediment erosion Alluvial  sediments
provide sink  for
metals
Receptors & | Pote River; Return water dam,; Ground water;
Exposure Dermal contact & Sediments in wetland Yellow Jacket River;
Routes Consumption of | Domestic water dam Dermal contact with
contaminated fish and surface water.
animals drinking from
Pote & Mazowe Rivers

The major constituents of concern at Site 2 are acidic drainage from the old tailings
dump and the presence of cyanide and arsenic in plant solutions. While low pH is not an
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immediate problem at the site, it will be a matter of time before the alkalinity is used up
in the fresh dumps and the drainage becoming net acidic as at old Bucks dam.

The primary sources of AMD at Site 3 are mine water used in the drilling and blasting
operations which comes into contact with oxidising pyrite, fugitive drainage from the
rehabilitated old waste rock dump and seepage from the jig plant tailings. Treated
sludge is disposed in evaporation ponds but acidic seepage occurs on a grant scale
leading to contamination of a shallow aquifer below the evaporation ponds and the
Yellow Jacket River.

4.6 Analysis of Hydro-geochemical Data and Pollution Impacts

The Zimbabwe National Water Authority has developed and issued water quality
guidelines to regulate the discharge of waste water from industry and mine facilities,
(ZINWA, 1998). The guidelines define water quality as composing of the physical,
chemical and biological characteristics of water and the biotic and abiotic
interrelationships. The foregoing discussion focuses on AMD derived pollutants.
Biological characteristics are not considered.

The major parameters summarising the main constituents of concern monitored at the
three sites are summerised in Table 4.3, which gives the mean annual concentrations of
pollutants for streams which drain out of the mine sites and mix with natural surface and
ground waters. The values are compared to the regional background levels from
Mazowe River at a sampling point upstream of all mining sites and also to ZINWA
Regulations limits for effluent discharge to surface water streams. The full results of the
monitoring program from which the foregoing discussions are based are given in
Appendix C. The results are interpreted in the context of site conditions and where
possible, an attempt is made to draw comparison with findings of other researchers
under different environmental conditions.

4.6.1 Streamflow and Pollutant Loadings

There are more leachate streams at each mine site than finally presented in Table 4.3.
However, most of these streams mix and co-mingle before exiting from the mine sites,
so the loadings are presented for the composite streams discharging from each site, less
unknown plumes to ground water. Streamflow is an important component to determine
for surface water quality studies because it gives insight to hydrologic processes that
influence geochemical reactions and is necessary to quantify the transport of constituent
loads through the watershed.
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Of the 21 variables measured and analysed in this study, 14 variables exceed regional
background and regulation limits for effluent discharge at one or more sites. These
variables are the major constituents of concern to human health and the environment as
a direct or indirect consequence of acid mine drainage and related mining activities, and
include pH, acidity, TDS, EC, sulphate, nitrate, chloride, As, Fe, Mn, Al, Cu, Ni and
Zn. Based on the mean annual streamflows deduced from Figure 4.6 and the average
pollutant concentrations given in Table 4.3, the pollutant loadings transported to surface
water streams from each site are shown in Figure 4.7 for SO,%, Fe, Mn, Al, As, Ni &
Zn. The mean annual concentrations of the major pollutants exceed both the ZINWA
limits for effluent discharge and background levels at one or more sites. The transported
pollutants end up in the Mazowe River, representing a potential water quality problem
to the Zambezi River Basin.

Figure 4.7: Pollutant Loadings transported to Mazowe River from each site
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All three sites discharge in excess of 400tons per year of constituents of concern as total
dissolved solids. Sulphate and chloride exceed the regulation limit at all sites. Arsenic is
a problem at Site 2 where it is carried over to natural surface water via an overflow
stream from the return water dam. At Site 3, iron, manganese and aluminium are
discharged to surface water at the rate of 363ton/year, 6tons/year and S8tons/year,
respectively, while these metals are discharged at rates below Iton/year at the other 2
sites. Copper, nickel and zinc are discharged at rates below 1ton per year at all three
sites.
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It should be appreciated that the above figures represent the dissolved fraction of the
metals concerned. In acidic conditions (pH<6) prevalent at Site 3, it can be safely
assumed that more than 80% of the metal is transported in dissolved form and less than
20% as colloidal form. Gundersen and Steinnes (2001) proposed a general relation
between the dissolved fraction of a metal species (e.g. Cu), pH and total organic carbon
(TOC) in stream waters in Norway.

%Dissolved fraction of Cu = (61.894 - 6.482pH - 0.644TOC) In(pH)* 4.1)

At pH > 6, the authors report that 55 to 81% of the metal can be in dissolved form
depending on TOC concentration, (more TOC, less dissolved metal). The metal
loadings to fresh water recipients in the cases considered in this study would therefore
be expected to be much higher than those shown in Figure 4.7 when the colloidal
fraction is also considered. Most of the pollution load will eventually end up in the
Mazowe River, representing significant risk to downstream water users in the
catchment.

4.6.2 pH, Alkalinity and Acidity

Undoubtedly the most frequently used water chemistry test is pH. Practically every
phase of water chemistry, including acid-base neutralization, metal ion solubility,
wastewater treatment and corrosivity is pH or acidity dependent. The acidity and
alkalinity of mine effluent and receiving water bodies are measured to identify potential
environmental effects and to plan appropriate treatment methods to remove metals and
produce near neutral pH effluents.

The results of mine waters that drain from the three sites are summarised in Figure 4.8
(sites 1 & 3). The sum of cations includes the concentrations of Fe, Al, Mn, Cu, Ni, Zn,
Ca, Mg, Na and K in miliequivalents per litre. Drainage leaving Site 1 is characterised
by near neutral to alkaline pH with less than 50meq/l sum of cations. Occasional
releases of high metal concentrations, above the regulation limit, especially iron and
nickel, are however observed in South Effluent drainage from the waste rock pile and
plant spillage. This might suggest an underlying problem with acid mine drainage at its
early stages. The presence of magnesium and calcium carbonate in the tailings and
waste rock could be buffering the effects of pyrite and pyrrhotite weathering. As the
buffering capacity is used up, the acid problem may become more pronounced with
time.



Alkalinity refers to the capability of water to neutralize acid. It is important to aquatic
life and indicates water's ability to resist changes in pH if mixed with acidic water or
waste. Alkalinity thus buffers against rapid pH change, and is often related to hardness -
the concentration of divalent cations (e.g., Ca’", Mg®"). Water-quality criteria for some
metals are hardness-dependent as mobilisation of Ca*, Mg2+, K" and Na' ions takes
place from the weathering of a variety of minerals trying to buffer acid.

Fig.4.8 Comparison of drainage characteristics at sites 1 & 3
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Stumm and Morgan (1996) define alkalinity as the ‘equivalent sum of the bases that are
titratable with strong acid’. Based on electroneutality (charge balance), Drever, (1997)
proposed that alkalinity can be computed as follows, for pH end point 4.5:

Alkalinity = |HCOs™ |+ 2[c0s " |+ [or~ |- [1"] (4.2)

There were a few cases where bicarbonate (HCO5") data was not reported in the analysis
and such missing values could be calculated from alkalinity and pH values. Inverting
the problem, unreported pH values could be calculated from equation 4.3 if COs> and
HCOs values were given.
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cos> ho—
~ [HCo:] (4.3)

2

where, —log K> = 10.33.

Acidity in mine drainage is defined based on aqueous speciation at the sample pH and
on the capacity of these species to undergo hydrolysis to pH 8.3, (Kirsby & Cravotta,
2005). Based on pH and concentrations of dissolved Fe(II), Fe(Ill), Mn and Al in mg/l,
acidity can be computed in mg/l as CaCOs, pH end point 8.3:

2*+3Fe3+)+2Mn+3Az} Hedi L (1994) (4.4
56 55 7 edin, et al., ( ) (4.4)

Acidity = 50410> " + 3¢

Acidity levels up to 20 000 mg/l were measured in mine water from Site 3 and this can
be supported by the high concentrations of Fe(5542.72 mg/l), Mn(92.26 mg/l) and
Al(133.73 mg/l). In general, the trend of increasing soluble metal content with
decreasing pH is strongly reflected in mine drainage from Site 3. The geologic and
mineralogical characteristics of this site reveal a massive pyrite formation with about
5% pyrrhotite. These two and other sulphide minerals, coupled with lesser amounts of
acid buffering minerals, have extreme acid generating capacity. As a result drainage
from this site is highly acidic with extreme concentrations of iron, manganese,
aluminium and sulphate. Mine water from Site 3 has a typical mean pH < 2.50, and is
treated by lime neutralisation before discharge in evaporation ponds. However, as a
result of seasonal wetting and drying, formation of secondary minerals such as jarosite
promotes storage for sulphate, acidity (H") and iron, as in equation 4.5, (Bowell et al.,
2000):

3FeS + 940,419 H,0+3K "< KFe,(SO,),(OH)+4S04> +9H* (4.5)

Secondary minerals are highly soluble and they can be mobilised during periods of
rainfall, potentially releasing sulphate, iron and acidity to the water environment as in
equation 4.6.

KFe,(SO4),(OH) + %02@ 3Fe0.0H +K "+2504% +3H "+ %Hp (4.6)

Consequently, the potential for primary and secondary AMD generation, metal release
and migration is considered very significant at Site 3. The immediate environmental
impact of low pH is acidification of fresh water recipients.
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4.6.3 Acidification of Recipient Waters

Since acidity is the capacity of a system to neutralize base, the more acidic a solution is,
the more base that must be added to raise the pH to an acceptable level. By monitoring
acidity in mine waste drainage, runoff, and receiving waters, it can be determined
whether or not and when acid is being produced. The range of pH suitable for most life
in freshwater environments is between about 5 and 8.5. Values below 6 suggest some
input of acidic substances. Many different measures would have to be taken at a site to
prevent the production of acidic waters or treat waters that are acidic. The overall
reaction taking place during pyrite oxidation is given in equation 4.7:

4FeS ,+150,+14H ,0 = 4Fe(OH),+16H *+8504 > (4.7)

Similar reactions may be written for other sulphides. The sulphuric acid generated by
the above reaction lowers the pH of recipient waters consequently dissolving other
metals in the mineral assemblage into solution. Once dissolved, the heavy metals can be
transported over long distances along the flow path, severely degrading water quality.
The acidification of the water has immediate deleterious effects on aquatic ecosystems.
Firstly, a direct effect is the conversion below pH 4.2 of all carbonate and bicarbonate
into carbonic acid, which dissociates into carbon dioxide and water. This destroys the
bicarbonate buffer system in the water, which acts as a control on acidity.

Secondly, since many photosynthetic organisms use bicarbonate as their inorganic
carbon source, their ability to photosynthesize is limited or destroyed altogether as
bicarbonate decomposes and becomes less available (Kelly, 1988). This probably
explains the absence of any life forms over a distance of about 650 m downstream of the
seepage point D along Yellow Jacket River at Site 3. Ravengai et al., (2005), report that
a marked reduction in the number of aquatic micro invertebrate was recorded during a
nine month study of aquatic life in the Yellow Jacket River, downstream of mine site.
This was just 30% of the number being recorded each month at a reference site on the
Mazowe River. Thirdly, decomposition (and hence nutrient cycling) will be reduced
and eventually cease, in water bodies severely affected by acid inflow (Dallas & Day,
1993). Fourthly, acid waters kill some organisms, by destroying ionic balances, or
damaging cell components or carbonate exoskeletons (Kelly, 1988).

84



The method chosen to process the ore at Site 2 involves cyanide. The highly toxic
hydrogen cyanide is formed below a pH of 9.5, and therefore a protective alkalinity
(pH~10) for optimal gold dissolution is maintained by adding lime in the CIP circuit.
This naturally buffers any acid generated by sulphide weathering and delays onset and
discharge of acidic drainage from fresh tailings. While mine water and drainage from
the fresh tailings indicate neutral to alkaline pH ranges, Figure 4.9, drainage analysed
during the sampling campaigns from the weathered tailings at Old Bucks dump show
evidence of AMD with very low pH~3, and high metal concentrations including arsenic,
above the regulation limit. This drainage is directed to a natural wetland within the mine
site, where dilution and metal deposition in sediments take place.

Fig. 4.9 Site 2 Drainage Characteristics
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The wetland is however overflowing all year round and the situation is aggravated by
rainfall and plant spills. Overflow from the wetland is captured in the return water dam,
but this also overflows all the time, leading to a contaminant stream with near neutral
pH but high concentrations of dissolved metals and other pollutants leaving the mine
site. The sum of cations which can be as high as 700mg/l in the return water dam
overflow might be attributed to the complex chemistry of cyanide since pH values are
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mostly alkaline( 6.8 < pH > 8) and not expected to dominate metal dissolution in this
range. The behaviour of cyanide in mine site drainage is of particular concern due to its
toxicity. Cyanide, a highly toxic substance, is indispensable in the extraction of gold.
Cyanide is typically used in the milling of precious metal ores to simultaneously
solubilise gold and stabilize it in solution as a gold-cyanide complex (Marsden &
House, 1993). However, due to its complexing abilities, cyanide also mobilises other
metals like iron, asernic, copper and zinc. Cyanide also forms cyanate (CNO’) when
oxidised and thiocyanate (SCN) when in contact with sulphide and other reduced
sulphur species, (Smith, 1994).

At the Old Bucks tailings dam prevalent pH < 4, cyanide toxicity is naturally reduced
by mechanisms such as volatilisation of HCN into the atmosphere; formation of strong
aqueous metal complexes with copper and zinc; precipitation of relatively insoluble
metal-cyanide compounds; biodegradation and adsorption to mineral and soil surfaces.

4.6.4 Dissolved Oxygen, Sulphate, TDS and Electro-conductivity

Oxygen plays an important role in any aerobic natural ecosystem because as an electron
acceptor it is at the origin of all biological life in aqueous media and also plays a major
role in redox reactions where iron is involved. The saturation concentration of dissolved
oxygen in water is a function of temperature, partial pressure of oxygen in the
surrounding air, and concentration of solutes in the water. In this study, dissolved
oxygen was measured by means of a membrane probe and the result compared to the
maximum saturation value given by equation 4.8, (Stumm and Morgan, 1996).

[0,],/,=14.552-0.3735T +0.0050167" (4.8)

The measured values are then reported as percent of saturation in some cases. As
expected oxygen solubility decreases with increasing cation content of drainage at all
sites. Drainage from Site 3 contains the highest amount of dissolved solutes (sum
cations = 300meq/l) and DO as low as 34.8% of saturation value at the seepage point D
along Yellow Jacket River. Other processes influencing the oxygen balance in surface
water streams are physical diffusion through the air — water boundary layer and
photosynthesis and biological respiration reactions in the water.

86



Figure 4.10 compares sulphate, TDS and electrical conductivity in selected streams
draining from each of the three mine sites to the permissible levels from ZINWA
guidelines. Although sulphate is a naturally occurring ion and may be present in waters
over a wide range of concentration, acidic drainage does contribute large amounts of
sulphate from oxidation of pyrite and other sulphide minerals at all three sites. Increased
levels of sulphate are usually the first indication of acid generation. The average
sulphate values for the three sampling campaigns indicate that permissible levels are
exceeded in one or more streams leaving each site. The main limitation of sulphate
contamination lies in accounting for the source of the sulphate ion. At site 1, spillage
from the smelter and refinery contains sulphuric acid and some times this is washed
away during rainfall events and mixed with the tailings dam stream effluent leaving the
mine site. Copper sulphate is also used in the flotation plant as an activator and spillages
occasionally find their way into the south effluent draining from the waste rock. This
stream also shows sulphate levels sometimes as high as 301.5 mg/l compared to the
regulated discharge limit of 250 mg/1.

Fig.4.10 Pollutants of Concern compared to ZINWA limits
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At Site 3, sulphate levels in excess of 11000mg/l are prevalent in mine water with
ground water values around 2300mg/l. However, sulphate can be incorrectly attributed
to acidic drainage, when in fact it may be from solubilisation of salts such as gypsum
formed during neutralisation at the lime treatment plant. The gypsum releases sulphate
but does not produce acid mine drainage. The release of sulphates and other sulphide
breakdown products leads to increased suspended solids and dissolved solids, and thus
to salinization. This is enhanced by the dissolving effect of acidic waters on country
rock along the flowpaths. Dallas & Day, (1993), report that while acidic drainage leads
to a reduction in dissolved oxygen concentration in the water system, precipitation of
iron hydroxides and other sulphate species on aquatic plant leaves may also inhibit
photosynthesis (Dallas & Day, 1993).
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Fig.4.11 SO4 correlation to TDS at Site 3
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Total dissolved solids (TDS), (also referred to as filterable residue) represents the
portion of the sample that passes through a filter of a particular size. Usually 0.45 um is
considered to be adequate to differentiate between microscopic particulate and dissolved
material. The final result, after evaporation and drying to constant weight at 180°C,
represents the total dissolved solids. The correlations depicted in Figures 4.11 and 4.12
can be used to calibrate TDS to sulphate and electrical conductivity to TDS,
respectively, allowing reduction in frequency of analysis of either parameter. Total
dissolved solids results are limited to providing a measure of the total water soluble
fraction and do not reveal the quantity or type of individual contaminants in the sample
(MEND, 2001).

Fig.4.12 Correlation of EC to TDS at Site 3
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4.6.5 Effect of pH on metal solubility

The solubility and mobility of metals are generally increased by acidification of water,
(Adriano, 1992). This is probably the result of the combination of washout processes in
waste rocks and tailings at mine sites, enhancing the mobility of metals along flow
paths. Figure 4.13 shows Fe, Mn and Al variation with pH for Site 3 mine water.

The dissolution of feldspars and clay minerals in the pyrite and chert becomes enhanced
in acidic solution, and this results in the release of Fe, Mn and Al into the water. There
is a trend where the concentrations of these metals increase in the drier months of the
year (May to October) due to reduced percolation of ground and surface water. In the
wetter months (November to April), dilution is an important factor in reducing metal
concentrations.

Similar trends are observed for Cu, Zn and As at Mazowe mine. However, at Site 1 the
waste material contains buffering minerals and the low pH promotes hydrolysis of

carbonates and silicates, thus releasing base cations to the water according to reactions
4.9 and 4.10.

CaCO,+H" "= Ca* +HCO3" (4.9)

2NaAlSi,0,+2H "+H ,0 = 2Na*+A41,5i20 ,(OH) ,+4Si0, (4.10)

Fig.4.13 Variation of dissolved metal concentration with pH
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The rates of carbonate and silicate dissolution increase with increasing acidic
conditions, however, calcite reacts several orders of magnitude faster than silicate,
(Plumer et a.l, 1978). Copper, cobalt, manganese, nickel and zinc also become more
soluble in acidic solution (Dallas & Day, 1993; Edmunds & Smedley, 1996; Astrom,
1998).

At Site 3 the waste rock and jig tailings contain insufficient neutralising minerals, and a
dry cover system was implemented to minimise water and oxygen access to the sulphide
minerals. However, the system is failing, and oxidation ‘pipes’ or ‘holes’ can be seen on
top of the caped waste dump, resulting in very concentrated acidic drainage when rain
falls, Figure 4.14(a) & (b). When the acidic mine waters on the surface evaporate, they
leave behind metal-bearing salts, such as chalcanthite, a complex hydrated copper
sulphate, Figure 4.14 ©. As the next pulse of water passes through the area, these salts
re-dissolve, releasing acid and metals into solution, leading to sharp seasonal peaks in
metal content in the nearby Yellow Jacket River.

Fig.4.14(a) — (d): Sulphide Oxidation Products at Site 3

Associated with acid mine drainage is the precipitation of iron (III) hydroxide and
oxyhydroxide complexes, which give the water an orange colour. These are referred to
frequently as "ochres" or "yellow boy", Figure 4.14(d). The hydroxides and sulphides
are precipitated at moderately low pH (5-6), but once the pH drops below 4.3 they are
soluble. This often means that iron (III) stays in solution near the source of
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contamination, but precipitates downstream, where the pH has been neutralized
somewhat, and has risen above 4.3. These hydroxides form flocs, which can block light
penetration, clog the bottom of the river and have abrasive affects on biota. Dissolved
metals may re-precipitate when the iron (III) hydroxide flocs form at slightly raised pH
(Kelly, 1988).

4.7 Weathered Tailings Potential for Metal Leaching

Metal leaching into the environment is the principal concern of acidic drainage. The
potential for metal leaching and release to receiving waters was evaluated using the
bottle role leach test procedure on the minus 2 mm fraction of the weathered waste
materials from the three sites. The sample from Site 2 was taken from the Old Bucks
dam to deliberately avoid the influence of cyanide present in fresh and some aged
samples. Table 4.4 shows that the paste pH for sites 2 & 3 were acidic, while Site 1 was
alkaline, with an alkalinity of 32.18mg/l HCOs'". Electrical conductivity and sulphate
concentrations are significant in all leachates.

Table 4.4 Leachate Quality of weathered mine waste materials
Site 1 Site 2 Site 3
Flotation | Cyanidation | Jig Plant Tails

Tailings Tailings New  Dump
Composite | Old  Bucks | Site
Dams 1- 9 | Dam

Top size (mm) <0.20 <0.20 <8.00
Paste pH 7.83 5.97 3.05
Eh (mV) 274 306 271
DO (mg/l) 4.54 6.84 4.22
Alkalinity (mg/l | 32.18 0 0
HCOy)

TDS (mg/1) 878.5 1615.9 1873.8
E.C. (uS/cm) 1126.8 2287.2 2431.5
SO4” 246.83 304.71 673.82

Metal analysis in leachate samples after 18 hours of bottle rolling was used in assessing
the weathering characteristics of the mine wastes and predicting the quality of water that
will contact mine waste. The results are plotted in Figure 4.15. Fe, Cu, Mn and Ni are
fairly solubilised at all sites. Zn is not mobile at Site 1 but Ca and Mg are almost
100pg/1, possibly due to dissolution of the carbonate minerals trying to buffer acid.
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However, at Site 3, Ca and Mg are depleted suggesting that these minerals could have
been already used up in the field prior to sample collection. Al is quite mobile at Site 3,
with a concentration nearly 200 pg/l in the leachate. From these simple tests it is
possible to estimate that the potential for metal release, mobility and likely impact on
the water quality of runoff, receiving surface water, and groundwater after it has

contacted mine waste is quite high at Site 3, significant at Site 2 and not significant at
Site 1.

Fig.4.15 Trace metal concentrations in weathered
materials
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Presumably other most important effects of acidification of water by AMD are the
changes that result in the speciation of metals which can have a strong influence on
mobility and bio-availiability. Bio-availability is the proportion of total metals that are
available for incorporation into biota (bioaccumulation). Total metal concentrations do
not necessarily correspond with metal bioavailability and hence the associated
environmental effects may be low, (Davies et al., 1994). At very low pH levels,
aluminium is present as the toxic species AI’". AI’" is complexed by SO, anions and
since these are a major component of water subject to acid mine drainage, the effect on
aluminium may be reduced somewhat by this process (Driscoll & Schecher, 1990).

4.8 Concluding Remarks

This characterisation study demonstrates that drainage compositions from mine dumps
are the main factors controlling water chemistry in the vicinity of mine operations
located in the Mazowe River sub-catchment. The most possible pathway of pollution
from all three sites is surface streams passing through the mine sites and discharging
into Mazowe River. Groundwater levels are too deep (>60 m) to be impacted by the
pollution.
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Strong buffering from silicates and metal scavenging in the natural wetland seems to be
the main mechanisms controlling alkaline pH levels and trace metal concentrations at
Trojan and Mazowe mines. Lime addition during the cynidation process and
containment of process solutions at Mazowe Mine are helping to keep the pollution
within the mine site, but for a limited time frame. A dilution process from Yellow
Jacket River mainly accounts for the distinct decrease in concentrations of Fe, Mn, Al,
Zn, Ni, acidity and sulphate that are released well above regulation limits at Iron Duke.

The behaviour of AMD pollutants in the streams draining the mine sites is complex.
There are several simultaneously acting mechanisms including precipitation and
adsorption reactions which lead to fluctuating pollutant concentrations and possibly
attenuation. A more detailed study to quantify the reactivity of the waste materials,
ascertain potential for AMD generation and predict the drainage chemistry changes with

time and impact on watercourses is necessary. These issues are investigated in Chapter
5.
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CHAPTER S

LABORATORY GEOCHEMICAL PREDICTION TESTS

5.1 Introduction

In order to design and implement effective mitigation systems for reducing the
potentially adverse effects of AMD, it is important to predict the release, solubility,
mobility and retardation of contaminants from the waste materials under different
physical, geochemical and climatic conditions. Prediction refers to a suite of integrated
approaches used to determine in advance the geochemical behaviour of mineral waste
for new, operating or closed mines, (Mills, 1998). The objective is often to determine
whether wastes are potentially acid generating and what impacts may be expected as a
result of metal leaching, so that problematic wastes can be managed to prevent acid
generation.

Several methods have been developed to predict the acid forming characteristics of
mine waste materials. In general, testing programs utilise a two step approach of Acid
Base Account (ABA) originally developed by Sobek et al., (1978), in which Static tests
on numerous samples are used to identify potentially acid generating geologic units and
to characterise the variability that occurs within them. Kinefic tests are then performed
on samples deemed likely to generate acid. Static procedures are so referred because
each involves a single measurement in time and provide no information on the speed or
kinetic rate of the reaction producing or consuming acid. Kinetic test procedures involve
a number of measurements over time, and are used to assess a range of AMD issues
including sulphide reactivity, oxidation kinetics, metal solubility and the leaching
behaviour of test materials.

Waste rock and metallurgical tailings from the three mine sites selected as case studies
were tested to determine the acid generation and metal leaching potential, and hence
provide information required to predict the downstream effects on water quality in the
Mazowe River sub-catchment. This concern has developed because there is a lag period
between waste placement and observation of an acid drainage problem. This lag period
is variable from site to site and calls for site specific investigations, (Miller et al., 2003).
Drainage quality and progression of weathering reactions were assessed on laboratory
scale in order to estimate rates for sulphide mineral oxidation under field conditions.
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5.1.1 Objectives

a) To evaluate the acid generating and acid neutralising potential of mine waste
materials at the selected case study sites

b) To determine the lag period between waste placement and observation of an acid
problem, and

c) To estimate field weathering rates under semi arid conditions

5.1.2 Collection and Preparation of non grid solid samples

During the fieldwork and characterisation programs described in Chapter 4, solid
samples were collected from the three case study mines and returned to the laboratory
for confirmatory testing. Sampling concentrated on obtaining representative samples
with respect to the physical and chemical characteristics of the waste material.
Characterisation of waste rock dumps and tailings is quite challenging because the
structure, physical nature, mineralogical and chemical characteristics in a dump always
tend to be heterogeneous. The variation in such properties is caused by factors such as
geology, construction technique, weathering rates, climate, and others (Williams et al.,
2003).

Non grid composite samples were collected by walking over the entire waste pile
collecting at least 30 increments in a random manner. Tailing samples were collected by
first removing the vegetation at the sample location by scrapping away with a stainless
steel trowel. A 10cm diameter hand auger was advanced to a depth of at least 50cm and
the sample extruded directly into sampling containers. Large samples of 5-10kg were
collected and returned to the laboratory for geochemical tests and analysis. Static and
kinetic tests were performed on the samples as received.

Waste rock piles exhibited a wide variability in particle size, making them very difficult
to sample using the method for tailings described above. In such cases grab sampling
was done around and on top of the dump to try as much as possible to collect a
representative composite sample. In the laboratory, waste rock samples were coarse
crushed to 100% passing Smm, coned and quartered, and then split with a Jones Riffle
to obtain about 1kg head sample. From each head sample, approximately 200g were
riffled out to determine the mineralogy by hand specimen examination and petrographic
microscopic analysis, and also determine elemental chemical analysis. The bulk of the
sample was saved for geochemical static and kinetic tests.
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5.2 The Test Program

The test program follows an industry standard consisting of staged static and kinetic
testing of sample materials. Minor modifications were done to try and simulate local
onsite conditions where possible. Static tests are designed to measure the quality and
quantity of different mineral constituents in a sample at one point in time, (Price, 1997).
Such tests include analyses of elemental sulphur, sulphur species, neutralisation
potential, pH measurements, particle size and mineralogical analysis. Kinetic tests
provide a measure of the dynamic performance or reactivity of a sample and include
laboratory procedures such as column tests, humidity cell tests and field studies such as
rock pile tests. Table 5.1 lists the number of tests conducted on waste rock and tailings
in this case study. A brief description of each test is included in the preceding sections.

Table 5.1 Static and Kinetic Testing of Tailings and Waste rock samples from the
three case study sites

Test Description Tailings Waste Rock
Petrographic analysis (thin section) 3 1
Acid Base Accounting (ABA) Tests

Paste & Rinse pH 49 7
Total Sulphur 49 7
Total Carbon 49 7
Sobek Acid Neutralising Capacity 49 7
(ANC)

Net Acid Generation (NAG) 49 6
Acid Base Characteristic Curve 0 1
Humidity cells 6 1
Metal analysis (AAS) 16 2

5.2.1 Acid Base Accounting (ABA) Procedure

Static Tests

The ABA procedure was formerly developed by Sobek et al., (1978), as a laboratory
protocol for determining the acid production potential of mine overburden containing
sulphide mineralisation. It is based on the premise that the likely hood for a site to
produce acid mine drainage can be predicted by quantitatively determining the amount
of acidity (termed maximum potential acidity — MPA) and the alkalinity (termed acid
neutralising capacity — ANC) of the sample material. The relative acid forming potential
of a sample was categorised using some basic screening tests as follows:
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e Paste pH,.; and Electrical Conductivity (EC;.;) test

e Total Sulphur Determination

e Fizz rate and Acid Neutralising Capacity (ANC) test (Sobek et al., 1978)

e Net Acid Producing Potential (NAPP) calculation (based on %sulphur and
ANC)

e Single addition Net Acid Generation (NAG) test (Miller et al., 2003)

Each method used alone has its own limitations as to how reliably it can predict acid
forming potential. The modification and approach used in this study was to apply these
test methods in combination, so as to get a better definition of the acid forming potential
of mine waste materials and highlight samples that may require AMD management.

1) Paste and rinse pH

The pH,.; also known as the paste and rinse pH, and electrical conductivity (EC.,)
were determined by equilibrating 10-gram samples < 2mm material in deionised water
for 12 - 16 hours (or overnight), at a solid to liquid ratio of 1:2 (w/w). Waste rock
samples from Site 1 had to be pulverised first.

i) Total Sulphur Determination and Maximum Potential Acidity (MPA)

Total sulphur and carbon were determined by the LECO combustion analytical
technique at Iron Duke Pyrites. By this technique, a pulverised sample 0.5 to 5g was
combusted in a stream of oxygen at approximately 1350°C in an induction furnace,
forming a mixture of SO,/SO; and CO, gasses. Sulphur dioxide released from the
sample was measured by an Infra Radiation detection system and the percent sulphur
and percent carbon were analysed and graphically plotted on a digital display as the
combustion progressed.

The ABA procedure uses the percent sulphur to predict the maximum potential acidity
that a sample can produce if all the sulphur reacts. The calculation assumes that the
measured sulphur content occurs as pyrite and that pyrite reacts under oxidising
conditions to generate sulphuric acid according to the reaction 3.1. MPA = wt %S X
31.25 in kg H;SO4/ton of material. Sulphate sulphur or HCl-leachable sulphate was
determined by heating 0.5g of sample with 10 ml dilute hydrochloric acid (0.1M) for 30
minutes. Silica and any acid insoluble materials were removed by filtration and ferric
iron was reduced to ferrous by the addition of hydroxylamine hydrochloride. The
sulphate in the resulting filtrate was then precipitated with barium chloride in a dilute
hydrochloric acid medium. The barium sulphate was filtered, ignited, weighed and
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calculated as %S in the original sample. Sulphide Sulphur was determined by
subtracting the sulphate sulphur obtained from the HCl Leach from the total sulphur
obtained from the LECO analyser.

i) Fizz Rate and ANC

Before performing the analysis for determination of the acid neutralisation capacity, the
sample must be rated as to its carbonate content in order to determine the volume and
normality of hydrochloric acid to be used in the analysis. The ANC result is somewhat
dependent on the fizz test results, which in turn are a matter of human judgement,
(Evans and Skousen, 1995; Skousen ef al., 1996).

The fizz test was performed by adding a few drops of 25%HCI to 2g of pulverised
sample on a watch glass and observing the degree of reaction. The observed degree of
reaction was assigned a fizz rating according to a four tiered system where the reaction
is judged to be ‘none - (1), slight - (2), moderate - (3) or strong - (4)’ as indicated in
Table 5.2.

Table 5.2: Volume of HCI added for various Fizz ratings in the Modified ABA
Procedure for ANC determination.

FIZZ RATING HCI
(mL) (Normality)
(1) 20 0.1
(2) 40 0.1
(3) 40 0.5
4) 80 0.5

About 2g of pulverised sample were weighed into a 250ml volumetric flask and as a
first approximation, the volume and normality of HCI indicated by the fizz rate in Table
5.2 added. The contents were agitated by means of a magnetic stirrer for 24 hours. After
approximately 6 hours of the reaction, the agitation was stopped and checked for pulp
pH. In cases where the pH was above 2, a known volume of HCI was added and the
agitation continued for the remaining 18 hours. The end pH target range was 2.0 — 2.5.
In cases where the final pulp pH was below 2.0 or above 2.5, the amount of acid was
judged to be insufficient and too high respectively, in which case the test was repeated
with the next higher or lower volume or strength of HCI as appropriate. The contents of
the flask were then titrated to pH 8.3 with NaOH of the same normality as HCI used
during the agitation. The ANC in kg CaCOs/ton of the sample were then calculated as
follows:
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SOa(x—b.yj
a
ANC=—7— 6.1

where a is the normality of HCI; b is the normality of NaOH; c is the sample mass in
grams; x is the volume of HCI added (ml); and y is the volume of NaOH added (ml) to
pH 8.3.

iv) Single Addition NAG Test

The NAG test (after Miller, 2003) is used to determine the net acid remaining, if any,
after complete oxidation of the materials with hydrogen peroxide and allowing complete
reaction of the acid formed with the neutralising components of the material. The NAG
test provides a direct assessment of the potential for a material to produce acid after a
period of exposure and weathering and is used to refine the results of ABA predictions.

In the NAG test, 250ml of 15% H,0, was added to 2.5g of pulverised sample. Tailings
were tested as received. The slurry was allowed to react until boiling or effervescing
ceased, and then heated gently for a minimum of 2 hours. The amount of acid generated
by NAG reaction was determined by titration with standardised sodium hydroxide.
Titration to pH 4.5 (NAG,y) measures acidity due to free acid (H"), Fe’" and AI’*, and
titration to pH 7 measures acidity due to other dissolved metals such as Zn and Cu. The
net acid generation NAG in kg H,SO4/ton was calculated as follows:

49xy
c

NAG =

(5.2)

where x is the volume of NaOH titrated (ml); y is the molarity of NaOH; and c¢ is mass
of sample in grams.
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5.2.2 Kinetic Tests

Kinetic tests are procedures in which the mine waste samples are subjected to
dissolution with the objective of determining rates of mineral oxidation & dissolution
and empirically estimating the potential quality of drainage from the mine waste, (White
& Lappako, 2000). These tests are distinguished from static tests in that they try to
simulate mineral weathering rates in the field. There is no standard in dimensions of
humidity cells, or mass of sample to use or duration for which the cells should be
operated before they can be discontinued. The Humidity cell test as conducted by Sobek
(1978) leaches a 200g sample crushed to minus 2.38mm in a closed plastic container.
The industry standard for the humidity cell is a cell 200 mm in height by 100 mm
diameter for material crushed to 100% passing 6.3 mm (crushed ore or waste rock or
coarse tailings), (Scott et al., 2000). A cell 102 mm in height and 203 mm in diameter is
specified for material passing 150um.

Modified Humidity Cell Tests

Three different types of kinetic tests were conducted under different conditions:
standard humidity cells, non — aerated cells and simulated rainfall cells. The tests were
run on 1 waste rock sample from Site 1 and 2 tailing samples collected from sites 2 & 3.
All sample materials had been exposed to weathering for at least one month, estimated
from the waste disposal cycles and practice on each site. The humidity cell used in this
study is essentially a cylindrical reactor of PVC material with same dimensions as the
industry standard. A perforated support base with three layers of stainless steel screen of
aperture size 38 um was used to support the sample previously crushed and screened
through 6mm for waste rock and used in ‘as received’ state for tailings.

An array of 7 identical cells, such as the one shown in Figure 5.1, were used with a
sample mass of lkg carefully loaded into each cell taking care to minimise sample
stratification and consequent fluid channelling in the cells. The tests were run for twenty
eight weeks following a seven day cycle. For all samples, the initial leach (week 0)
consisted of a 600ml flooding with deionised water, soaking the sample for a day before
draining to remove residual reaction products generated prior to sample collection and
storage. The recovered volume was weighed and preserved for analysis of cation and
anion loads. Subsequently, the weekly cycles consisted of passing dry air through the
cells for three days, moist air for three days, and washing with water on the seventh day.
The airflow through each cell was maintained at about llitre per minute and the
temperature between 23 and 30°C.
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During the wash, 500ml of deionised water was drip trickled into the cell over a period
of one hour, and the leachate collected after one day. Cells were weighed after the dry
air cycle, the moist air cycle and after the wash to determine gain or loss in interstitial
water.

Fig. 5.1: Humidity Cell Set up

Solid Sample

Packed Bed

Dry Air

Flow rate = 60 liter / hr

Water

Solution

The typical sequence of subsequent weekly cycles is summarised in Figure 5.2.
Leachate samples were analysed for pH, EC, alkalinity, acidity & sulphate. Fe, Mn, Cu,
Ni & Zn concentrations were analysed in leachate from the initial rinse and the last five
weeks.

Tuesdays: Start of new week.
e Collect & weigh previous
week’s leachate.
e  Weigh cell for interstial water.
e Start 3 days dry air permeation.

Mondays: {
e Stop wet air period Fridays:
e Weigh humidity cell \'/‘: e Stop dry air
e Start 500ml deionised e  Weigh humidity
water drip trickle cell
Figure 5.2: Humidity cell Tests ° Start3 dayfwet
Weekly Cycles air permeation
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Non aerated cells were not subjected to weekly cycles of dry air and wet air, but were
drip trickled with 500ml distilled water (after the first flooding and draining) over a
period of one hour per week. The cells were not actively aerated but remained open at
the top and bottom allowing unrestricted air access. Simulated rainfall cells were treated
in the same way as standard cells for the first 14 weeks, after which the rinse water
volume was changed to 150ml for the remaining duration of the test.

5.3 Waste Rock and Tailings Bulk Mineralogical Analysis

The comparative bulk sulphide mineralogy obtained from analysis of the relatively
unaltered portion of the tailings is summarised in Table 5.3. It must be recognised that
tailings deposits are not completely homogeneous and minor changes in the
composition of the deposited solids occur due to variations in the ore being processed.
Other causes of heterogeneity in tailings include changes in the extractive metallurgy
process and physical segregation during deposition due to density and particle size
differences. Large variations in composition are caused by oxidative weathering
reactions which occur on tailings surfaces after deposition and on exposure to air and
water. The distinctive mineralogical features of the three mine sites are as follows:

Sites 2 & 3 contain significant quantities of pyrite, pyrrhotite and charlcopyrite whereas
Site 1 waste rock and tailings show minor to trace amounts of these minerals which are
the parent minerals for of the heavy metals such as Fe, Mn, Cu, Ni and Zn. These
elements are easily mobilised during weathering in acidic environments posing great
danger to human health and aquatic life. Pyrrhotite is present in tailings from all sites in
minor quantities but oxidises more rapidly than pyrite. However, one mole of pyrrhotite
produces only one mole of acidity whereas one mole of pyrite has the ability to produce
two moles of acidity when oxidised in a wet environment. Carbonate and silicate
minerals are important in acid generating tailings because of their buffering capacity.
Carbonate content at all sites is less than 2% implying potentially low values of
carbonate neutralisation capacity.
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Table 5.3: Tailings & Waste rock Bulk Mineralogy

System Characteristics Site 1 Site 2 Site 3
Mineral Mined Ni Au FeS,
Historical 1969 - current 1880 - current 1940 - current
Grade 0.67% Ni 12.2g/tAu 30%FeS,
Beneficiation | Flotation Shaking Tables | Jigging
Recovery 65 — 80% 70-75% 90-96%
Trace Metals | Co, Cu, Fe, Pb Fe, Cu,Zn & Ni | Fe, Mn, & Al
Tailings MillionTons 28.50 0.71 0.25
Pyrite Minor Minor Maijor
Pyrrhotite Major Minor Major
Sphalerite Trace Minor Trace
Chalcopyrite | Minor Minor Trace
Galena Minor Trace Trace
Pentlandite Maijor Trace Trace
Arsenopyrite | Trace Minor Trace
Calcite Trace Minor Trace
Dolomite Minor Trace Trace
Quartz Minor Major Minor
Chrorite Minor Minor Minor
Metabasalt, Granodiorite + | Chert
Waste Rock dolerite & quarts | felsparporphrye | pyrrhotite
Tailings Management Cyanide Lime
Revegetation Detoxification Treatment

Components: major > 10%; minor <10% and >1%; Trace < 1%.

Figure 5.3 shows mineral abundance in the samples from petrographic analysis of thin

sections using optical microscopy and modal analysis. The samples from the three sites

were analysed at Trojan Mine Chemistry laboratory. The waste rock and tailings

samples of Site 1 are closely similar. They consist of strongly altered igneous rock of

intermediate felsic composition, with only traces of pyrite and pyrrhotite present, so

these samples lack potential to generate significant acid mine drainage.

Tailings from Site 2 are composed predominantly of plagioclase feldspar and accessory

mafics with some quarts. Pyrite and arsenopyrite are present in significant quantities (2-

5%, and 1- 3%) respectively. Though minor carbonates (<2%) are present, these are

insufficient to provide long term buffering, therefore Site 2 tailings constitutes a high

potential to generate AMD under conditions of active atmospheric oxidation.
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The principal constituents of Site 3 tailings are chlorite, seperntine, massive pyrite
estimated at >14% and pyrrhotite (~ 4%) mainly as liberated grains. Trace amounts of
carbonates, <1%, are present but this is not enough to offset acid generation in the event
of exposure to atmospheric oxidation.

Physical properties such as grain size and permeability affect the quantity and quality of
seepage from waste rock piles and tailings impoundments. Mineralogical
characteristics, chemical and biochemical interactions between solutions and solids
during the weathering process result in precipitation, dissolution and other processes
such as sorption and ion exchange occurring. These reactions further affect the physical
properties such as permeability, the most notable being secondary minerals or salts.
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5.4 Discussion of ABA Results
5.4.1 Paste pH, Sulphur Species and Acid Potentials

Figure 5.4 shows the combined measurements of paste pH against sulphur content for
samples from the three study sites. As provided by Sobek et al., (1978), the paste pH
indicates whether the sample was acidic, near neutral or alkaline at the time of
measurement. The figure clearly shows that all samples from Site 1 were alkaline, while
all samples from Site 3 had an acidic paste pH. For Site 2, there is a wide variation of
paste pH suggesting that with acidic samples, the neutralisation potential had been
completely used up or was not reactive at the time of measurement, while for near
neutral to alkaline samples, acid producing and acid neutralisation reactions could be
still in progress. There is no clear correlation between paste pH and sulphur content
although 61% of samples with more than 3%S indicated an acidic paste pH.

Fig. 5.4 Paste pH vs %S
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The paste pH gives an indication of the inherent acidity of the waste material when
initially exposed in a waste emplacement area. Sobek et al., (1978) defined materials
that have a paste pH of less than 4.0 as being acid - toxic. Its limitation is that acid
generating minerals are often located preferentially on the outside of particles and
pulverising could expose acid neutralising minerals that would not be exposed in the
field. To combat this, a rinse pH procedure was developed where the unpulverised
sample was mixed with deionised water. However, distilled water typically has a pH of
about 5.5 — 6.5 and therefore might still not reflect the pH of rain water or react in the
way run off water would. Thus a material categorised as non acid forming (NAF) may
still have existing acidity and salinity risks that make it unsuitable for surface or
uncontrolled placement due to potential effects on drainage and vegetation.

ABA identifies the capacity of a sample to generate acidity based on total sulphur
analysis. The result is converted to maximum potential acidity (MPA) by multiplying
with a conversion factor of 31.25 derived from the stoichiometric ‘standard’ equation
for pyrite oxidation (equation 3.1), and that one mole of acid is neutralised by one mole
of CaCOs. Other assumptions in using this factor are that the measured sulphur occurs
in the solid phase only as disulphide (pyrite), and it oxidises completely to sulphate;
oxygen and water are the only oxidants; iron from pyrite oxidises to the ferric state and
all iron precipitates as Fe(OH); and that all of the neutralising capacity is carbonate
neutralising capacity, the carbonate is available to react and the acid consuming
reactions are instantaneous and run to completion.

These assumptions are not always appropriate and alternative equations would apply.
For example, ferric iron can oxidise pyrite in the absence of oxygen. If the ferric iron is
originally derived from pyrite, the conversion factor from sulphur to acid potential is
15.63 rather than 31.25. Alternatively, the conversion factor could be 125.0 if the ferric
iron is derived from ferric iron minerals. Also, sulphide minerals other than pyrite are
associated with other conversion factors including zero.

Furthermore, the use of sulphide sulphur instead of total sulphur also helps to reduce the
uncertainty in calculated MPA. The determination of sulphide sulphur involves
measurements of total sulphur, leachable sulphate, and other forms of sulphur such as
organic sulphur and barite (BaSQOy). The appropriate mass balance equation is:

%S(total) = %S(sulphide) + %S(leachable sulphate) +%S(other) + A%S (54)

A%S represents any imbalance such as analytical error.
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The sulphide acid potential would then be calculated as %Ssuiphide) * 31.25. At the three
mine sites considered in this study, it was found out that the dominant form of sulphur is
the sulphide form as shown in Figure 5.5, and thus sulphide acid potential and
maximum potential acidity are equivalent. The advantage in this situation is that
analytical efforts and costs are reduced by analysing for total sulphur only.

Fg.5.5 %Sulphide vs %S Total
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5.4.2 Geochemical Classification of Samples

Table 5.4 shows the ABA criteria for classifying samples with regard to AMD
generation potential. To account for the uncertainty in AMD predictions using ABA test
results, the criteria for acid generation and neutralisation include a broad range of NAPP
and ANC/MPA values that are classified as non acid forming (NAF), potentially acid
forming (PAF), acid generating (AG) and uncertain. Used in combination with the NAG
test results, ABA prediction and geochemical classification of samples results in
reduced uncertainty in AMD prediction since the tests are independent. The statistical
summary of ABA data is presented in Table 5.5.

Table 5.4: Criteria for acid generating potential

Criteria NAPP ANC/MPA ANC/MPA NAGpH NAG

kgH,SO, (SRK, 1992) (Price, 1997) (Miller, kgH,SO,/t
1998)

Non Acid | <20 >3 >2 >4.5 <0

Forming

Potentially acid | >20 <1 <1 <45 =5

Forming

Acid Generating | >20 <1 <1 <4.5 >5

Uncertain >20 and | <3and>1 1to2 (< 45 &|< 5 &
<20 NAPP <0) NAG,z<4.5
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Site 1 tailings meet all criteria for the samples to be classified as NAF. This is due to a
combination of low sulphide sulphur (average 0.60%S) and the presence of neutralising
minerals. Though analysis shows a rather low carbonate neutralisation capacity of
4.50kg CaCOs/t, the total ANC averages 54.90kg CaCOs/t suggesting that the majority
of this buffering capacity should be a contribution from the silicates which are abundant
in the form of serpentine and olivine as previously seen in Figure 5.3.

Table 5.5: Summary Statistics of ABA data from tailings and waste rock samples

Sample | Paste | Total | MPA ANC NAPP ANC/MPA | NAGy=7; | ARD

pH S kgH,SO,/t | kgCaCOs/t | kgH,SO4/t kgH,SO,/t | Class
wt%o

Site 1 Tailings

Max™ 9.24 0.75 23.44 67.22 -22.88 4.08 7.38

Min™ 7.72 0.51 15.94 41.32 -49.01 2.12 0.00

Mean 8.50 0.60 18.90 54.90 -36.01 2.94 1.49

Std. dev | 0.4 0.07 2.07 7.09 7.38 0.51 2.49

Median | 8.50 0.59 18.44 56.51 -35.67 2.83 0.00

Count 30 30 30 30 30 30 30 NAF

Site 1 Waste Rock

Max™ 9.14 3.26 101.86 119.27 522 1.37 7.32

Min™ 8.64 2.72 85.00 87.64 4.04 0.91 0

Mean 8.90 293 91.67 100.14 4.84 1.10 2.86

Std. dev | 0.19 0.19 5.90 12.74 0.46 0.18 3.29

Median | 8.87 2.94 91.72 95.55 5.04 1.07 2.05

Count 6 6 6 6 6 6 6 PAF

Site 2 Cyanidation Tailings

Max™ 9.53 5.25 164.06 139.04 34.10 1.09 22.18

Min™ 2.87 4.09 127.81 125.64 -11.23 0.79 0.00

Mean 6.90 4.70 146.94 130.29 16.65 0.90 16.01

Std. dev | 2.55 0.50 15.57 5.25 18.96 0.12 9.28

Median | 7.45 4.63 144.69 128.84 19.05 0.87 19.84

Count 5 5 5 5 5 5 5 AG

W/Rock | 6.83 6.19 193.44 137.92 55.52 0.71 24.56 AG

Site 3 Jig Plant Tailings

Max™ 5.97 14.84 | 463.75 32.81 432.86 0.11 287.41

Min™ 3.19 8.75 273.44 22.86 247.25 0.05 174.92

Mean 4.87 12.13 | 379.06 28.46 350.61 0.08 221.08

Std. dev | 0.93 2.26 70.57 3.50 71.56 0.02 36.46

Median | 4.82 12.61 | 393.91 28.75 364.50 0.07 217.02

Count 8 8 8 8 8 8 8 AG
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Site 1 waste rock has relatively high sulphur content, average 2.93%S representing an
acid potential of 91.67kg/t H,SO4. NAPP and ANC/MPA data indicate the waste rock
could be a potentially acid forming low capacity sample, and a significant lag before
development of full acid conditions can be expected. The lag period could be due to
silicate buffering. Straight forward predictions of silicate buffering are difficult due to
the variable composition of silicate minerals and complex kinetics of silicate
dissolution, (Nicholson, 2003). However, Kleiv et al., (2001) showed that silicate
minerals can buffer acid and adsorb heavy metals on silica tetrahedral. The silicate
dissolution is essentially an exchange of protons for counter ions from silicate structure
as depicted in equation 5.5 for magnesium rich olivine.

Mg ,SiO ,+4H *= 2Mg>* +H ,SiO (5-5)

4(aq)

This reaction shows that the counter ion Mg*" in the silicate structure goes into solution
and H' binds to the silicate ion as it dissolves. The lower the Si/O ratio in the silicate
structures, the higher the charge on the silicate tetrahedral. This greater charge is
counter balanced by counter ions, which in turn are replaced by more protons. This
implies that in general, the lower the Si/O ratio of a mineral, the greater the potential to
neutralise acid. Figure 5.6 illustrates the neutralisation potential as a function of paste
pH for all three sites.

Fig. 5.6 Paste pH vs ANC
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The range of ANC for the acid generating samples of Site 3 is between 22.86 and
32.81kg H,SO4/t, which is well out weighed by the MPA averaging 379.06 kg H,SOu/t.
Hence these samples are classified as having a very high potential for acid generation
when exposed to oxidising conditions. Though Site 3 samples also contain substantial
amounts of silicates, it appears the neutralising capacity is very low compared to
samples from Site 1, suggesting that the silicate buffering in Site 3 samples is not as
effective. A possible explanation for this is that Site 3 samples contain significant
amounts of aluminium and iron, (2.46% & 24.85% respectively). These elements tend
to hydrolyse in solution, producing acid, (equation 3.18). Malmstrom and Barnwart
(1997) showed that minerals with Al and Fe in octahedral sites will have lower
buffering capacities than similar minerals with no Al and Fe.

There is a lot of uncertainty behind determination of ANC by any of the methods found
in litrature, mainly due to lack of a fundamental definition of ANC. Based on analytical
procedures, a single sample may have ANC's spanning an order of magnitude (Morrin
and Hutt, 1997). Other shortcomings of the ABA methods include:

> Minerals with slow rates of dissolution, such as silicates and aluminosilicates,
are not included in the 24 hr ANC determination.

» It is not possible to assess the effect of secondary minerals precipitating at the
pH of these tests, e.g. Fe(OH); formation generates more acid that is not covered
by these tests.

» Many potential neutralising minerals might have no significant solubility at the
pH found in acid mine drainage, so these minerals do not effectively contribute
to neutralising capacity, a factor not considered in ANC tests. Thus it is common
for ANC to overestimate neutralisation capacity in the field (Miller et al., 2003).

In recognition of the difficulties in the determination of ANC & MPA, another
approach, based on mineralogical composition was proposed by Paktunc (1999), where
bulk values for the MPA and ANC of a sample in kgH,SO4/t can be calculated as
follows:

m 1, x98xX x10

MPA =
2. W, (5.6)

k n,x98xX x10xc,
! nxw, (5.7)

ANC =3’
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where: ng = the number of moles of H,SO4 formed by the oxidation of
1 mole of sulphide minerals;

98 = the molecular weight of H,SOy;

Xsor X = weight % of sulphide mineral s or neutralising mineral i;

10 = the conversion factor for kg/t units

W, or Wi = the molecular weight of sulphide mineral s or neutralising
mineral i, in g/mole;

m& k = the number of sulphide minerals in the sample;

n; = stoichiometric number of moles of neutralising mineral;

ci = stoichiometric number of moles of H,SO4

The advantage in these formulae is that they take into account the presence of more than
one type of sulphide or neutralising mineral, thus a bulk acid potential or bulk
neutralisation potential is calculated. The problem is that equation 5.7 is bound to
overestimate the neutralising capacity of samples as some of the calculated ANC may
not actually be available in the field.

5.4.3 Acid Base Characteristic Curve

From Figure 5.6, Site 2 samples exhibit high ANC, giving a NAPP value of average
16.65kg H>SO4/t, which would be classified as NAF. However, combining NAPP with

Fig. 5.7 ANC vs MPA
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other criteria (ANC/MPA ratio) and NAG results in Figure 5.7, and it becomes evident
that these samples would be categorised as PAF to AG. Due to the low ANC/MPA
ratios of Site 1 waste rock, they fall in the PAF category according to Figure 5.7
classification, raising concerns of acid generation. An acid buffering characteristic curve
(ABCC) test was conducted on Site 1 waste rock and the results presented in Figure 5.8.
The ANC of the material was determined to be 89.47kg H,SOu/t.

The results of the ABCC test indicate relative strong buffering, up to the equivalent of
about 15kg H,SOu/t, after which the pH then dropped moderately with further acid
addition. However, the buffering capacity of the waste rock sample is way below when
compared to that of calcite, limestone or dolomite calculated from mineralogical
composition, (Panktunc, 1999). The approximate lag period by which this buffering can
delay onset of acid generation can only be estimated from kinetic tests. If buffering rate
reactions occur faster than acid producing reactions, then as long as fresh waste rock
continues to be mined, acid neutralisation will continue to take place delaying the net
acid effect. From the kinetic tests in section 5.2.2, the lag period before acid conditions
develop in the field could not be estimated for this sample. Once the ANC is used up, an
‘acid breakthrough’ condition may then begin to be observed at this site, possibly long
after mining has stopped.

Fig. 5.8 ABCC for Site 1 Waste Rock compared to carbonates
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5.5 Effects of Kinetic Test Conditions on Weathering Rates
5.5.1 Sulphate Production Rates

Following the ABCC test on Site 1 waste rock, a kinetic test using the standard Sobek
protocol only was performed to determine if ever the sample would go acid and if so,
after how long? For sites 2 and 3, kinetic test conditions used included the standard
Sobek, non — aerated cells and simulated rainfall cells. Variations in kinetic test
conditions were done to compare the effects on sulphate production rate, drainage
chemistry and estimated time to acidity. Difficulties were encountered in maintaining
equal and uniform airflow through the Standard Sobek and the Simulated Rainfall cells.

The moisture content of the non — aerated cells remained relatively steady at about
14.27% & 12.86% for Site 2 samples, and 11.54% & 12.08% for Site 3 on a week to
week basis. The moisture content of the standard cells and simulated rainfall cells
fluctuated throughout the testing. Visual observation revealed that all the cells dried up
slightly on the top after the 5™ day. The sulphate production profile for Site 1 waste rock
is shown in Figures 5.9.
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Site 1 waste rock maintained a leachate pH above 6.5 for the duration of the test. The
average rate of sulphate production, based on the last five weeks, is 2.89 mg/kg/week.
The pattern of sulphate production shows that there was some accumulated sulphate in
the sample before the kinetic test started possibly due to sulphide weathering in the
field. Since the samples were taken prior to the rain season, oxidation products were not
being flushed out but accumulated, a trend shown in samples from all the three sites.
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Going by the average rate of sulphate production in the last five weeks of the test,
extrapolation indicates that the sample could become acid after several years.

The sulphate production profiles shown in Figures 5.10 & 5.11 show that the non -
aerated cells exhibit relatively smooth patterns and approached stabilisation early in
comparison to standard and simulated rainfall cells. This can be attributed to the
relatively consistent moisture content in the non — aerated cells. Consistent moisture
content creates an operating condition similar to what the sample could attain under
field conditions. There is a somewhat erratic pattern in sulphate production for the
standard Sobek cells and also simulated rainfall cells for Site 2. The distortion in trends
of sulphate production with time can be attributed to the weekly wetting and drying
cycles which create an unnatural environment that can potentially affect the acid
generation process.

Fig. 5.10 Site 2 SO4 Production Rates
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However, non — aeration seems to limit oxygen diffusion rates resulting in lower levels
of sulphate production compared to standard Sobek cells. Eliminating the dry and wet
air cycles mimics the natural environment at mine sites and presumably gives repeatable
and representative reaction rates. The oxidation rates are relatively high up to week 16
for Site 2 samples, then decrease gradually reaching steady state from week 22.

Fig. 5.11 Site 3 SO, Production Rates
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Simulated cells started with a high volume of flush water (500ml) for the first 14 weeks,
which was then reduced to 150ml for the remainder of the test. This caused the sulphate
release rate to drop sharply at first but then increased slightly before stabilising. The
sharp decrease in sulphate release can be attributed to the influence of rinse water
volume on pore water concentrations. The lower volume of rinse water led to less
dilution of the pore water but left more sulphate in the cells thus disrupting pore water
chemistry and the established oxidising environment. Consequently, the sulphate release
rate is much lower than for standard Sobek and non — aerated cells. These results
support other studies by Frostad et al., (2002) who showed that changing the leach
volume or frequency affects the kinetics of precipitate formation in humidity cells and
that could decrease the oxidation rate by removing ferric iron, a potential oxidant, from
solution.
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5.5.2 Estimated Time to Acidity

Table 5.6 gives the estimated times for ‘acid breakthrough’ (pH < 6) along with
cumulative sulphate production up to the point of acidity. The results show that
conditions which increase the time to acidity permit high levels of sulphate release
possibly suggesting higher rates of neutralisation. Figure 5.12 shows the pH profiles for
the different test conditions and for the two sites. It can be seen that the standard Sobek
cells reached the ‘acid breakthrough point’ first while the simulated rainfall cells took
the longest time. For Site 2, the standard Sobek cell became acidic after 9 weeks but it
took 21 weeks for the simulated rainfall cell to become acidic. A similar trend is also
observed for Site 3 samples although the time interval to cells becoming acid is shorter
and within two weeks of each other.

Table 5.6: Estimated Times for Acid Breakthrough

Kinetic Test Time to pH<6 | Average SO, | Cumulative SO, | Sulphur
Weeks Rate (last 5 | Released mg/kg | Depleted % of

wks) original
mg/kg/week

Site 2 Standard | 9 30.40 454.39 0.32

Site 2 Non | 17 18.75 672.32 0.48

aerated

Site 2 Simulated | 21 7.70 484.40 0.34

Site 3 Standard | 4 83.63 1255.62 0.35

Site 3 Non |6 77.72 1133.31 0.31

aerated

Site 3 Simulated | 7 22.43 1387.57 0.38

A possible explanation for this is that conditions that promote reaction products to
remain and build up on the exposed surfaces of neutralising minerals decrease their rate
of dissolution. This should be the case in simulated rainfall cells with reduced amount
of rinse water and also in non - aerated cells. Apart from supplying oxygen saturated
atmosphere during the dry air and wet cycles, aeration helps to shake and detach
reaction products from reacting mineral surfaces which then remain exposed for further
reaction. As soon as sufficient reaction product, e.g. iron oxide, has precipitated to limit
neutralisation, the leachate can become acidic. A high sulphide oxidation rate may
enhance acidification from the precipitated secondary mineral products, and thereby
shorten the time to acidity. This is supported by the profiles of Site 3 which has pyrite
content averaging 12.13%S compared to that of Site 2 with 4.7%S.

116




Fig. 5.12 Predicted Time to acidity
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Site 2 samples exhibited significant buffering during the first 8 weeks. This is possibly
due to the effect of residual lime added to the cyanidation plant in order to achieve
protective alkalinity required for optimal gold dissolution. Very little initial buffering is
seen in profiles of Site 3 samples. The pH profiles seem to stabilise after reaching
acidification, presumably a sign of equilibrium between acid producing reactions and
late stage neutralising silicates.

5.6 Correction of Laboratory Data to Estimate Field Weathering Rates
5.6.1 Specific Surface Area
The surface area of exposed sulphide minerals has been reported to be directly
proportional to the oxidation rate (Lappako, 1994a; Lappako, 1994b). The approximate

specific surface area of granular material per unit mass can be calculated from
knowledge of the particle size distribution by the summation equation proposed by

Hillel, (1982):
_ 6 c,
am_(ﬁ)z(%i) (5.6)
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where a,, is the total surface area per unit mass, p is the particle density, ¢; is the mass
fraction of particles of average diameter d;. Using the grain size distributions of the
samples from sites 2 & 3 shown in Figure 5.13 and the formula in equation 5.6, a
spreadsheet was used to calculate the grain specific surface area of the samples. Table
5.6 shows the sulphate production rate on a surface area basis calculated from sulphate
production on a mass basis (Table 5.5) and specific surface area.

Fig.5.13 Particle size distributions of sites 2 & 3 Tailings
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Table 5.6: Sulphate production rates on surface area basis

Particle Characteristics Sulphate Production Rate on a
surface area basis (mg/m?/wk)
Sample Specific 100% Specific | Standard | Non- Simulated
ID Surface passing gravity Sobek aerated Rainfall
Area m*/kg | size (mm)
Site 213918 0.25 2.67 0.76 0.48 0.20
Tails T=28°C | T=29°C | T=27°C
Site 3 Jig | 0.57 6.00 4.19 146.72 136.35 39.35
Tails T=31°C | T=33°C | T=33°C
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5.6.2 Temperature Effect on Weathering Rates

The rate of most chemical reactions are observed to increase with increasing
temperature, and the reaction rate constant can be related to temperature through the
Arrhenius expression, equation 5.7, for temperatures T; & T, in Kelvin:

gl E, |11
Sk, T2303R|T, T, (5.7)

where k; and k; are the rate constants at these temperatures, E, is the activation energy
(kcal/mol), and R is the gas constant, 8.31 kcal/mol/K.

The laboratory weathering rates are corrected using the Arrhenius equation 5.7, pH
specific activation energy values and temperature measurements from the sites. At Site
2, the activation energy used for pyrite at pH 7.8 is 88 000 kcal/mol, and pyrrhotite
100 000 kcal/mol, (Nicholson & Scharer, 1994). These values are averaged together for
an E, of 94000 kcal/mol, since the tailings at Site 2 contain approximately,
pyrite:pyrrhotite = 1:1. Drainage from Site 3 jig tailings average pH = 3.5 and the ratio
of pyrite to pyrrhotite is 4:1. At this pH, the E, for pyrite is 52 000 kcal/mol,
(McKibben and Barnes, 1986) and for pyrrhotite its 46 000 kcal/mol, (Nicholson &
Scharer, 1994), giving a weighted average in activation energy of 50 800 kcal/mol.

During the fieldwork period, the estimated internal average temperatures in Site 2
tailings and Site 3 jig tailings were 34°C and 41°C, respectively. Table 5.7 gives the
estimated field weathering rates, K, in mg-SO4/m2/week, corrected for field
temperatures, 7>(°C), where T; and K are the laboratory conditions given in Table 5.6.

Table 5.7: Estimated Field Sulphate Production Rates

Standard Sobek Non Aerated Simulated

T, T, K; K T, T, | K; K T, | T, | K; K

Site | 28 | 34 0.76 1.40 29 |34 1048 0.81 27 134 1020 |042

Site | 31 |41 146.72 | 253.67 | 33 | 41 | 136.35 | 210.73 | 33 | 41 | 39.35 | 60.82

The rates of sulphate release in the field are estimated much higher than laboratory rates
mainly due to higher temperatures experienced in the waste piles due to overburden,
sulphide oxidation and the tropical heat. An often quoted rule of thump is that the rates
of reactions roughly double for every 10°C increase in temperature. This data shows a
similar trend.
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5.7 Concluding Remarks

The geochemical prediction tests performed in this chapter provide critical classifying
information concerning the acid generation potential of the tailings and waste rock piles
at the three sites. At Trojan Nickel (Site 1), the tailings are non acid forming due to low
sulphide sulphur content and buffering from silicates. Results from the Acid Base
Characteristic Curve tests show that the waste rock pile at this site is potentially acid
generating and current buffering is being provided from freshly mined rock containing
acid neutralising minerals. Drainage from this pile could become acidic within a few
years after mining stops. Kinetic tests show that the tailings at Mazowe Mine (Site 2)
are net acid generating with a lag period estimated at 2 years due to buffering from lime
added during gold cyanidation.

By simulating the hydrological regime on site in the humidity cell tests, sulphate
production rates were much lower by a factor of 4, and the predicted time to acidity
longer by 3 weeks than for the standard Sobek cells in the case of Iron Duke (Site 3)
samples. Sample leachates from this site typically have high sulphate, zero alkalinity,
and high metal concentrations although these decline with time.

The laboratory prediction tests provide key parameters to the understanding of
geochemical behaviour of the waste materials under different environmental conditions,
but extrapolation or correction of the data to field conditions is very difficult. Therefore,
to improve the understanding on the geochemical controls on leachate behaviour at the
worst affected mine, it was necessary to implement a full plant and field scale
geochemical investigation at Iron Duke, as discussed in Chapter 6.
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CHAPTER 6

GEOCHEMICAL CONTROLS ON THE NEUTRALISATION AND
ENVIRONMENTAL BEHAVIOUR OF AMD AT IRON DUKE MINE

6.1 Overview of the Acid Problem

Mining and processing of pyrite ore at Iron Duke Mine generates large quantities of
acidic mine water as a result of the oxidation of iron sulphides on exposure to air and
water. The main flows of water into the underground workings include cooling water
used in the drilling & blasting operations and groundwater percolating through fissures.
These streams are mixed, gravitate to the lowest level and pumped to the surface where
they combine with spillage from the jig processing plant and collected drainage from
the jig plant tailings. The combined acid stream of about 180m’/day and an annual
average acidity level of 17563.84 mg/l CaCOs is neutralised with lime before discharge
in evaporation ponds.

The acid mine drainage contains elevated levels of dissolved Fe, Al, Mn & sulphate
and has characteristic pH values ranging from about 0.50 to 3.00. Handling and disposal
of such a drainage places significant impacts on the economics of the mining operation
due to the corrosive nature of the drainage on infrastructure, the limitations placed on
water reuse and discharge to the environment under a new law governing effluent
discharge. Treated sludge at Iron Duke is chemically unstable, changing pH from ~7 to
~3 within four days after deposition in the evaporation ponds. The effluent does not
meet the permitted discharge level of neutral pH, 250 mg/I sulphate and less than 500
mg/l total dissolved solids. Excessive acid seepage from the evaporation ponds has
resulted in contamination of the ground water below the ponds area which shows high
mean annual levels of iron (368.67mg/1), sulphate (1702.89mg/l) and low pH (2.86) in
addition to other pollutants. This poor quality seepage infiltrates into the nearby Yellow
Jacket River, contaminating the public water source. Furthermore, a deterioration of the
land area and vegetation adjacent to the tailings dump is also observed.

Understanding the controls on the neutralisation of acidic drainage and long term sludge
stability after placement in evaporation ponds is essential to minimise costs of closure
requirements and for the protection of environment and human health. The objectives of
this chapter are to evaluate the processes controlling the behaviour of major and trace
components in acidic drainage and to use chemical equilibrium analysis methods to
interpret the chemical evolution of AMD.
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6.2 Materials and Methods
6.2.1 The Neutralisation Plant Process

Figure 6.1 shows the process flow diagram for neutralisation treatment of the acidic
mine effluent at Iron Duke. The neutralisation plant consists of 6 tanks fitted with
agitators, each with a volume of 32.5m’. The first two are used as lime mixing and
storage units. The lime is simply added into water with continuous stirring to produce a
paste. The lime paste from the dosing tank gravitates at a controlled rate to the buffer
tank or first neutralising stage where it’s continuously mixed with raw mine effluent, pH
~2.5, at predetermined rates. It is then allowed to overflow into the second stage tanks
which provide for residence time. When pH reaches the desired range (6.5 — 7) the
second stage tanks are drained through a pump and the neutralised discharge is stored in
holding ponds. The ponds are designed so as to allow for solids settlement in the
receiving compartment with the clean overflow collecting and draining into a separate
pond where it is expected to evaporate.

The chemical instability of the neutralised sludge is a cause for concern and a study was
carried out to determine through laboratory and full scale experience the geochemical
parameters controlling the acid neutralisation treatment, and hence the most suitable
effluent treatment configuration that can give a chemically stable sludge.

From underground
& pollution pents l

Water receiving tank
Lime hopper

Main tan

To evaporation ponds
pump

Fie.6.1 Neutralisation Plant Flowsheet
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6.2.2 Sampling and Analysis of Water & Sediments

Treatment of water samples

A field reconnaissance and drainage monitoring at Iron Duke was carried out once
every month, from May 2004 to April 2005. Surface water samples were collected from
the nearby Mazowe and Yellow Jacket rivers, evaporation ponds, seeps, mine water and
drainage locations in proximity to tailings and waste rock piles. The water samples were
treated as described in Chapter 4 section 4.4.2.

Treatment of Solid Samples
1) Stream Sediments

Stream sediments were collected from upstream and downstream of the mining site to
provide information about baseline conditions for drainage streams proximal and distal
to the mine area, and to investigate their role in the removal of metals and other
contaminants from surface water.

Stream sediment samples were composited by collecting sediment increments from
several places at the sample site, generally along a 100 m stretch of the stream.
Attempts were made to collect 20 to 30 increments in order to improve sample
representativeness. About 1 kg of sediment sample sieved on site through a 2mm
stainless steel screen was collected in plastic sample bags and then air dried. Sediment
samples were predominantly stream alluvium but a few were collected from ponds and
others from runoff gullies below the jig tailings dump and old waste rock pile. In the
laboratory, samples were oven dried at 50°C to prevent baking and sieved through 180
um. The coarse fraction was discarded and the finer fraction was random sampled in 30
small increments and pulverised in preparation for chemical analysis.

ii) Precipitate Samples

Secondary minerals collected were resulting from the weathering of waste rock and
metallurgical tailings, evaporation salts, and from precipitation due to mixing, dilution
and neutralisation. Secondary minerals and precipitate samples of flocs precipitating out
of acidic metaliferous waters were collected by the grab sampling technique. The
samples were composited from wet areas such as ponds and tailings drainage gullies
and placed in sealed plastic bags. The samples were bagged in plastic sample carriers
and retained to the laboratory where they were oven dried at 40°C, riffle split,
pulverised without sieving and then prepared for chemical analysis by XRF.
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6.3 Results and Discussion
6.3.1 Controls on Mine Drainage Composition
a) Variation in heavy metals composition with drainage pH

Figures 6.2 shows the sum of base metal cations concentration in mili-equivalents per
litre as a function of pH for mine waters that drain from the different mineral deposit
types in the Mazowe area in NE Zimbabwe, compared to that of Iron Duke. In general,
metal content increases with decreasing pH reflecting greater amounts of pyrite and
other sulphide minerals coupled with lesser amounts of acid buffering minerals. The
massive pyrite ore body at Iron Duke has extreme acid generating capacity, (up to
463.75 kgH,SO4/t) a feature common to all massive pyrite orebodies. As a result, the
acidic drainage mine water contains extreme concentrations of Fe, Mn, and Al,
moderate amounts of Cu, Ni and Zn. In contrast, carbonate containing tailings deposits
and olivine rich waste rock piles most commonly generate drainage with near neutral
pH values and associated moderate quantities of Ni (as high as 7.52 mg/l) and lesser
copper (maximum 1.06 mg/1).

The importance of geologic controls can be illustrated in other mine waste components
of environmental concern such as tailings drainage, cyanide processing solutions, waste
rock, etc. It can be seen that environmental signature of mine site drainage is a
predictable function of mineral deposit geology, deposit size, host rocks, ore and gangue
mineralogy.

The scale of environmental effects generally increases with increasing deposit size. Host
rock influences factors such as mineral textures, trace element geochemistry and the rate
at which minerals weather and oxidise. As weathering and erosion of mineral deposits
and waste piles take place, secondary mineralogy in the form of new, more chemically
stable mineral suites develop and exert a predominant controlling effect on the
environmental behaviour of acid mine drainage.
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Fig.6.2: Variations in trace metal concentrations in streams draining from different rock type
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b) Climatic Controls on Drainage Chemistry

Amounts of rainfall and prevailing temperatures influence the amount of water available
as surface runoff, the level of the water table, rates of reaction, amounts of organic
material, and other parameters that affect the oxidation of sulphide minerals. Water
tables are shallow in wet climates and deep in semi arid climates. However, depth to the
water table can be highly variable across short distances within a mine site as observed
at Iron Duke where water tables vary from 2.25m to 60m. Drinking water borehole
levels are in excess of 45m, whereas a shallow aquifer with water levels from 2.25m to
9m exists on the down gradient of the evaporation ponds.
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Table 6.1 compares the summary statistics (maximum, minimum, mean, geometric
mean, standard deviation, skewness and kurtosis) of hydro-
geochemical parameters of mine water during the dry and wet seasons. The statistics
for elemental concentrations including sulphate are based on 12 measurements and 24
measurements for the field parameters like flow, pH, temperature, redox (Eh), TDS and
EC. Skewness describes the symmetry of the data distribution around the mean, and
kurtosis is a measure of whether the data is peaked or flat relative to a normal
distribution. Most of the data shown is skewed to the left and slightly more flat around
the mean. The rest of the monitoring data supporting the fore going discussions is
presented as Figures, in Appendix D.

Acidity, metal concentration and levels of other pollutants generally tend to increase in
the dry season with lower values observed in the wetter months from December to
March due to increased percolation of ground water to the mining level. The increased
volume of mine water has ramifications in terms of water handling procedures for the
mine in that it means more pumping and treatment costs. Although there seems to be
small differences between the dry and wet season pollutant concentrations in Table 6.1,
a clear pattern is shown by plotting the full data in Figure 6.3. In this figure, the effect
of seasonal variation on water chemistry is clearly illustrated where the pH of surface
water in Yellow Jacket River upstream of the seepage point D is seen to vary about a
mean throughout the year. However, the moving average for the seepage point shows a
trend where pH decreases significantly to as low as 2.5 in the drier months, June to
October, and steadily increases to above 5.0 at the peak of the rain season between
January and March. This implies that pollution by AMD has a significant impact on
water quality during the dry period. This is further evidenced in Figure 6.4 by the
seasonal variations in TDS, sulphate, iron and manganese concentrations.

—@— Upstream of point D

—+—Seepage Point D

o2 per. Mov. Avg. (Upstream of point D)
o2 per. Mov. Avg. (Seepage Point D)

Fig.6.3 Seasonal Trend in Surface Water pH

pH
w O

0 T T T T T 1

mai/ jun/ 04 jul/ 04 aug/ sep/ okt/ 04 nov/ des/ jan/ 05 feb/ 05 mar/ apr/
04 04 04 04 04 05 05

126



%€z 100 S0 6L 66'} 8Ll 95z ZvL- 050 180 0’ e} €0 ¥5Z 1/Bw €D
8T 60'L- 190 15Z 1S 181 €ze Z8C- 200~ 160 59C 6.2 8L 68°€ 1/Bw uz
59z 100 800 S0 90 9z'0 Sv'0 €20- 200~ ) €20 120 800 9’0 1/Bw no
eL}- Zvo- 150 5S') €9l ¥8°0 leT €20- 0L 90 9z} £} 9,0 Wz 1/Bw N
800 €e0- 66'€C | 8voeL | 8eeel 8696 | Sz09L | 9rl- 8%'0- 9evz | wieel | L0seL | 9LzoL | evlol 1/Bw %
vZL- 0v'0- sgel 06 9e'L6 vs29 | oL | owzo- 8e0- €6 .26 vl'e6 86'8/ 9r'e0l 1/Bw un
ze 9z'L- | soeell | oreels | Loeves | sveive | 26v8.9 | v60- 96°0- | ceevll | 82'8€.G | L./1¥8S | 18S90V | 92'5089 1/Bw o4
9z'0 €e0- 86'Ly | coselL | 9586L | 998yl | 8869 | Li0- 610 9/19 | <896, | 6002 | 6504 | 9z.8¢C 1/Bw FON
900 110 1069, | Gr€z8 | 668 | 8zes9 | zgl0LL | 1GO- €e0 og9vz | L08e8 | €9.98 | LL8vS | vO'l€2) 1/Bw 0
€e0- 0,0 | seelzz | €20126 | SL6066 | 8L°952. |6TvivEL| 99')- 190- | 18'9.vL | 620960 | 959v0LL | ¥82906 | 28'/¥9ZL 1/Bw -Zv0S
€1L0- v90 | ¥8'98/z | 2282981 | 8629881 | 02'0692L |0L'€v80z | 69°0- 150- | z9esee |ovzyesl | €Lese6L | 09'68¥9L | 0z'Gr9zz | wosgn o5
00 100- | 62€092 | 29062554 | Lvebish | ozevsLL |o6gvoel | 2g0- LVi- | ev's90z | vazooLt | z6'8LLLL | 09'b2gL | 0€€098L 1/Bw saL
880 100 | L9¥eBL | 2L'2eeolL | €9sieal | evieeyl |zvsazel | Zco 0,0 | 29859 | 9ovesiel | ¥0Ziesl | 6vZie9L | 06'86vLC |€00EDNBW | Aupioy
€6'0- 950 226 56'96 0€'L6 0968 | ogziL | 9eu- 110 €512 119 €129 ov'L2Z 0v'96 AW g
9l 80 L0 vz 05¢C 8Ll S0y LLo- 90 8’0 9z 0eZ Sl 88z Hd
1£2 18°0- oLl 10’52 €052 0Z'€Z ozoz | /81- 150 90y zL0z 1012 08} 02'sZ % ‘dwa)
0v'0- 600 €20 5.2 5.2 el 98¢ 090 0€0 810 oL oL \ZL vl U/ Mmol4
SIS0lINY | SBU MBS (A8 ‘PuBIS| UEdBWOoaD) Uegi\| Uy Xe SIS0LINY | SBUM3BXS | A8 ‘PuUelS | Ueaoas) Uegi\ Ulp Xe Jajaweled
NOSV3S 13M NOSVAS AYA
uosess 1s\ B >‘_D ul sislawe.led _mo_c._mr_uo\_bf JO SJI1SIeIS T'9 9|ge L

“JIWI] UOTJOJOp JOMO] 9 JO dN[eA Y} J[ey SuIsh Poje[no[ed dJe SISOLINY 29 SSOUMAYS ‘SUOIRIAID

piepuels ‘sueowr Jojoweled oy} ‘(BIUUI] UONIO0IOP AU} MO[Aq SIUSWAINSEAW JWOS 9°T) ‘PoIosudd Affenied sem Iojoweled [enprAipul ue Ioj 39S elep oy usym "d'N




Fig.6.4: Box plots of Pollutants Concentration in stream water for Dry & Wet Season
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6.3.2 Effects of Dry and Wet Cycles on the Evolution of AMD
a) pH and Trace metal Fluctuations

The range of pH fluctuation throughout the year for various drainage waters at Iron
Duke is best illustrated by the box plot in Figure 6.5. As expected, neutral treated sludge
and surface water along Yellow Jacket River, upstream of mine site, have the least
range (difference between minimum & maximum pH) throughout the year. In contrast,
the pH in the evaporation ponds after sludge disposal shows a wide range, with
minimum non outlier pH values around 3.0 observed in the drier months of the year.
The same applies to ground water from the contaminated shallow aquifer, which shows
an outlier minimum pH of 1.1 recorded in October (the hottest and driest month just
before the rain season starts in November). Drainage from the jig tails dump is most
acidic as well during the drier months, but the flow is only a trickle, greatly reducing
pollution impacts. Surface water at the seepage point is greatly influenced by recharge
along the Yellow Jacket River and mixing with fresh streams due to rainfall in the wet
season resulting in a wide range between the 25 & 75% quartiles. Non outlier maximum
pH is also high at 5.5 in the wet season, compared to 2.7 in the drier months.



Fig.6.5: Summary Statistics of Drainage pH
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b) Contaminant Fluxes and Flushing Model

The release of acidity from the jig plant tailings is controlled to varying degrees by the

dry and wet cycle changes throughout the year. It has been observed that:

i)

During the dry spells, base flow conditions develop, a small proportion of
the reactive surfaces are leached which allows oxidation products to build up
in some sections of the dump. During this period, drainage flow decreases
markedly, sometimes even drying up completely. However, intermediate
oxidation products (sulphate and hydroxysulphate minerals) accumulate in
the dump as oxidation proceeds. Based on the mineralogy, the intermediate
products may include melanterite - FeHSO4.7H20; jarosite —
NaFe3(S04),.(OH)s or KFe3(S04),.(OH)s; Coquimbite — Felllz(SO4)3.9H20;
alunite — KAI3(S04),.(OH)s and Jurbanite — AISO,OH.5H,0.

When rainfall first comes, infiltration into the dump occurs, resulting in
leaching and rinsing of more reactive surface areas. The accumulated
secondary products are dissolved and mobilised, resulting in a highly potent
“first flush’ of concentrated contaminant load in the jig tailings drainage
water, equation (6.1).
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KAL(50,),(OH) +3H ,0 <K "+ A" +2504 > +60H +3H ,0 <> 3AI(OH ), +K "+2804* +3H*

iii)

(6.1)

As wet conditions persist, the high initial acidity and metal concentrations of
the first flush decay, leading to reduced pollutant loadings and diluted
drainage flow. The most abundant dissolved components in mine water and
tailings drainage at Iron Duke are sulphate and iron. Figure 6.6 shows the
decay of iron concentrations in the jig tailings drainage following a series of
rainfall events between November 2004 and February 2005. The dotted line
is the predicted non — linear exponential decay for the iron concentration
(contaminant load, Y) in mg/l and is given by:

. 6.2
Y =[Fe]=1906.5¢ """ 6.2)
and t = x is the time taken for exponential decay flushing in days.
Fig.6.6: Contaminant loading in jig tails drainage following
rainfall events
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iv) When dry conditions are re-established, contaminant loads are generally

lower than wet conditions due to reduced flow. However, Fe concentrations
begin to increase again, but with trickle flow, reaching a steady peak around
1100mg/1 during the cool and hot dry months from May to October, Figure
6.7. There is a sudden jump in concentration when rainfall starts again in
November, and the rise in Fe concentration reaches a level around 1800mg/1,
somewhat lower than the level witnessed at the onset of rainfall in the
previous season. With increased rainfall, concentration falls exponentially,

and the cycle is repeated.
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The cycle in Fe concentration fluxes is indicative of the flushing out of
accumulated oxidation products from the tailings dump with rainfall water.
The steady state trend observed from May to October possibly reflects
ongoing acidity production due to pyrite oxidation. Some comparisons can
be drawn between this scenario and that found out by other researchers.
Younger et al., (2002) studied the evolution of contaminant loading from
Wheal Jane tin mine in Cornwall, UK, following its overflow in 1992. They
found that acidity seemed to follow a quasi exponential decay curve and the
flushing time can be related to the time taken for the mine to fill with mine
water following cessation of pumping. This means that the rate of decay is
related to the floodable mine volume.

Each time it rains, drainage flow increases proportionally. Although surface
runoff is influenced by rainfall, Fe concentrations in the drainage water are
proportional to the flush volume which depends on porosity and
permeability of the tailings among other factors like held up oxidation
products. For unconsolidated materials, porosity and permeability depend on
packing of grains, grain shape and the variation in grain size. Porosity is a
measure of the water bearing capacity and is part of the tailings capability to
hold water. It depends primarily on the degree of compaction, the state of
solution and existence of channelling in the dump. Permeability is the ease
with which fluids pass through a porous media and is reflected by the
hydraulic conductivity, K, given by Darcy’s Law (equation 6.3):

[ P8 |2
) Al
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Q is the rate of fluid discharge through an area A, and q is the flux proportional to

the hydraulic gradient (Ah/Al), k is the permeability, p is fluid density, p is fluid
viscosity and g gravitational force factor.
Based on contaminant loading data from Wheal Jane tin mine, following its
overflow in 1992, Younger et al., (2002), found out that rising mine water levels
dissolved and mobilised accumulated secondary products and acidic pore waters
resulting in a highly potent ‘first flush’ of concentrated mine water. With time,
the high initial acidity and metal concentrations of the first flush are expected to
decay exponentially towards a steady state contaminant loading that reflects
ongoing pyrite weathering.

vii)  The flushing model is characterised by an abrupt increase in concentration of
contaminants near the zone of pollution input between Points C and E, then
continuous and smoothly decreases downstream.

6.4 Mechanisms of Metal Attenuation

The principal objectives in treating AMD at Iron Duke are to neutralize free acidity and
reduce the concentrations of Fe, Al, Mn and sulphate to very low levels so that the
effluent quality is acceptable for recycle or release. The active chemical treatment of
acidic drainage is typically accomplished using lime to raise the pH of the acidic stream
and remove dissolved metals through precipitation and co-precipitation. These
processes result in the formation of a gypsum/metal and/or hydroxide/carbonate sludge
which requires disposal in evaporation ponds.

Concentrations of metals in mine site drainage are typically created by the dissolution of
minerals into that drainage. According to principles of geochemistry, there are two
endpoint controls on aqueous concentrations in waters draining from mine sites, namely
kinetic and equilibrium processes. Kinetic controlled concentrations fluctuate with time
and are dependent on physical factors such as flow rates and dilution. If the drainage
remains in contact with minerals long enough such as happens with stagnant drainage,
equilibrium may eventually be reached. In contrast, equilibrium controlled
concentrations are often more stable and do not change with time. Aqueous
concentrations are independent of the amount of water and mineral, and if drainage
moves into contact with other minerals, equilibrium will change, resulting in either new
equilibrium or kinetic conditions.
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The overall picture for the mobilisation, dispersion and attenuation of AMD pollutants
at Iron Duke can be summarised as in Figure 6.8. About 3t/day of acid are neutralised
and deposited as sludge in the evaporation ponds. Acid and metal fluxes have been
monitored through the flow pattern and the attenuation takes place through four major
stages as depicted in the diagram. The mechanisms of metal attenuation are discussed in
the sections that follow.

Mine Water N Nuetralisation Plant 1
3t/d acid 7y >
Collected Sludge
Drainage
Jig Tailings Evaporation Ponds ?
0.6t/d acid
Seepage
A
Fugitive Seepage Perched Aquifer 3
v v Seepage
Yellow Jacket River A .| Mazowe River
6t/d acid
Fig.6.8: Schematic overview of drainage flow pattern at Iron Duke

6.4.1 Stage 1: Equilibrium Controls on Acid Neutralisation with Lime

The most common by — product of lime neutralisation is gypsum, which is precipitated

when the acid mine water comes into contact with the added lime according to equation
6.4.

Ca(OH),+H ,S0,= CaS0O,.2H ,0 = Ca**+S0+* +2H ,O (6.4)

This reaction is responsible for scale formation and excessively large volumes of sludge
observed in the treatment plant. It is presumed that the large amount of sulphate in the
feed water (~9700 mg/l) most likely pushes the solubility product well above saturation.
The approximate concentrations of Ca and SO4> that may be expected upon gypsum
saturation can be estimated from the Law of Mass action and hydrochemical data tables
(Appelo and Postma, 1996), for reaction 6.5, where K4 is 10*°% at 25°C.
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Thus, as (Ca*") = (SO4>), the activity of both Ca and sulphate must be 10%*° mol/dm’
for dissolution of gypsum at 25°C. Assuming that the activities of Ca and sulphate
approximate to concentrations, and that Ca weighs 40 080 mg/mol & sulphate weighs
96064 mg/mol, gives Ca = 206 mg/l and sulphate = 493 mg/l upon gypsum saturation.
Hence a sulphate concentration above 9700 mg/1 in the feed water to the neutralisation
plant will precipitate a lot of gypsum. The Saturation Index, (SI) is defined as the
logarithm to base 10 of the ratio of the product of the activities of the relevant ions to
the Keq.

e (6.6)

o log[(Caz*).(S04 2‘)}

If SI = 0, equilibrium exists; SI < 0, the solution is under saturated with respect to
gypsum and gypsum will dissolve; and when SI > 0, the solution is oversaturated and
gypsum will precipitate. The major components in mine water before and after
treatment by the normal plant configuration are presented in Table 6.2. The SI of
gypsum for treated water is 1.66, suggesting that it will tend to precipitate even after
deposition. However, this is not the case as explained below.

Table 6.2: Chemical composition of mine water before and after lime treatment

Parameter Feed =+ Standard | Treated Treatment Target
Deviation Efficiency (%)
pH 2.84+0.48 6.75 100temporary 6.5-7.0
Eh (mV) 67.13 £27.53 207 - -
Acidity (mg/l CaCO;) | 17 538.42 + 658.67 | 370.16 97.89 temporary <50
Sulphate (mg/1) 9705.77 + 1476.81 | 3108.53 67.97 <500
Iron (mg/1) 5379.18 £ 1143.32 | 3564.96 33.73 <10
Aluminium  (mg/l | 146.03 = 24.36 33.08 77.35 <5
Manganese (mg/1) 96.52 £9.33 74.18 23.15 <5
Calcium (mg/1) 1.30 £ 0.87 1486.75 - -
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Although titrated acidity is greatly reduced (97.89%) by neutralisation, it has been
observed that the pH of treated sludge shifts markedly from within the target range of
6.5 — 7.0 to less than 3.0 in the evaporation ponds just after 2 days deposition. Except
for aluminium, the removal of iron and manganese is not efficient and way off target.
One possible explanation for this is that while the influent to the evaporation ponds is a
weak acid semi neutral sludge, what evaporates is pure water. This means that acid and
metal concentrations rise as a function of time. The ponds have reached supersaturation
with respect to jarosite and other iron hydroxides which form a thick yellowish to brown
red sludge at the bottom of the pond. The pH of the ponds has dropped to around 3.0
and acid is seeping to the ground water down gradient of the ponds area.

6.4.2 Stage 2: pH - E, Controls on Metal Precipitation and Hydrolysis in
the Evaporation Ponds

Precipitation and Co-Precipitation of Hydroxides and Oxy-hdroxides of Fe, Al and Mn

When the mine water is pumped to the neutralisation plant, increased access to oxygen
and increase in pH on mixing with lime causes oxidation, hydrolysis and precipitation
of metal oxy-hydroxides. Ferrous iron oxidises and precipitates as an orange ferric oxy-
hydroxide (ochre) as depicted in equations 6.7 and 6.8.

4Fe* +0,+4H " 4Fe* +2H ,0 (6.7)

Fe**+3H ,0 < 3H "+Fe(OH), (6.8)

The overall ochre precipitation reaction is proton generating and this may further
explain why the evaporation ponds have become ‘acid generators’, and hence pH of
neutral sludge does not remain stable after deposition. However, the reaction may
become potentially self limiting in that generation of protons may lower the pH to a
point where ferric ions no longer precipitate as hydroxide unless adequate neutralization
capacity (alkalinity) is present in the pond.

More than a dozen compounds fit within the designations of iron oxides, hydroxides,
and oxyhydroxides (Schwertmann and Cornell, 1991). Some of the most common are
ferrihydrite [FesO7(OH),H,0], goethite (a-FeOOH), lepidocrocite (y-FeOOH), hematite
(0-Fe,03), and amorphous ferric hydroxide Fe(OH)s;. The bottom of the ponds is
characterised by reddish brown and brownish yellow (orange) sediments (precipitates)
suggesting domination of the composition by ferrihydrite and schwertmannite,
respectively. This is supported by the evidence of other researchers (Webster et al.,
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1998; Carlson et al., 2002; Kim & Chon, 2002) who performed XRD analysis on
precipitates from similar samples and found out that the two minerals commonly
precipitate from acid sulphate rich waters. A chemical analysis by XRF was performed
on the ponds sediments to check the composition of major oxides. Table 6.3 shows that
the reddish brown precipitate consists approximately of 68 — 77% Fe, and 7.8 — 9.5%
CaO, with small amounts of 0.8 — 1.7% MnO,, 2.5 — 3.6% Al,O3, and 0.9 — 1.4% SiO,.
The balance (LOI — Loss on Ignition) is probably mostly chemisorbed water. The
brownish yellow precipitate exhibited Fe:S ratios from 4.72 — 6.31 (deduced from
sulphate content by the barium chloride precipitation and gravimetric method).
Although Fe:S ratio for the ideal schwertmannite [FegOg(OH)sSO4] is 8, the lower
values are usually found and are attributed to adsorption of excess sulphate on the
schweertmannite surface, (Ghiorse and Ehrlich, 1992; Schwertmann et al., 1995).

Additional minerals form when the sludge comes into contact with acidic/sulphate water
in the evaporation ponds. Bigham et al., (1994), reported that such minerals may
include jarosites [(H,K,Na)Fe;(OH)s(SO4),], melanterite [Fe(SO4)7H,O] and ferric
sulfate [Fe,(SO4)3]. These minerals differ in important characteristics, including degree
of crystallinity, solubility, and thermodynamic stability. Amorphous ferric hydroxide
exhibits no long range order (and thus no X-ray diffraction pattern with conventional
methods), and appears to be the most common initial solid formed when iron(III)
precipitates. With time and loss of water, amorphous solids tend to convert to the
crystalline forms of goethite and/or to hematite (Schwertmann and Cornell, 1991).
These minerals are important because of their common occurrence in mine waste
environments and demonstrated ability to adsorb or form co-precipitates with organic
compounds and ions of a wide variety of elements (Jambor, 1994; Jambor and Dutrizac,
1998).

Table 6.3: Chemical Composition of Evaporation Ponds Precipitates by XRF

Sample Fe,O3 CaO A|203 MnO, SIOZ P,Osg LOI
ID

RB-1 67.84 7.81 3.58 0.76 0.88 0.06 17.14
RB-2 | 7553 9.47 2.50 1.24 1.37 0.08 15.82
RB -3 76.92 8.05 3.27 1.65 1.04 0.11 16.07
BY -1 48.26 9.37 4.06 1.14 0.82 0.31 28.11
BY -2 |58.19 12.18 3.25 0.96 1.26 0.18 33.29
BY -3 |52.06 10.94 2.93 1.42 1.19 0.07 27.95
RB — reddish brown (ferrihydrite); BY — brown yellowish (schwertmannite)
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Iron(I1I) usually has an ionic radius of 0.063 nm in octahedral coordination. Because
both AI(IIT) and Mn(IIl) are of similar size (0.053 and 0.065 nm, respectively), they
may substitute for Fe(Ill) with little to moderate distortion. Mn(II) on the other hand,
has an ionic radius of 0.082 nm (Schwertmann and Cornell, 1991). The authors
suggested that Al for Fe substitution should introduce considerable strain into the lattice
structure due to shorter bond lengths with oxygen and result in the inclusion of
additional hydroxyl ions.

Since the efficiency of technology would be limited by the effective solubility of iron as
solution moves through the treatment system, an understanding of iron solubility
fundamentals is important. Ferric iron is quite insoluble compared to ferrous iron. The
K for ferrous hydroxide is 4.87 x 10'17, while the Ky, for ferrihydrite is 2.64 x 107
(CRC Handbook of Chemistry and Physics, 71st Edition) and the K, for amorphous
ferric hydroxide is often taken to be 107°. While there is some dispute among
researchers as to the precise K, for each of the oxy-hydroxide forms of Fe(III), there is
no disagreement that ferric oxy-hydroxides are extremely insoluble, with minerals of
increasing crystallinity being more insoluble.

The hydrolysis of ferric iron in the presence of sulphate is strongly influenced by pH.
Figure 6.12 shows how pH controls the solubility of ferric aluminium hydroxide species
in water. Appelo and Postma (1996) suggest a value for Kq = 10* = [Fe’")/[H]. Thus
for systems in equilibrium with Fe(OH)s:

Log[Fe’] = 4 + 3log[H'] (6.9)
Log[Fe’] = 4 - 3pH (6.10)

Equation 6.10 approximates to the line marked Fe’* in Figure 6.9. At pH = 6, [Fe’'] =
10" mol/dm’, when pH = 2, [Fe’"] = 107 mol/dm’, which explains the very low
solubility of ferric iron at high pH and appreciable solubility at very low pH. At pH
values more than 8, the solubility increases as a result of complexation with the OH
ligand. In a similar way dissolved aluminium precipitates as a white to yellowish
hydroxide commonly observed along the seepage zone C to E along Yellow Jacket
River.
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Fig. 6.9: pH dependence of ferric & aluminium hydroxide species in
water. Dashed lines represent total element solubility (after Stumm &
Morgan, 1996, and Younger et al., 2002)

Redox and Stability of Iron Phases

The redox potential describes the reduction — oxidation state of a solution and controls
the oxidation state of elements that can exist in several oxidation states, hence element
mobility. Some metals are more mobile in one oxidation state than the other. The lower
the value, the more reducing the solution, and the higher the value, the more oxidizing
the solution. The Eh for the mine water before treatment is very low averaging 67.13
mV but rising to 207 mV after lime treatment. The stable phases for a combination of
Fe — S — C — H,O species in solution under a variety of Eh — pH values at temperature
25°C, is shown in Figure 6.10, together with that of manganese superimposed (modified
after Appelo and Postma, 1996).
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The figure shows the following:

8

10

12

14

e That pyrite is stable in circum — neutral, reducing conditions, i.e. the subsurface

of the geosphere.

e By increasing Eh and thus moving vertically from the pyrite field, we see that

pyrite becomes unstable and gives way to siderite or ferric oxyhdroxide

domains. As a result, in acidic mildly reducing conditions in the untreated mine

water ferrous ions are the most stable, while ferric ions become more stable in

strongly acidic and oxidizing conditions in the evaporation ponds.

e Mn(OH); is precipitated at very high pH >9.5 under reducing conditions and this

explains the very low removal efficiency (23.15%) observed for manganese

during treatment.

The implications of these deductions on the technology of AMD control at Iron Duke

are as follows:
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1) Aeration — Oxidation

Ferrous hydroxides (Fe*") precipitate at a much higher pH, and are not as stable as ferric
hydroxides when the sludge is exposed to acidic waters. This implies more lime
consumption and higher operating costs. As a result, aeration should be applied to
oxidize the iron to the stable form according to equation 6.11.

Fe(OH)2+%H20 + %02: Fe(OH), 6.11)

Other observed problems with ferrous hydroxides are that they do not settle as well as
ferric hydroxides and they can create a highly viscous sludge. There are three major
advantages for proper oxidation of iron, namely: sludge stability, better treatment
efficiency and sludge viscosity. Therefore, it appears that the inclusion of an aeration
step in the lime neutralization circuit will be advantageous.

i1) Formation of calcite (Calcium Carbonate)

Calcium carbonate is also a common by product of lime neutralization, reaction 6.12.

Ca**+CO3* = CaCO, (6.12)

The inorganic carbon for this reaction comes from the AMD itself or the carbon dioxide
in air, which is dissolved during agitation. This carbon dioxide converts to bicarbonate
and then partially to carbonate at high pH (Figure 6.11), and the carbonate fraction will
precipitate with the high calcium content of the slurry to form calcite. This calcite can
play an important role in the stability of the final sludge product as it provides
neutralizing potential to the sludge when deposited in the evaporation ponds.
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(] [ -
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i / ]

E ol o 1 Fig.6.11: Inorganic
g 0. _ 5/ | Carbon Equilibrium
b : ‘;"-..__ (after Langmuir,
c 04f 43 1 1997)
= i
= F 1
g 0.2 ' I
£ "l

0.0

140



As shown in Figure 6.11, the carbonate species (COs>) is only prevalent at pH values
more than approximately 10.3 and is practically non existent at pH values less than 8.5.
Therefore, calcite precipitation at pH values below 8.5 is not expected unless the total
inorganic carbon concentration is very high. The implication is that the treatment pH
target range of 6.5 — 7.0 is too low for the low density sludge process and at least 8.5
should be the target if also manganese and aluminium are to be precipitated.

6.4.3 Stage 3: Adsorption and lon Exchange in the Shallow Aquifer

The water chemistry of the shallow aquifer located on the down gradient of the
evaporation ponds was monitored on a monthly basis from May 2004 to April 2005, and
the summary statistics are presented in Table 6.4. The ground water is heavily impacted
by acidic seepage from the ponds and show low pH (1.21 — 3.70), high levels of iron
(265.11 - 406.71) mg/l, Mn (149.23 — 245.03) mg/l, Al (0.46 — 3.56) mg/l, sulphate
1301.30 — 2007.74 mg/l and considerable amounts of Ni, Zn and Cu. Iron values are
negatively skewed, while Ni values are positively skewed, suggesting poor distribution
around the mean for these elements.

141



80°0 85°0- A4 ¥9°GC ¥6°LC (444 8191 LZ'qe |/Bw EN
€60 19°0- LG €19 0r'9 €€°9 S0'E 9.'8 /6w A
0€0 95°0 ¢0'8 2’ 12°9C 0€' L2 70 ¥l G9'Cy /6w BN
200 425 1G0€ 00°GEC £€9'81¢ 16°9¢€¢ €681 ¥¥'89¢ |/Bw D
10°L- .0 ge0 9€’L €'l ov’L 90°'L ¥0°C |/Bw uz
G0 8€°0 90°0 L0 Lv0 34 LE0 €50 |/Bw no
6Ll €41 /80 L'l 9Ll 8G°1 /80 Ly'€ /6w IN
850 96°0 060 Ge'lL 6l AN 9v'0 9G'¢ /6w v
6L ¥Z'0 €0'LE 81°16l LE°€6lL yy'E6l €6yl €0'S¥C |/Bw UN
29¢ 08°L- 99°¢y 80°99¢ ¥8'18¢€ 19°89¢ 11°69¢ 1290 /6w =
G6°L- 90°0- 8L.°GL 69°G0¢C 18°9l¢ 0g'8lc 68°¢Cl ¢v'80¢ |/Bw 10
G8'¢ 08'L 0891 er'va 188V 8299 ¥0°¢v £€'86 /6w FON
96t | 60 | 0528l | 95°€69L | 69°689L | 68'20LL | OS'LOEL | v2'2002 bw| oS
0L} €€°0 8.'6.0C | 66°L.¥9 J 01°2989 9S'¥9.9 09'82Ly | 0C°€1001 wo/gn o3
€0'L- 6170 6€'8/8L | G9°99.v | Gl LOLy 299209 02'99.¢ 00°8€€8 /6w Sal
0C'0- Ge'0 9G°0 79’y 89V .9V 28'¢ v.'S |/Bw od
i0/AIG# ) i0/NIQ# 00°0 iINNN# 00°0 00°0 000 000 COOHI/BW| Ajuieyy
06'6 10°€ 2€'9¢01 | 2¢9'€86 L¥'0Z8 Ev'6.LLL Sy'€09 90'¥2ey JeODeDl/bw| Ayploy
8G°L 9l°1- 719 L°GeC 06'9€¢ 8¥'GEC 00°'Lce 00°€vC AW y3
LL0 1.0 1.0 v.'C S6°¢C 98¢ L2’ 0L°€ Hd
8¢'L- 290 990 ¥6°¢¢ g9'¢e S6°¢¢ oege oL've Do|@injesadwa]
€8°0- G600 vl €y VA4 vy Gc'¢ 969 w| yidaqa 11am
sisouny| fsaumeyg Aegelg |ueswoen | uelpapy ues|y Ui Xep Zl = Wno)
Jajinbe painjjod ay) ul uonisodwo) Jale M PUNOID JO SONSNEIS Alewwns y'g a|qel |




The migration of contaminants through the aquifer (vadose zone) takes place through
advection, mechanical dispersion and molecular diffusion. These mechanisms take
place on the dissolved and suspended contaminants in response to gravity flow, pressure
and density difference, and chemical kinetic activity over a concentration gradient as the
water containing contaminants flows around the solids in the aquifer media. The fate of
contaminants in the vadose zone is such that their transport or mobility may be retarded
and attenuation may take place yielding lower concentrations in the liquid/mobile phase.
This is due to processes such as adsorption and ion exchange, where ions are transferred
from water to the soil. Heavy metals are adsorbed to the soil particles by either cation
exchange or chemisorption. Saether, et al, (1997) reported that dispersion of
contaminants into soil and groundwater at a former industrial site in Norway was mostly
controlled by strong bonding between the contaminants and the aquifer soil matrix.
Patrick and Verloo (1998) reported that heavy metals are adsorbed to the clay and
organic matter by electrostatic attraction and will remain attached as metal atoms. Their
speciation may change as aquifer geochemical conditions such as pH & Eh change,
(Groudev et al., 1999; Weibner et al., 2005).

Clay mineralogy influences attenuation capacity as the mass of metal which can be
electrostatically bound to a unit mass of clay increases with specific surface area,
(Young et al., 1996). Additional compositional control on attenuation of metals in the
aquifer is exerted by secondary minerals such as metal oxides and hydroxides. Both Mn
and Fe oxides, hydroxides and oxy-hydroxides are well known to precipitate from mine
drainage waters and to have high levels of substitution of heavy metal cations for other
metal ions within their respective crystal lattices, (Gong and Donahoe, 1997; Lin and
Herbert, 1997). The ‘contaminant front’ has reached breakthrough point, and leakage of
metal laden seepage into the Yellow Jacket River is testimony that the sorption capacity
of the shallow aquifer is now exceeded with respect to some of the contaminants.

6.4.4 Stage 4: Dilution and Immobilisation in the Yellow Jacket River

The Yellow Jacket River is the principal pathway of AMD related pollutants at Iron
Duke. The river receives direct seepage from the contaminated perched aquifer and also
fugitive seepage from the jig tailings dump. River waters at the seepage point exhibit
elevated levels of several contaminants and trace metals (Al, Cu, Ni, Mn, and Zn) in
comparison with background values, Table 6.5.



Table 6.5: Surface water concentrations (mg/l) of dissolved and particulate trace
metals for the dry (August 2004) and wet season (February 2005) along Yellow
Jacket River

*Background Dry Season Wet Season
Total Dissolved | Total Dissolved | Total Dissolved
Al 0.12 0.07 12.85 12.34 10.82 9.30
Mn 4.36 2.89 127.06 115.67 164.17 124.08
Fe 1.05 0.67 5.16 2.66 7.42 3.97
Cu 0.02 0.01 0.22 0.13 0.35 0.23
Ni 0.18 0.06 1.58 1.44 0.95 043
7n 0.03 0.02 3.17 1.03 1.83 0.34

* Upstream of mining influence on the Mazowe River

In the dry season, Al, Mn, Cu and Ni were primarily present as dissolved species (< 45
um), while Fe and Zn were largely hosted in particulate phases. Increased river flow
caused by rainfall in the wet season results in erosion of weathered minerals around the
mine site leading to increased concentrations of both particulate and dissolved metals in
the river. This explains the high levels of Mn (164.17 mg/l) and Fe (7.42 mg/l) observed
during the wet season, and it results in greater loadings of metals to the Mazowe River
sub-catchment. The high particulate Fe concentrations during the wet season suggest
that trace metal associations with Fe oxy-hydroxides may be significant.

Rapid attenuation of acidic drainage input is demonstrated by the changing aqueous
concentrations of metals and sulphate along a 110 m stretch starting 25 m before the
seepage zone continuing downstream as shown in Figure 6.12. In general all metal
concentrations rise above background values as the river passes through the mine site,
reaching a peak and then decrease rapidly after the seepage zone. Concentrations
decrease more or less to background levels just before the confluence with Mazowe
River mostly due to dilution. The pattern of changing concentrations of dissolved
sulphate parallels that of the metals and can be explained by the formation of Al, Fe, or
Mn oxy-hydroxides and scavenging of sulphate and trace metals from water to these
minerals. Alternatively, sulphate can also be removed through the formation of Fe & Al
hydroxyl-sulphate precipitates, (Ali and Dzombak, 1996; Munk et al., 2002).
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Fig.6.12 Pollutant Profile along Yellow Jacket River
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Sorption is possibly the most important mechanism that can explain the observed
changes in metal concentration along Yellow Jacket River. Sorption is a chemical
reaction in which metals are transferred between stream water and the surfaces of
streambed materials, such as sediments, rocks and aquatic plants. During desorption,
metals are detached from streambed materials and added to stream water, thereby
increasing dissolved metal concentrations in stream water. During adsorption, metals
are transferred from stream water to streambed material, thereby decreasing metal
concentrations.

Sorption of a specific metal is affected by its charge, temperature and pH of stream
water. Water temperature and pH commonly increase in streams during the day and
decrease during the night in response to the daily cycles of daylight and darkness.
Negatively charged ions may desorb while positively charged ions are adsorbed under
the same conditions of temperature and pH, (Nimick et al., 2003). These changes are
key factors in determining the amount of each metal that is adsorbed or desorbed.

Adsorption mechanisms are generally categorized as either physical adsorption,
chemisorption, or electrostatic adsorption. Weak molecular forces, such as Van der
Waals forces, provide the driving force for physical adsorption, while a chemical
reaction forms a chemical bond between the compound and the surface of the solid in
chemisorption. Electrostatic adsorption involves the adsorption of ions through
coulombic forces, and is normally referred to as ion exchange.
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6.4.5 Dispersion of Heavy Metals in Stream Sediments

The concentrations of Fe, Mn, Al, Cu, Ni and Zn in the stream sediments of Yellow
Jacket River exhibit high enrichment along 110 m downstream of the seepage point in
comparison to background values. This means that the sediments are serving as a
diffusive sink for the dissolved metals. These metals are most likely fixed as authigenic
sulphide minerals as evidenced by the smell of rotten eggs characteristic of hydrogen
sulphide. Figure 6.13 shows that Fe, Mn and Zn exhibit maximum concentrations
further away from the contamination point. Conversely, Cu, Ni and Al show higher
levels near the contamination point. The contrasting behaviour of these elements
suggests that their distributions may be governed by different controls.

A number of physical, chemical and biological controls may explain the patterns
observed in Figure 6.13. These mechanisms include sorption of metals to the surfaces of
streambed material; formation and dissolution of minerals containing metals;
preferential uptake of metals by growing aquatic plants; changes in the input of metals
from perched aquifer seepage/recharge or upstream source; changes of geochemical
conditions within the streambed and variation of streamflow.

Fg.6.13: Sediment Composition along Yellow Jacket River
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6.5 Chapter Summary

The hydro-geochemical study at Iron Duke shows that the major pathways for
contaminant transport and attenuation at the site are through the Yellow Jacket River
and shallow aquifer down gradient of the evaporation ponds. The concentration of
contaminants in the Yellow Jacket River is controlled primarily by dilution and the
amount of seepage released from evaporation ponds and old waste rock dump. The rate
of pollution release from these sources is a function of climatic conditions, hydrologic
factors, dissolution/precipitation and adsorption/desorption mechanisms.

pH and redox potential are the master variables that control the solubility and oxidation
state of pollutant metal ions, the mobile phases of these elements, and also control much
of the hydrochemistry of AMD, the mineralogical reactions which the acidic water can
undergo and therefore its character and signature. In Chapter 7, an attempt is made to
model some of these processes and assess the effects on natural attenuation as a
remedial option at Iron Duke.
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CHAPTER 7

GEOCHEMICAL MODELLING OF PROCESSES CONTRIBUTING
TO NATURAL ATTENUATION OF AMD AT IRON DUKE MINE

7.1 Modelling Objectives

As leachate flows away from the reaction site, the drainage reacts with the rock and soil
with which it comes into contact, changing the pH and metal composition of the
drainage. In the case for Iron Duke, the dissolved constituents are reflective of the
geochemical processes taking place underground, in the waste rock pile and other
controls on secondary mineral reactions between the evaporation ponds, aquifer and
Yellow Jacket River. The seepage waters mix with surface flows and groundwater and
undergo further changes in constituent concentrations along the flow path. Geochemical
models are required to estimate the nature of such interactions and the associated
environmental implications over time, (Salmon and Malmstrom, 2003).

This chapter presents a modelling approach for predicting changes in solution
composition after AMD — mineral - water reactions based on the geochemical code
PHREEQC (Parkhurst & Appelo, 1999). First, the theoretical basis for modelling is
presented, and secondly the simulations. Emphasis is placed on the application of
Phreeqc in assessing and quantifying the geochemical processes responsible for the
dispersion, reaction, and fate of environmentally significant contaminants (e.g., Al, Fe,
Mn, sulphate & Zn) originating from mine water treatment problems at Iron Duke.
Based on the model, an attempt is made to predict future contaminant loads to the
Mazowe River sub-catchment and assess the effectiveness of injecting uncontaminated
streamwater into the polluted aquifer as a remediation option.

The goals for geochemical modelling can be summed up as follows:

a) To assess the solubilities and speciation of chemical components in mine water,
background water, seepage from evaporation ponds, ground water in shallow
aquifer and downstream water

b) To evaluate the benefit of oxidising the AMD solution (mine water) in achieving
chemical stability of neutral sludge

¢) To predict changes in solution composition after mineral water reactions in the
aquifer and Yellow Jacket River

d) To model the remedial effects of injecting uncontaminated stream water into the
polluted aquifer
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7.2 Principles of Aqueous Geochemical Equilibria

The influence of chemical equilibrium and kinetics on the progress of chemical
reactions often determines the abundance, distribution, and fate of substances in the
environment (Langmuir, 1997). Therefore, an understanding of the basic concepts of
chemical equilibrium and chemical kinetics may help us to explain and predict the
environmental concentrations of contaminant species in aqueous systems, whether these
species are present naturally or anthropogenically. The direction of spontaneous change
of chemical reactions and the conditions for chemical equilibrium in any system can be
computed without having to measure them.

The basic principles which apply in aqueous geochemistry are the same as in other
fields of science. The conservation of mass is the basis for mass balance and mass flow
calculations on inputs and outputs in a natural system, while energy conservation
permits the calculation of energy balances and flows for specified processes. The
unidirectional redistribution of mass and energy principle provides the basis for
calculating that portion of the total energy available for useful work and chemical
reaction, i.e. for calculating what processes are energetically possible.

The dominant processes that control metal behaviour in soil and water media, and thus
effect a distribution of the elements in the environment can be described by considering
multiphase equilibria as summarised in Figure 7.1.
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Fig.7.1: Principal Controls on trace metal concentrations
in soil — solution, after Mattigod ez al., (1981)
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The relative behaviour of the element shown as free metal in Figure 7.1 is critically
dependent on two fundamental parameters of the element: namely size (ionic radius)
and charge. The ratio of ionic radius to charge is the ionic potential, the basis on which
behaviour in solution can be assessed, viz: solubility, precipitation or complexation. The
activity (a;) of a species is a measure of its effective concentration, and is usually
smaller than concentration. Activity is related to concentration through the expression:
a; = ym,, where vy is the activity coefficient and mj is the concentration of the i"™ species.

This difference between activity and concentration arises because in a solution, each ion
is surrounded by a shell of oppositely charged ions, which decreases the ability of the
central ion to enter into chemical reactions.

The distribution of dissolved species and complexes in water is governed by the law of
mass action. For a reaction of the form a4 + bB = ¢C + dD, a mass action equation that
describes the distribution of species can be expressed as:

(7.1)

where the bracketed terms represent the molal concentrations, the gammas are the
activity coefficients, the lower case letters are stoichiometric coefficients, and K is the
equilibrium constant.

In pure water, all solute ions or molecules contact only water molecules, and the activity
coefficients of all solutes equal to unity. As salt concentrations increase, individual
aqueous species move closer together and ionic interaction between adjacent ions
becomes more pronounced. This interaction due to Coulombic forces is proportional to
the charge of the ions involved and is embodied in the definition of ionic strength (1), in
mol per litre, which may be calculated from analytical molal concentrations (7,;) and the
charge on the species (z;):

I= %Z“mizi2 (7.2)

The ionic strength is a parameter used to describe concentration of charge. To calculate
the activity coefficient of ions, virtually all geochemical modelling programs in use
today use either a variation of the Debye-Huckel equation or the Pitzer equation, (Zhu
and Anderson, 2002). Two variations of the Debye-Huckel equation in common use are
the Davies equation and the extended Debye — Huckel equation, Perkins et al., (1995).
Based on /, the activity coefficients of ionic species can be calculated using the Davies
equation (Davies, 1962):
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—AZ;’Z\/Y

logy, =————+0.34z.°I, 7.3

A is a constant which varies slightly with temperature, but equal to 0.512 for most
practical purposes. The 0.3 in the final term, is entirely empirical and sometimes
changed to 0.2. The ionic strength 7/ can be estimated from field measurements from the
following approximations, Zhu and Anderson (2002):

~
u

0.25x10™*.TDS (mg/l), (7.4)
1.6x10™.Conductivity (umho) (7.5)

~
l

The tendency towards dissolution or precipitation is expressed as the saturation index
(SI), and can be evaluated by comparison of the reaction quotient with the ion activity
product (IAP: calculated using measured concentration):

SI = log(?—PJ (7.6)

sp
where K, is the solubility product. If SI<0, solution is under saturated and dissolution
should occur. At SI=0, the solution is in equilibrium, and when SI>0, the solution is said
to be oversaturated with respect to the solid and precipitation should occur. In practice,
kinetic effects may delay actual dissolution or precipitation. The SI or Pitzer method
(Pitzer, 1995), permits activity calculations to very high ionic strengths but the range of
components is more limited than with ion association (IA) method.

The ion association (IA) theory explicitly defines electrostatic interactions between ions
of opposite charge by equilibrium constants for ion pair or complex formation. In acid
mine waters, most divalent and trivalent metal cations (Fe*", Cu®’, Zn*", Ni*", Fe’,
A’ are attracted to SO4> to form ion pairs such as AISO,". If the thermodynamic
stability constants for the formation of these ion pairs are known, then they can be
entered into a numerical algorithm to solve simultaneously the speciation among several
competing species. Water analysis can be used as input data along with the
thermodynamic properties of ion pair formation (equilibrium constants, free energy,
enthalpies, entropies, and heat capacities) to solve mass balance equations for every
component.
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7.3 Overview of Geochemical Modelling

Detailed descriptions of geochemical models have been extensively reviewed in the
literature, (Appelo and Postma, 2005; Plumer et al, 1992, and others). Geochemical
models are used to predict the concentrations of species present in a system. From this
data, they can be used to deduce and quantify the chemical and biologic processes that
affect the fate and transport of pollutants in soils and aquifers. They can be used to
deduce what minerals dissolve or precipitate, how many moles of mineral enter or leave
a flow path at each step, and to make priori predictions of water chemistry based on
assumed geochemical processes. Geochemical models are essentially of two types:

a) Speciation models that calculate activities (chemically reactive concentration)
and species distribution for elements in the database and other related
parameters such as pH, pe, saturation indices, and ion ratios. The usual input is a
chemical analysis of water sample or a solution with user specified chemistry.

b) Reaction Path models use speciation calculation as starting point and then make
forward predictions of changes in water and rock (dissolution/precipitation)
along reaction path, specifying change in temperature, pressure, pH, new
reactants and their concentrations.

Models work by converting the chemical concentrations, usually reported in mg/kg or
mg/L to moles, and then solving a series of simultaneous non — linear algebraic
equations (chemical reaction, charge balance and mass balance equations) to determine
the activity concentration relationship for all the chemical species in the specified
system. The models usually require electrical balance and will force charge balance
with one of the components (can be designated), as they solve a matrix of non — linear
equations. A common simplification of the geochemistry within coupled reactive
transport models is the use of the Local Equilibrium Assumption (LEA). All reactions
are assumed to attain geochemical equilibrium and occur instantaneously; chemical
kinetic limitations are assumed to be insignificant.
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7.4 The Governing Equations
7.4.1 Debye — Huckel Model of lonic Interactions

For dilute solutions, (ionic strengths up to about 0.1 molar) the activity coefficients may
be obtained with sufficient accuracy with the use of the Debye-Huckel (Robinson &
Stokes, 1970) theory of ionic interactions:

(7.7)

A = 1.82x10%eT)** and B = 50.3(eT)"? are pressure and temperature-dependent
empirical constants specific to the solvent, and 4; is an adjustable parameter
corresponding to the effective size of the ion. Other equations, such as the Guntelberg
equation or Davies equation have been developed for higher ionic strengths up to 0.5
molar. Truesdell and Jones, (1973); and subsequently Parkhurst & Plumer (1993), fitted
a modified version of the Debye - Huckel equation to activity coefficient data for
chloride solutions and proposed the extended Debye — Huckel equation (7.8):

logy, = Az, V1

Y (7.8)
1+ BiAT

where b; is an empirical parameter designed to reproduce the activity coefficients of
NaCl bearing solutions.

The partial derivatives of these activity coefficient equations with respect to ionic
strength are:

9 ) I
Y lny, =—In(10)| dz}| ———— 023 9
or 7= )[ E [2ﬁ(ﬁ+1)2 H 72

for the Davies equation, and

0 Az’
- =—1 L . .
o n(mﬂzﬁ(&iiﬁ T J] 710

for the extended Debye Huckel equation. A plot of these derivatives is shown in Figure
7.2, (after Garrels and Christ, 1965).
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The symbols in Figure 7.2 depict activity coefficients of various ions as a function of
ionic strength as calculated with the Debye — Huckel equation, (7.7). Activity
coefficients are seen to decrease with I, strongest for the divalent ions. At an ionic
strength of 0.1, y is about 0.8 for monovalent ions and 0.4 for divalent ions. The lines in
Figure 7.2 correspond to the Truesdell and Jones equation (7.8). At low ionic strength,
they agree well with the values obtained with the Debye — Huckel equation (7.7). At
high ionic strengths, the activity coefficients of cations are seen to increase by the action
of the term (b;.). Equation 7.8 is a reasonable approximation up to / values of about 2 in
dominantly chloride solutions, (Parkhurst & Plumer, 1993). Another model intended
specifically for activity coefficients for brines and solutions with higher ionic strengths
such as occurs in AMD is the Pitzer model (Pitzer, 1995). This model requires a large
number of experimentally determined parameters, of which there is currently
insufficient for AMD solutions.

Differences between model results, even when based on the same conceptual model, are
due to differences between the constants and chosen method of calculation for the
thermodynamic properties, and/or the accuracy of the numerical method of the solution
of equations.
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7.4.2 Sorption and the K4 Model

Sorption describes the processes by which a contaminant migrating through porous
media partitions between the solid and aqueous phases. It includes all surface related
reactions, (illustrated in Figure 7. 3) such as adsorption, absorption, surface
complexation, surface precipitation and ion exchange.

A

N N\
N NN

A\

e

> Absorption:

(A; \% \<\\\\ Humic Substance

NN NN
(3 > &‘\, —~ (&) >\N\\
Q\/ ~ \«f onexchange: (8 ) =N A )X Clay Minerals
—~ N D “\Q
f A N ~ { B ) NN
\_/ N~

Figure 7.3: Sorption Processes

Sorption of dissolved ionic contaminants can occur as a result of:

e Adsorption — This is the attachment of a contaminant to a solid surface
caused by the action of van der Waals forces, hydrogen bonding, ligand
exchange, surface complexation, dipole forces and hydrophobic forces.

e Absorption caused by the diffusion of a contaminant into the structure of a
porous particle.

o Electrostatic forces leading to cation exchange — the replacement of a
previously sorbed cation such as Na“ or Ca*", by another positively charged
ionic species.

The effect of sorption is to slow or retard the rate of migration of the contaminant
relative to the average water flow velocity. It may have three distinct implications for
attenuation processes:

a) Removal of contaminants from the dissolved phase. This reduces the
contaminant mass in solution although the total mass in the system is conserved,
and has the apparent effect of decreasing the transport velocity of the
contaminant. The decreased transport velocity resulting from sorption will lower
the overall contaminant flux to the receptor.
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b) The contaminant remains sorbed to the solid material in the aquifer until
desorption occurs. Desorption occurs due to reversed concentration gradients
and/or displacement by substances with a higher affinity for the occupied
sorption sites. Desorption rates are typically limited by chemical equilibrium
reactions in the case of charged ionic species.

¢) Limitations on bio-availability. Contaminants normally have to be in aqueous
solution to cross the microbial cell membrane into cells, where they are subject
to biodegradation reactions. Therefore sorption may render contaminants
unavailable for degradation unless and until desorption into the aqueous phase
takes place.

Sorption processes are grouped, assessed and quantified by a single sorption parameter
called the partition coefficient, Kq4. This is defined as the ratio of the quantity of metal
adsorbed (adsorbate) per unit mass of solid to the quantity of the adsorbate remaining in
solution at equilibrium. For the reaction,

A+ G = A (7.9)

the mass action expression for K4 in L/kg derived from Henry’s Law (Appelo and
Postma, 2005) is:

K, =21 (7.10)

where, A = free or unoccupied surface adsorption sites; C; = total dissolved adsorbate
remaining in solution at equilibrium (mg/l) and A; = adsorbate on the solid at
equilibrium. Equation 7.10 describes a linear isotherm because it applies at a single
temperature, and often varies with temperature. The Langmuir isotherm, Appelo and
Postma, (2005), assumes that there are a finite number () of surface sites that have
identical sorption characteristics. It is commonly expressed as:

aC.
A = i 7.11
vy (7.11)

where, o = the partition coefficient (L/mg); p = the maximum amount of solute that can
be sorbed by the solid (mg/kg). Taken to the limit of a continuous Gaussian distribution
of a and f in order to represent a heterogeneous exchanger, Lungmuir isotherms may be
integrated to give the Freundlich isotherm, in equation 7.12.
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A =KC"

. , (7.12)

where K and N are constants, with N constrained to lie between 0 and 1. Figure 7.4
compares the characteristic shapes of the linear, Langmuir and Freundlich isotherms.
Both Freundlich and Langmuir isotherms are essentially linear at low concentrations, as
may the case in a dilute contaminant plume. However, near contaminant sources,
dissolved concentrations may be sufficiently high that isotherm non — linearity may be
important. Non linear isotherms are therefore generally more appropriate at high
concentrations when the sorption capacity of the solids is approached. Furthermore,
physical adsorption to heterogeneous sorption sites is a process best described by the
concentration dependent Freundlich isotherm model, (Sposito, 1984). Hence it is
important to consider the use of non linear isotherms to interpret the results of sorption
experiments and for K4 to be measured at concentrations relevant to those encountered
in the field.
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An important limitation of the constant K4 model is that it does not address sensitivity to
changing conditions. If the groundwater properties (e.g. pH, solution ionic strength)
change, a different Ky value should be used in the model. Thornton et al., (2000), used
column experiments to estimate contaminant retardation factors and then calculated
values of the linear partition coefficient K4 using equation 7.13,

R=1+K,P2
n

(7.13)
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Where, R = retardation factor (ratio of solute velocities); pg = porous media bulk
density in (kg/m’); n = the effective porosity of the media at saturation.

Various adsorption models have been incorporated into a small number of chemical
reaction codes to calculate the mass of a dissolved component adsorbing on a user
specified mineral phase, such as iron hydroxide that coat mineral grains in soil. The
adsorption modelling capabilities in these codes have been briefly reviewed by other
researchers. Adsorption models incorporated into chemical reaction codes include non-
electrostatic, empirical models as well as the more mechanistic and data intensive,
electrostatic, surface complexation models such as the diffuse double layer model
(DDL), illustrated in Figure 7.5, the triple layer model and the constant capacitance
layer model.

The DDL model considers that a bulk solution in which the number of cations and
anions are equal has zero electric potential. A negatively charged surface has a negative
potential that attracts positively charged ions and repels negative ones. However,
diffusion will smear out concentration steps, and cause the transitions to become more
gradual. The net effect is a gradual change in concentrations in the so called Gouy —
Chapman diffuse double layer which surrounds the charged surfaces in a solution. The
electric potential, vy, will not change abruptly at the solid solution interface, but
gradually lessen as the distance from the interface increases.

Fig. 7.5: Gouy Chapman Model
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7.4.3 Transport and Retardation of Contaminants in Groundwater

In order to predict the spreading of acid mine drainage in groundwater and the
breakthrough of acidity and heavy metals from the aquifer at Iron Duke, it is necessary
to quantify the hydrological conditions and geochemical processes that act to retard and
transform the transported solutes. In groundwater solutes are transported by advection,
mechanical dispersion and molecular diffusion. Advection is the bulk motion of flowing
groundwater (Freeze & Cherry, 1979). Mechanical dispersion is the process by which
solutes are moved at velocities different from that of the bulk motion and is caused by
drag along pore surfaces, differing velocities in the pore spaces and the tortuous nature
of intergranular flow (Freeze and Cherry, 1979). Molecular diffusion causes net motion
that is proportional to concentration gradient. At Iron Duke, velocities are large and
molecular diffusion is assumed negligible relative to advection and mechanical
dispersion. For 1 — dimensional advection — dispersion flow with chemical retardation,
the conservation of mass for a chemical that is transported as in Figure 7.6 yields the
transport equation 7.14, (Appelo and Postma, 2005).

oC, 0°C, oC, aq,
Siop oy A (7.14)
ot Ox ox Ot
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where C; is solute concentration (mol/l), t is time (s), Dy is the hydrodynamic dispersion
coefficient [(mz/s), Dy = D. + apv, with D, the diffusion coefficient, and oy the
dispersivity (m)], x is the distance (m), v is the pore water flow velocity (m/s), and q; is
the sorbed concentration (retardation factor) expressed in mol/l of pore water. The term
—(0Ci/0x) represents advective transport, (0qi/Ot) is reaction with the solid and
D (8°Ci/0x?) gives dispersive transport. The usual assumption is that v and Dy are equal
for all solute species so that C; can be the total concentration for a component, including
all redox species.
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The relative strength with which cations bond to the charged mineral surface is
determined by selectivity coefficients, which are a function of both surface properties
and the species in solution, (Dzombak and Morel, 1990). In a solution containing
multiple species, some will sorb more strongly than others. For most sediments and
soils, divalent ions sorb more strongly than monovalent ions and for cations with the
same charge, those with smaller hydration shells sorb more strongly. Domenico and
Schartz, (1998), proposed a series of relative selectivity in order of decreasing affinity
to ion exchange sites:

AP >Ca®*>Mg” >NH, >K">H">Na"

Furthermore, it has also been noted that an abundance of one cation may cause
preferential sorption over another cation that is much less abundant, but has greater
selectivity coefficient.

The cation exchange capacity (CEC) of a material expressed in milli-equivalents of
charge per 100g of dry matter (meq/100g) is a measure of the quantity of sites on solid
surfaces that can retain cations by electrostatic forces. Cations retained electro-
statically are easily exchanged with other cations in the aquifer and are thus readily
available for reactions with other ions in solution. Exchange sites are found primarily on
clays and organic matter surfaces, and also on some metal oxides such as MnO, and
Fe(OH);. CEC is pH dependent, since at low pH, hydrogen ions may compete with
other ions for exchange sites, and exchange sites may therefore become positively
charged at low pH.

7.5 Characteristics of Popular Geochemical Modelling Codes
The following key components are essential to perform geochemical modelling:

e A computer code.

e A thermodynamic, kinetic and surface property database for the specific
chemical system.

e Conceptualisation of what chemical reactions are occurring and what chemical
reactions are important to answer the questions being asked.

e Chemical and Physical measurements of the natural system of concern.
A computer modelling code or program is a set of computer commands that include

algorithms to solve a set of mathematical equations describing chemical equilibria,
chemical mass balance, various kinds of bookkeeping, and input and output controls.
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The code is designed in a general way, and only deals with the mathematical framework
and computation tasks, with no reference to any particular chemical system. As a result
the mathematical framework for all such codes is similar, although the mass balance
accounting and computational techniques for solving the mathematical equations may
vary in each code. The mathematical formulation of geochemical models and the
numerical methods to solve the algebraic equations have been described by Salmon and
Malmstrom (2003), and other researchers. A few that are most popular are summarised
in Table 7.1. All the programs have an associated database which contains the
information on species properties and equilibrium constants required by the program.
Each program uses the data in the database, which may or may not be the best available
at the present time.
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751 The PHREEQC Model

PHREEQC (Version 2) is a computer program for speciation, batch reaction, and one
dimensional transport calculations, distributed free of charge by the U.S. Geological
Survey (http://www.brr.cr.usgs.gov/projects/ GWC_coupled/phreegc/index.html). The
acronym PHREEQC stands for PH (pH), RE (redox), EQ (equilibrium), C (program
written in C). It is one of the most comprehensive geochemical models available (Zhu

and Anderson, 2002). This program has been selected for simulating chemical reactions
and transport processes in natural and polluted water at Iron Duke Mine because its
cheap and has capabilities to meet the intended objectives.

7.5.2 Overview of Program Capabilities and how it works

PHREEQC is designed to perform a wide variety of low-temperature (less than 100°C)
aqueous geochemical calculations. It is based on an ion-association aqueous model and
has capabilities for (1) speciation and saturation-index calculations; (2) batch-reaction
and one-dimensional (1D) transport calculations involving reversible reactions, which
include aqueous, mineral, gas, solid-solution, equilibrium with surfaces (sorption
reactions using the Dzombak and Morel (1990) double layer formulation), surface-
complexation, and ion-exchange equilibria, and irreversible reactions, which include
specified mole transfers of reactants, kinetically controlled reactions, mixing of
solutions, and temperature changes; and (3) inverse modelling, which finds sets of
mineral and gas mole transfers that account for differences in composition between
waters, within specified compositional uncertainty limits.

PHREEQC can perform batch reaction simulations, which are mixing different waters
or water and minerals or water and gases, etc., together in a beaker. The model uses
three types of key words (commands) that are input using text files. The first type is the
“manager” commands such as:

KNOBS, PRINT, TITLE, USE, END, SAVE, SELECTED_OUTPUT,
SOLUTION_SPREAD, etc.

The second type is the commands used to specify the system:

SOLUTION SPECIES; MASTER SOLUTION_ SPECIES; SURFACE SPECIES;
GAS PHASE; SOLID_SOLUTIONS; RATES; etc.

The third type is the batch-action or transport that performs an action:

SOLUTION; REACTION; INCREMENTAL REACTIONS; MIX; SURFACE;
ADVECTION; INVERSE MODELING; EXCHANGE; EQUILIBRIUM PHASES;
KINETICS; etc.
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Command blocks may be strung together in an input deck to simulate complex
situations. For instance, batch reactions are implicitly defined whenever a solution or
mixture that is defined in the simulation and any one of the keyword data blocks,
EXCHANGE, EQUILIBRIUM PHASES, GAS PHASE, KINETICS, REACTION,
REACTION_TEMPERATURE, SOLID SOLUTIONS, or SURFACE, is also defined
in the same simulation). Spreadsheet data may be imported directly and selected output
values can be written to a text file for import into spreadsheet programs like MS Excel
for plotting graphs. The version of the program used in this study has a simple window
interface that facilitates use, multiple databases and x-y graph plotting capability.

7.5.3 Phreeqc Input and Output Files for the Simulations

To describe and model the geochemical processes responsible for the observed trends in
pH and metal concentrations in drainage several hypothesis were considered, that:

a) Aeration or oxidation of the AMD solution will lead to better lime neutralisation
treatment and a more stable sludge

b) Mixing background water with drainage water changed its chemistry

c) The drainage is neutralised along the Yellow Jacket River as a result of dilution,
dissolving limestone and silicate minerals in the bed rock

d) Sorption mechanisms will prevent the movement of metals to ground water
unless the retention capacity of the soil is overloaded

e) A breakthrough point will be reached when the sorption capacity of the soil
beneath the evaporation ponds will be exceeded resulting in a massive pollution
flux into Yellow Jacket River and subsequently into the Mazowe River

Input Files

Input files were constructed by defining solution compositions with the keyword
SOLUTION. Solutions could be mixed and equilibrated with mineral phases or gases by
keywords MIX and EQUILIBRIUM_PHASES. Chemicals were added by REACTION
and kinetic calculations were specified using the keyword KINETICS and formulations
specified in the database. Four solution samples were used for modelling. Sample
Solution 1 - AMD is the untreated acid mine drainage at Iron Duke. Sample Solution 2
- BGSW is the background surface water upstream of the mine site along Yellow Jacket
River. Sample Solution 3 - GWA is the contaminated groundwater from the shallow
aquifer beneath the evaporation ponds. Sample Solution 4 - SPD is from the Seepage
point D along Yellow Jacket River. All the input files created for the simulations are
appended in Appendix E.
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Output Files

When the files are run, the program reports ‘Done’, and if enter is pressed the output tab
appears where the results of the calculations are recorded. The solution composition is
listed as molality (moles per kg of water), the default units in Phreeqc and as number of
moles of each element specified in the input file. These two are equal since by default
Phreeqc assumes that the solution consist of 1kg of water unless defined otherwise in
the input file. Then follows the ‘Description of solution’ which gives default values for
pH, pe and temperature, and calculated values for ionic strength, alkalinity, electrical
balance, carbon, CO,, and charge balance error. Next follows the distribution of species
in alphabetical order, and finally the saturation indices. All this information is extracted
and slightly modified for presentation purposes in this report. Sometimes units of
molality are converted to mg/1 for easy of comparison with units used in the input files.

7.6 Discussion of Modelling Results
7.6.1 Speciation and Solubility Analysis of Drainage Solutions

Metal concentrations determined by Atomic Absorption Spectrophotometers (AAS) and
similar techniques are total concentrations in the solution. The methods can not
distinguish metal speciation or oxidation state. Free metal, complexed metal ion
concentration and concentrations of metals in different oxidation states can be
determined using ion selective electrodes, polarography, calorimetric procedures, gas
chromatography and high performance liquid chromatography. However, these methods
are not routinely performed in most laboratories.

Solutions 1 to 4 were speciated using Phreeqc. Aqueous speciation refers to the
distribution of aqueous species between free ions such as Ca*", Mg2+, and AI**, and ion
pairs, complexes, and natural species such as CaSO,4’, MgOH", and AISO,". The type
and degree of speciation in the solutions is necessary for many purposes including
interpretation of toxicity, bioavailability, mineral stabilities, sorption reactions, redox
reactions, gas reactions and rate mechanisms, Alpers and Nordstrom (1999). In general,
the free metal ion is the most bio-available and toxic form of the metal.

Speciation and solubility analysis was performed in order to evaluate the concentrations
and activities of ionic and molecular species in the aqueous solutions, and also to
determine the saturation states with respect to various minerals in the system, and hence
the directions of reactions that might occur towards achieving equilibrium.
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The stable species distribution on surfaces or ion-exchangers that is in equilibrium with
the aqueous solution was also determined. Modified input (all solutions) and output files
(solution 1) for speciation analysis and calculation of saturation indices are presented in
Table 7.2. Saturation indices and the distribution of species are shown in Appendix E
for solutions 2, 3 & 4.

The data shown in Table 7.2 as measured represents the analysis (mg/l) from field
samples taken during the sampling campaign described in Chapter 6. The elemental
concentrations are converted to molality. The program performs a data quality check on
the analytical composition by calculating the activity of water (default is 1), ionic
strength, electrical balance and %charge balance error. If the measured solution
composition is not electrically neutral and charge balance error exceeds 10%, the
program reports errors and does not speciate the solution. As seen in Table 7.2, the
saturation indices are negative indicating under saturation with respect to all mineral
phases predicted by the model for Solution 1, at pH 2.34. Thus the mine water is
strongly reducing (pe 4.6) and corrosive such that even quartz will dissolve (Saturation
index SI = -0.67). This is a sharp contrast to the background surface water with a pH of
7.32 (Solution 2 in Appendix E1) where most of the mineral phases such as Fe(OH); ()
(ferrihydrite), gibbsite, goethite, jarosite — K, and a number of clay minerals are
oversaturated and precipitate. Due to these differences between Solution 1 and Solution
2, equilibrium shifts can be expected when untreated mine water mixes with stream
water. The effects of such mixing are explored in one of the model simulation
experiments, section 7.6.3
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Table 7.2: Modified Phreeqc Input and Output File for Solubility and Speciation
Analysis of mine site drainage solutions

Title # Speciation and Solubility Analysis
SOLU
TION 1 1 2 2 3 3 4 4
Measured Measured Measured Measured
mg/1 Molality mg/1 Molality mg/1 Molality mg/1 Molality
pH 2.34 7.32 2.3 2.47
pe 4.6 12.63 12.27 13.35
temp 21.4 20.4 23.3 24.9
Al 161.43 6.10E-03 0.05 1.85E-06 3.56 1.32E-04 9.11 3.38E-04
Ca 2.13 5.42E-05 28.06 7.00E-04 243.12 6.09E-03 320.43 8_.01E-03
Cl 1237.04 3.56E-02 12.34 3_.48E-04 201.45 5.70E-03 75.72 2_14E-03
Cu 0.34 5_46E-06 0.02 3_15E-07 0.31 4 _89E-06 0.04 6_31E-07
Fe 6172.45 1.13E-01 0.87 1.56E-05 401.22 7.21E-03 3.87 6.94E-05
K 14.32 3.74E-04 5.03 1.29E-04 5.76 1.48E-04 5.12 1.31E-04
Mg 98.67 4.14E-03 29.04 1.20E-03 24.64 1.02E-03 78.9 3.25E-03
Mn 88.45 1.64E-03 1.87 3_41E-05 231.35 4_23E-03 45.42 8_28E-04
N(5) 287.26 2.09E-02 1.34 9.57E-05 78.54 5.63E-03 3.54 2.53E-04
Na 67.24 2_.98E-03 12.66 5.51E-04 35.21 1.54E-03 26.86 1.17E-03
S(6) 11754.22 | 1.25E-01 139.45 1.45E-03 2007.74 2_.10E-02 1242.32 1.30E-02
Si 1.12 1.90E-05 0.44 7.33E-06 0.92 1._54E-05 1.06 1.77E-05
Zn 3.43 5_35E-05 0.61 9_34E-06 1.45 2_23E-05 0.54 8_28E-06
HCO3~ 0 0.00E+00 108.25 1.78E-03 0 0.00E+00 0 0.00E+00
End
Description of Solution | Calculated | Calculated | Calculated | Calculated
| 1 2 3 4
Activity of water 0.996 1 0.999 1
lonic Strength 2.99E-01 7.31E-03 5.29E-02 3.74E-02
Mass of water (kg) 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Total alkalinity -1.62E-02 -1.97E-02 -5_.59E-03
Total Carbon 0.00E+00 1.93E-03 0.00E+00 0.00E+00
Total CO2 | 0.00E+00 1.93E-03 0.00E+00 0.00E+00
Electrical Balance (eq) -3.10E-02 -5.44E-04 -6.53E-05 3.87E-03
% charge balance error -9.15 -6.23 -0.1 9.19
Iterations 11 9 8 9
Total H 1.11E+02 1.11E+02 1.11E+02 1.11E+02
Total O 5.61E+01 5.55E+01 5.56E+01 5.56E+01
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Table 7.2 continued: Saturation Indices

SOLUTION 1 Mine Water
Phase Si log IAP log KT
AI(OH)3(a) -8.24 2.8 11.04 Al (OH)3
Albite -16.42 -34.66 -18.23 NaAlSi308
Alunite -4.94 -5.89 -0.95 KA13(S04)2(0H)6
Anhydrite -2.54 -6.88 -4.35 CaSo4
Anorthite -30.42 -50.24 -19.82 CaAl2Si208
Ca-Montmorillonite -18.88 -64.43 -45.55 Ca0.165A12.33Si3.67010(0H)2
Chalcedony -1.09 -4.69 -3.59 Si02
Chlorite(14A) -70.67 -0.93 69.74 Mg5AI12Si3010(0H)8
Chrysotile -37.51 -4.86 32.65 Mg3Si205(0H)4
Fe(OH)3(a) -8.1 -3.21 4.89 Fe(OH)3
Gibbsite -5.51 2.8 8.31 Al (OH)3
Goethite -2.34 -3.21 -0.87 FeOOH
Gypsum -2.31 -6.89 -4.58 CaS04:2H20
H2(9) -13.83 29.76 43.6 H2
H20(g) -1.6 0 1.6 H20
Halite -5.89 -4.32 1.57 NacCl
Hausmannite -44_68 17.25 61.93 Mn304
Hematite -2.69 -6.42 -3.73 Fe203
Ilite -22.6 -63.36 -40.76 KO.6Mg0.25A12.3Si3.5010(0H)2
Jarosite-K -14.99 -23.92 -8.93 KFe3(S04)2(0H)6
K-feldspar -14.75 -35.6 -20.85 KA1Si308
K-mica -20.18 -6.95 13.23 KA13Si3010(0H)2
Kaolinite -11.52 -3.77 7.75 Al2Si205(0H)4
Manganite -17.28 8.06 25.34 MnOOH
Melanterite -1.3 -3.55 -2.25 FeS04:7H20
02(9) -56.67 -59.53 -2.87 02
Pyrochroite -14.08 1.12 15.2 Mn(OH)2
Pyrolusite -26.96 15 41.96 Mn02:H20
Quartz -0.67 -4.69 -4.01 Si02
Sepiolite -26.91 -11.06 15.86 Mg2Si307.50H:3H20
Sepiolite(d) -29.72 -11.06 18.66 Mg2Si1307.50H:3H20
Si02(a) -1.95 -4.69 -2.74 Si02
Talc -36.05 -14.23 21.81 Mg3Si4010(0H)2
Willemite -21.37 -5.74 15.63 Zn2Si04
Zn(OH)2(e) -12.03 -0.53 11.5 Zn(OH)2

Complexation lowers the activity of the free ion in water, thereby increasing the
solubility of minerals and also the mobility of trace metals. The distribution of species
shown in Appendix E1 for all solutions, shows that metals exist in solution as either free
(uncomplexed) metal ions (e.g., Cu®", Zn*", Cr’"), or in various soluble complexes with
inorganic or organic ligands, (e.g., Al(SO4),, ZnCl"). Metals may also associate with
mobile inorganic and organic colloidal materials. Colloidal size particles are particles
with a diameter ranging from 0.01 and 10um, (Sposito, 1984), and include iron oxy-
hydroxides (jarosite) and manganese (pyrolusite) oxides, clay minerals such as Ca -
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montmorillonite and other phases shown in Appendix E1, in addition to organic matter.
These surfaces have a high capacity for metal sorption, and greatly enhance transport of
contaminants as suspended load in the Yellow Jacket River. For example, the total
amount of Al in Solution 1 is given by a mass balance equation comprising the various
complexes of AI’* given in molal units in Appendix E1:

ZAZ = maiso, " +m o

=3.78E-03 + 1.77E-03 + 5.49E-04 + 3.74E-06 + 3.57E-07 + 1.76E-10 +
2.95E-15 + 1.69E-18
=6.10E-03 M

2 T s Ty goqee TN M omyr T aom), T

AP AIOH** AI(OH )~

The predominant species can be easily seen. Phreeqc considers corrections for activity
and complexing of these ions as long as the log K values are in the database.

7.6.2 Simulation Experiment 1: Oxidation of the AMD Solution

A plant study of the lime neutralisation plant considered in chapter 6 concluded that
aeration of the AMD solution would result in a more chemically stable sludge. A
geochemical modelling experiment involving oxidation of mine water by aeration in
steps 1 to 11 and subsequent reaction with calcite was performed using the following
kinetic relations programmed in Phreeqc. The Phreeqc in put file is given in Appendix
E2 — Simulation Experiment 1: The specific rate for calcite dissolution and precipitation
is given by Plumer et al., (1978):

r, = kI[H" |+ k,[CO, )+ k,[H,0]-kJca® JHCO, | (7.15)

where the square brackets indicate activity for the ions and k; ; are temperature
dependent constants given by Plumer et al., (1978). The value of k4 is variable but it
must be such that the reaction rate becomes zero at equilibrium. It has been
approximated in Phreeqc as follows. If the specific rate equation is arranged in part ry,
for dissolution, and a part ry,, for precipitation, then:

T =T, =T, (7.16)

In a pure water and calcite system the precipitation rate becomes

r, = k[ca® [HCO, |~ 2k, [Ca® T (7.17)

At equilibrium [Ca®'] is the activity at saturation, [Ca>"s] and also the net reaction rate
re = 0, and therefore:
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r, = rf{l(\[g;l—;l]ﬂ } (7.18)

In a pure Ca-CO, system at constant CO, pressure, the ion activity product IAP is

_learTuco |, lear]

IAP, .. = 1
e = n (7.19)
The rate for calcite dissolution and precipitation used in the model was thus
approximated by:
2/3
eateite %r,(l— 4P j (7.20)
calcite

The precipitation and dissolution of minerals are simulated through the use of mass
action equations that include the solid phase, which by convention is assigned an
activity of 1. The equation describing equilibrium with calcite is:

— Y [Ca ” ];/cof [CO327]
K, = TCaCO.), (7.21)

The addition of oxygen to mine water through aeration (Reaction steps 1 to 11)

increases the pe value drastically from 4.6 to a maximum of 18 as shown in Figure 7.7.
A low pe value indicates a high concentration of electrons and this suggests that the
mine water is strongly reducing. This is supported by the concentration of iron which is
present predominantly (~100%) as Fe*". However, this is rapidly oxidised to Fe’* whose
concentration peaks to 0.11M (6143.17 mg/l) and is maintained throughout the aeration
steps. Calcite dissolution starts in Reaction Step 12. This is marked by a sudden drop in
Fe’* concentration to almost zero due to precipitation of ferrihydrite, goethite and other
phases such as gypsum caused by the increase in pH. It is reported by several
researchers that ferrihydrite is an amorphous ferric hydroxide with good surface
adsorption properties and will partition many metals from solution. Ferrihydrite is
gradually converted by dehydration to limonite, goethite, and finally hematite. A slight
decrease in pe is also observed after calcite starts to dissolve. This can be a result of
several competing reactions (mixed potential) that are not in equilibrium with each
other.
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Fig.7.7: Effect of AMD Oxidation on pe & Fe speciation
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The saturation states of different mineral phases in the mine water at Iron Duke upon
contact with the atmosphere are shown in Figure 7.8. Step 0 is the initial solution state
underground, which shows that all the four phases considered here are under saturated
(SI<0). Upon contact with the atmosphere, gypsum attains equilibrium, gibbsite &
goethite become supersaturated while pyrolusite remains under saturated.

Fig.7.8:Precipitation of mineral phases without oxidation of AMD
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When the mine water is oxidised by “REACTION” with oxygen in the simulation, a
noticeable difference in the saturation states is that pyrolusite becomes immediately
super saturated and continues to do so on dissolution of calcite from Reaction Step 12 to
22, in Figure 7.9. In the mine water, Mn is in solution chiefly as Mn*" (60%) and
MnSO," (40%), based on Phreeqc speciation calculations.
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Fig.7.9: Precipitation after oxidation of AMD
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The correlation between saturation index of pyrolusite and pe is shown in Figure 7.10.,
and is strongly negative, correlation coefficient, R*> = 1. This can possibly be explained
by a redox reaction between Fe*” and Mn*" taking place in the reducing mine water.

Fig.7.10: Sl of Pyrolusite vs pe
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2Fe™ + MnO, +4H" < 2Fe’ + Mn™ +2H,0 (7.22)

In reaction (7.22), two electrons are transferred from Fe(II) to reduce Mn(IV) in MnO,.
Ferrous iron acts as the reductant that reduces Mn(IV), while MnO, is the oxidant for
Fe(II). This means that the precipitation of pyrolusite is not only equilibrium dependent

but also redox controlled, and this may have a significant pH effect as expected from the
Nernst equation, 7.23.
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7.6.3 Simulation Experiment 2: Effect on Downstream water chemistry when
AMD mixes with Uncontaminated Stream Water

Direct discharge of mine water used to take place before commissioning of the
neutralisation plant, from 1980 to 1996, (Magombedze & Sandvik, 2006). The resultant
effect of mixing untreated mine water with uncontaminated stream water on
downstream water chemistry of the Yellow Jacket River was investigated by means of
Phreeqc. The situation was modelled for a dry season, wet season and under heavy
storm (flood) conditions by changing the ratio of stream water to mine water as the two
solutions mix and equilibrate. The pH was modelled by simulating the dissolution and
precipitation of calcite, ferrihydrite, gypsum, gibbsite, pyrolusite and other phases
suggested by the speciation analysis in section 7.4.1, at P(CO,) and P(O,) of 10~ and
10 respectively. Equilibrium sorption by the ferrihydrite surface was also allowed.
Eh (pe) was fixed for each modelled point to simplify the modelling of redox sensitive
species. This ensured that the pe used in the model was equivalent to the value
measured in the field. Phreeqc then calculates the chemical reactions and equilibria
between a set of exchangers, mineral phases and the solution using a programmed
Runge-Kutta procedure to integrate kinetic reactions during each time step.

Figure 7.11 shows the variation of pH with ratio of stream water to AMD. The predicted
pH varies as the ratio of the mixture increases according to a natural logarithmic
expression given by equation 7.24:

pH =2.37721n(x) +1.925 (7.24)

where x is the number of parts of uncontaminated stream water to one part of mine
water. Field measurements of pH along the Yellow Jacket River from the seepage point
downstream were found to lie between 3.27 and 5.18 for the dry season, and between
4.08 and 5.84 during the wet months, which are in agreement with the model prediction.

174



Fig.7.11: Variation of pH with AMD to Streamwater mixing ratio

8 _
7 TS
6 y = 2.3772Ln(x) + 1.925
R%=0.8751
5 _
5 4

0 1 6 50 100 1000

Parts Streamwater

Concentration profiles of pollutants in the downstream water are predicted as shown in
Figure 7.12. From the hydrological data in Chapter 4, a dry season is depicted by a ratio
from 1 to 6, while a normal wet season is from 6 to 50 and a very wet season or flood
conditions exceed a ratio of 50 parts of stream water to 1 part mine water. It is clear
from Figure 7.12 that for a normal year (ratio < 50), the concentrations of all five
pollutants shown exceed regulated levels, (Appendix A). This means that large
quantities of pollutant loadings were over the last 8 years discharged to Yellow Jacket
River and subsequently to the Mazowe River supporting field data measured in Chapter
4. The seepage from polluted aquifer and old waste rock dump infiltrating into Yellow
Jacket River has chemical composition similar to untreated mine water. It can be
expected that the effect on contaminant concentrations will be similar to the profiles
predicted by the model in Figure 7.12. This simulation shows that dilution is not a
possible solution to meet regulated discharge levels in contaminant concentrations all
year round. There is simply not enough fresh water in the Yellow Jacket River.

Fig.7.12: Effect of Mixing AMD & Stream water on pollutants
composition

100000.00

E‘; 10000.00 - G\’\.\

5 1000.00

5 100.00 —N‘_\*\‘

g 10.00 =

2 — \I§H

8 1.00 ‘ —_—
0.10 0 1 6 50 T,

Ratio Stream water to AMD

—=—Al Fe —%—Mn ——S04 ——Zn|

175



7.6.4 Simulation Experiment 3: Effects of Acidification and Buffering Processes
in Contaminated Aquifer for the Past 8 years

The acid water that percolates from the evaporation ponds seeps into the soil down
gradient and may be neutralised by reactions with minerals in the shallow aquifer
matrix. The reacted seep emerges as a contaminant plume along Yellow Jacket River,
90 to 100 m from the evaporation ponds. The pollution seepage is diffused and
dispersed along several points (C, D, & E, map Figure B3 in Appendix B) over a
distance of about 50m along the river.

This simulation tries to predict the extend of acidification and buffering in the aquifer
over the past 8 years. The modelling is performed from the time the acid front is
perceived to have started contaminating the ground water, 2 years after commissioning
the neutralisation plant in 1996, (Magombedze et al., 2006). The shallow aquifer is
assumed to be in equilibrium with gibbsite and an exchanger. Pre — contamination water
quality is unknown and assumed to be similar to the groundwater in the deep zone.
Phreeqc input files used to generate Figures 7.13 and 7.14 are shown in Appendix E,
Simulation 3.

Fig.7.13: Acidification & Buffering in aquifer

0 ° 5 o)
° o ©
@]
2 o
Ce
4 4 » ® Predicted
Oo :3 O Measured
6 - ®© 5
P @
— (@)
E 87 .o o
e
"g [ ]
& 10 - °
o
o
12 °
[ ]
14 + o
[ ]
o
16 °
18 T T T T T T T
1 2 3 4 5 6 7 8 9
pH

176



The initial environmental conditions existing in the aquifer before acidification can be
imagined as consisting of quartz, calcite (CaCOs), goethite or any form of ferric
hydroxide, Fe(OH)s, and kaolinite (Al,Si,0s5(OH)4), in contact with the acidic solution
from evaporation ponds. As the acid reacts with the mineral assemblage, the pH stays
relatively constant until calcite disappears. When calcite is gone, the pH drops to a new
lower level, controlled by kaolinite. As the strength of the acid increases, eventually
kaolinite also disappears, leaving only goethite, and the pH drops again to a level
controlled by goethite. The dissolution of calcite raises the calcium content of the
solution, causing gypsum to precipitate. Quartz is present throughout and is relatively
unaffected.

The contaminant plume’s preferred flow direction is not vertically downwards as with
most cases, but rather inclined following the hydraulic gradient or head drop per unit
distance between the evaporation ponds and infiltration depth into Yellow Jacket
subsurface water. Higher pH levels were measured in the unsaturated zone. They are all
acidic showing possible influence from strongly acidified and fluctuating groundwater
levels. Figure 7.13 shows how the aquifer pH changes with depth from the surface. The
blank circles from 0 to 1.5 m are pH measurements from pore water samples in the
unsaturated zone. Groundwater field measurements are all below 2 m. Phreeqc predicts
that the aquifer is currently acidified down to a depth of approximately 13 m where the
pH is between 0 and 6.5. The model further predicts that there is a shift in pH from
about 2.5 to 7.5 at a depth between 8§ and 15 m. The measured pH data in the
groundwater (saturated zone below 2 m) show a shifting trend from lower to higher pH
values between depths of 2.5 to 9 m. Both measured and predicted pH profiles suggest
that the most likely flowpath for the contaminant plume from evaporation ponds flows
between 2.5 and 8 m depths towards Yellow Jacket River.

Field measurements could not be performed below 9 m due to technical problems
encountered during drilling of monitoring boreholes. From these pH profiles, it can be
expected that other pollutants such as Al, Fe, Mn, Ni, Zn and sulphate have also build
up in the unsaturated zone over time since a strong correlation between pH and
dissolved pollutant concentrations was verified in Chapter 4. Generally speaking,
groundwaters that are low in alkalinity are most vulnerable to acidification. Since the
results show that the ground water is neutral to alkaline below 13 m, it can be concluded
that buffering processes are neutralising the acid at these depths or that the groundwater
below this depth has not been acidified yet. According to Sverdrup (1990), the presence
of minerals such as pyroxene, hornblende or biotite, even in small amounts would
suffice to prevent acidification when the acid load is less than 0.5 keq/ha/yr.
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The natural groundwater level in the area is below 45 m (or at least much lower than the
Yellow Jacket River). Pollution to this depth may not be expected for many years due to
the inherent buffering and sorptive capacity with depth exhibited by the aquifer.
Furthermore, this gradient that exits between the evaporation ponds and Yellow Jacket
River promotes preferential flow (suction effect) of pollutants in the forward direction
than downwards. This suction potential could have a strong influence in the way the
pollutants are distributed in the lateral direction from the evaporation ponds to the banks
of Yellow Jacket.

Fig.7.14: Contaminant Transport in Aquifer
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Figure 7.14 shows model predictions for pollutant concentrations in the forward
direction from evaporation ponds towards the Yellow Jacket River. The results show
that sulphate concentration in the groundwater has reached an equilibrium value of
18.7mmol/l (1795.2 mg/l) over a distance of about 40 m from the evaporation ponds
towards the river which is located between 90 and 100 m from the ponds. That means
the sub-soil of the land area lying between the ponds and the river is now saturated with
sulphate between 2.5 and 8 m depths (preferred flowpath) over a lateral distance of 40m
towards the river. The sulphate levels decrease sharply from 18.7 mmol/l (1795.2 mg/1)
to 3.6 mmol/l (345.6 mg/l) between 40 and 70 m, after which the concentration remains
constant as the case for all the other pollutants. Measured sulphate concentration from
monitoring borehole No 2 which is 3.8 m deep, and located 55 m from the ponds has a
dry season average of 1307.67 mg/l (13.62 mmol/l) which falls to 702.89 mg/l (7.32
mmol/l) during the wet season, with a standard deviation of 182.50 mg/l. The lower wet
season levels are due to freshening of infiltrating groundwater caused by dilution from
surface flows.
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Iron shows initial levels of 16.1 mmol/l (899.14 mg/l) and the concentration gradually
decreases towards the river reaching a constant value around 2.0 mmol/l (111.69 mg/l)
at a distance 70 m from the ponds. The model predicts an iron concentration of 319.21
mg/l against a measured value of 368.67 mg/l (42.66 mg/l standard deviation) at
borehole No 2. This discrepancy could be arising from the equilibrium phases such as
ferrihydrite and goethite assumed in the model. It seems that there are geochemical
reactions taking place involving iron such that it may take several decades to reach
saturation under the current conditions. For example, the formation of siderite, through
reaction between dissolved ferrous iron in the acidic seepage and calcite initially present
in the groundwater is a thermodynamically favoured reaction.

CaCO;, . +Fe* +50,” +2H,0 < FeCO

) +CaS0,2H,0,, (1.25)

3(s)

This reaction may be responsible for reducing Fe concentrations in the groundwater and
prolonging the breakthrough point. The groundwater contains measured Zn’>" up to
2.04mg/1. Speciation calculations show that, of the Zn*" containing minerals rated by
Nordstrom and Alpers, (1999) as likely to control metal concentrations in AMD-
environments, smithsonite (ZnCOs3;) may become oversaturated in the AMD plume.
Thus the potential precipitation of this phase slows the breakthrough of zinc.
Aluminium and manganese show slight changes in concentration from the ponds to the
river suggesting that the aquifer is near saturation with respect to these elements and
will not retain much of them anymore. This implies that Al and Mn seeping from the
evaporation ponds have nearly reached their breakthrough points and may no longer be
sorbed in the aquifer. Hence, they are discharged into the Yellow Jacket River at
concentration levels more or less similar to their initial values. This point is confirmed
by field monitoring data at borehole No 4, 2.7m deep and 65 m from the ponds, which
shows that ground water composition in the aquifer is almost the same as seepage from
the evaporation ponds as seen in Figures AP6.5 & AP6.6 in Appendix D.

Alkalinity is completely depleted in the aquifer and only shows some recovery after 75
m from the ponds, a location which in reality is 15 m from the edge of Yellow Jacket
River. It has taken 6 years for the sulphate to saturate and reach breakthrough capacity
over 40 m of the aquifer. This translates to a ‘saturation rate’ of 6.67 m per year towards
the Yellow Jacket River. Therefore it will take approximately 7.5 more years for the
‘sulphate saturation front’ (1795.2 mg/l) to reach the banks of Yellow Jacket River,
located 90 m from the contamination source. Since most of the metal cations are bound
to sulphate as the dominant anion, the ‘arrival of sulphate’ at the banks of Yellow Jacket
River can be expected to trigger a significant breakthrough of pollutants.
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The breakthrough is a pollution time bomb. This suggests that an outbreak of AMD
pollution in the Yellow Jacket and downstream water courses such as Mazowe River is
likely to take place in 7.5 years time or less considering that alkalinity is now
completely depleted in the aquifer. However, the suction potential and dilution effects
from Yellow Jacket may also prolong the expected breakthrough of massive pollution.

7.6.5 Simulation Experiment 4: Modelling Pollutants Removal from Aquifer
through Injection of Uncontaminated Stream Water

In-situ iron removal is a useful technique for reducing the iron concentration in
groundwater pumped for consumption or industrial purposes, Van Beek, 1980; Rott and
Lamberth, 1993). The technique involves periodic injection of a volume of aerated or
oxygenated water in an aquifer, followed by pumping of the injected water and
subsequently of the groundwater whose iron concentration is now lower than in native
groundwater. By analogy, this principle can be ‘borrowed’ and adapted to remediate the
contaminated aquifer at Iron Duke.

The proposed option seeks to make use of the natural flow conditions at the site as well
as the natural attenuation mechanisms in soil and groundwater in the aquifer. A fraction
of fresh stream water would be diverted from Yellow Jacket River into one of the
evaporation ponds located up-gradient of the aquifer. The fresh water would be allowed
to seep into the aquifer in the same way acidic water from the evaporation ponds is
doing at the moment. After contacting the groundwater and subsurface soil matrix,
desorption and dilution take place, and finally the ‘wash water’ exits the polluted
aquifer through the same flow lines currently used by contaminated groundwater
infiltrating into Yellow Jacket. No pumping would be necessary as the hydraulic
gradient is expected to drive the ‘injection’ of fresh water through the aquifer. The
situation is modelled with Phreeqc by considering a forward flow line of 90 m in length
(average distance from pollution source to river), and a dispersivity of 1.

Sorption is modelled in this experiment as taking place on clay minerals illite and
montmorilonite which carry a negative charge due to structural substitutions, and also
on iron oxy-hydroxide. Sorption of cations is, in this case, a cation exchange reaction
which does not affect the charge of the clay mineral but affects the speed with which the
solutes travel through the aquifer.
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The model predictions for contaminants removal are shown in Figure 7.15. When the
aquifer is equilibrated with 100, 200 or 300 m’
concentrations decrease very slightly, but then decrease fast and reach steady state with

of unpolluted water, pollutant

500 m’. This is considered as one pore volume of the aquifer. Chloride is reduced from
8.1 to 0.4 mmol/l (287.15 — 14.18 mg/l); sulphate from 15.1 to 2.1 mmol/l (1449.5 —
201.6 mg/l); manganese from 4.2 to 0.7 mmol/l (230.74 — 38.46 mg/l) and iron from 7
to 0.15 mmol/l (390.93 - 8.25 mg/l). ZINWA permissible levels for effluent discharge
for these pollutants are: Cl1 — 250 mg/l; SO4 — 250 mg/l; Fe — 1 mg/l & Mn — 1 mg/l. It is
clear that chloride and sulphate concentrations can be reduced to meet permissible
discharge levels while manganese would require further contact with more fresh water.
Iron may not be removed further unless other geochemical conditions such as pH or
redox potential change.

Fig.7.15: Pollutants Clean up by Injecting Stream Water
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The total surface area extent of the aquifer is approximately 700 m”. Considering that
contamination has progressed downwards to a depth of 13 m as predicted in Figure
7.11, the total volume requiring clean up can be estimated at 700 x 13 = 91000 m’. This
means 91000/500 = 182 pore volumes are required to reduce pollution levels to those
shown in Figure 7.15. The hydraulic conductivity of the aquifer was estimated by
Ravengai et al, (2005) as 7.92 m/day. This means each batch of fresh water or pore
volume takes 90/7.92 = 11.4 days to pass through the aquifer and infiltrate into Yellow
Jacket subsurface water.
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Assuming no fresh inputs of pollution loads to the aquifer, clean up to levels shown in
Figure 7.15 may be achieved in 11.4 x 182 days = 2074.8 days, which is 5.7 years by
this method. The only input cost is construction of the diversion canal for fresh surface
water at the beginning of the installation and some costs for continuous monitoring.

While sulphate is attenuated through precipitation of gypsum, under the conditions at
Iron Duke, this reaction could be limited by the rate of acidity supply from ferric iron,
aluminium and manganese species which are dominant in the source AMD. The
injection of fresh aerated water into the aquifer may slow down the breakthrough of
pollutants by freshening sorption sites and increasing the retention time of pollutants.

7.7 Summary

Understanding and predicting the spreading of AMD in groundwater and breakthrough
of acidity and heavy metals from the shallow aquifer at Iron Duke is important for
assessing the risk of a ‘pollution time bomb’ to the Mazowe River sub-catchment. The
fate of AMD pollutants (Al, Fe, Mn, Zn, acidity, sulphate and chloride) discharged from
the mine was assessed by Phreeqc geochemical modelling in order to interpret the
effects of over 6 years of acidic seepage infiltration from the evaporation ponds into the
aquifer and subsequently into Yellow Jacket and Mazowe rivers.

The model predicts that oxidising the mine water through aeration before neutralisation
with lime results in a more chemically stable neutral sludge. This will significantly
reduce new inputs of acidic seepage into the polluted aquifer which is currently
acidified to a depth of 13 m. Dilution and sorption processes in the aquifer and Yellow
Jacket are responsible for attenuating most of the metals including Cu, Ni and Zn. A
sulphate saturation front is progressing through the subsurface of the land lying down
gradient of the evaporation ponds at the rate of 6.67 m per year towards the Yellow
Jacket River. Considering that most of the metal pollutants are associated with sulphate
as the dominant anion, a major pollution breakthrough can be expected to occur with the
arrival of the sulphate front on the banks of Yellow Jacket River.

If the current geochemical conditions continue to prevail, Phreeqc predicts that the
‘pollution time bomb’ could explode within the next 7.5 years. However, the situation
could be abated by diverting unpolluted stream water from Yellow Jacket into the
evaporation ponds and ‘injecting’ or allowing it to seep through the aquifer. Assuming
no new pollution inputs to the aquifer, using this method, it may be possible to
significantly reduce pollutant concentrations in the groundwater to levels suitable for
effluent disposal within a period of 6 years.
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CHAPTER 8
CONCLUSIONS AND RECOMENDATIONS
8.1 Conclusions

This study shows that acid mine drainage problems are complex and multidisciplinary
in nature. Solutions often require a comprehensive and integrated approach
incorporating site assessment, prediction, control, treatment and monitoring as part of an
overall AMD management plan. Effective control measures including statutory
regulations can only be designed based on proper assessment of the key geochemical
processes which impact the environmental system at the location in question.

Site assessment and characterisation studies show that at Trojan Nickel Mine (Site 1),
drainage from the tailings dumps is essentially neutral to alkaline due to the low acid
generating potential and magnesium silicates buffering capacity of the tailings. Acid
Base Characteristic Curve tests show that the waste rock pile is potentially acid
generating but the estimated time for the drainage to attain net acid conditions could not
be established during the duration of the tests. Kinetic tests show that the tailings at
Mazowe Mine (Site 2) are net acid generating with a lag period estimated at 2 years due
to buffering from residual lime added during gold cyanide leaching. The behaviour of
AMD contaminants is more complex at the most acidic mine, Iron Duke Pyrites (Site 3).

The variation in prediction data for different rainfall conditions further shows how
difficult it is to design definitive experiments that can accurately reproduce the
hydrologic, chemical complexity and geological time scales of natural systems. Onsite
field studies should thus become increasingly more important for characterising acidic
drainage and improve the understanding of mechanisms controlling the evolution and
behaviour of AMD in semi arid climates. This greatly improves the identification,
control and management of AMD under local conditions. Based on the results of this
study, it can be concluded that the geochemistry of acid mine drainage in semi arid
environments is strongly controlled by the following processes:

1. Conditions of aridity such as dryness and evaporation stop flow of leachate from
waste dumps leading to accumulation and storage of oxidation products in the
dumps. These effects are observed during the dry season from May to mid
November, meaning that pollution loads to fresh water courses decay
exponentially to a minimum.
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2. During the wet season, mid November to March, accumulated oxidation
products are flushed, leading to high contaminant fluxes in the drainage, and
high potential for pollution of natural water courses in the mining areas.
However, short spell duration, heavy thunderstorms result in erosion and
dilution as the main mechanisms by which metal concentrations are reduced in
surface water.

3. During transport of the dissolved phase, mixing occurs due to molecular
diffusion of contaminants from higher to lower relative concentration, and also
due to dispersion arising from the variation in flow velocities. These cause the
contaminant plume to spread, thereby enlarging and developing a concentration
gradient within the spatial area affected. Dilution of dissolved contamination by
mixing with clean surface water, groundwater and/or infiltration water
(recharge) results in significant reduction of the contaminants concentration and
may be an important contributor to the overall attenuation effect.

4. Dissolution, precipitation and hydrolysis are the most important processes
affecting contaminant interaction with surface water at all sites. These processes
are more important at the pyrite mine operation, where chemical non-
equilibrium exists due to point source nature of the pollution, extremely high
contaminant concentrations, and because of high pH and redox potential
gradients. Adsorption, desorption, complexation and cation exchange are the key
processes controlling inorganic pollutant migration in the shallow aquifer at Iron
Duke where continuous supply of contaminants result in equilibrium shifts.

The following conclusions can also be drawn based on Phreeqc geochemical modelling
of the processes controlling the spreading and attenuation of AMD at Iron Duke Mine:

5. The model predicts that the resultant effect of over 6 years of acidic seepage
infiltration from the evaporation ponds into the groundwater and subsequently
into Yellow Jacket River is a ‘pollution time bomb’. A sulphate saturation front
is progressing through the subsurface at an estimated rate of 6.67 m per year
towards the banks of Yellow Jacket River and could trigger a massive pollution
breakthrough in the Mazowe River sub-catchment within 7.5 years.

6. Assuming no new pollution inputs to the aquifer, Phreeqc predicts that injecting
uncontaminated stream water into the aquifer and allowing it to seep by means
of the hydraulic gradient existing between the evaporation ponds and Yellow
Jacket River, it may be possible to significantly reduce pollutant concentrations
in the groundwater to levels suitable for effluent disposal within a period of 6
years.
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8.2 Recommendations

Since knowledge of how to combat pollution from sulphide mineral processing is not
well distributed in Zimbabwe, the strongest recommendation from this study is the
development of ‘A National Framework or Guidelines for the Assessment and
Management of AMD’. The guidelines can be developed in conjunction with the metal
mining industry, government and scientific community with a primary purpose to
provide advice on how to identify, evaluate and manage mine waste materials with
potential to generate acidic drainage under local conditions. Studies similar to this
present study could be extended to cover all catchments affected by metal mining
operations in Zimbabwe and thus provide the ‘basis characterisation data’ for
formulating such guidelines.

Mine water neutalisation at Iron Duke should incoorperate an aeration step and the
flowsheet modified to the High Density Sludge Treatment process. The evaporation
ponds should be cleaned of any previous slugde deposits and be lined with HDPE
material to prevent any leaks into ground water. The ponds should be limed with
coarsely crushed limestone prior to fresh sludge disposal. The natural wetlands existing
at Trojan and Mazowe mines should be re-engineered to increase retention capacity and
scavenging of heavy metals from discharge solutions. It is also recommended to use
monitored natural attenuation as a management technique at all sites to control the
migration and environmental impacts of AMD derived pollutants.

Areas for further study

» Sorption could be an important process controlling contaminant transport and
attenuation in the vadose zone since groundwater levels in the country are
generally very deep (> 45 m). However, the kinetics or rate mechanism of
adsorption and desorption processes are too poorly understood to conclude that
there is no threat from AMD pollution to groundwater, and therefore more
research is required in this area.

» Geochemical modelling is a powerful tool for predicting the concentrations and
fate of contaminants that leach from mine waste dumps and deciphering their
transport in water and in the invisible subsoil. For it to be used to guide
management decisions, it is recommended that detailed characterisation and
study of several carefully selected field sites should be contacted in order to
provide guidance on which parameters are more sensitive to local conditions.
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APPENDICES

APPENDIX A: Water Quality Guidelines

Table Al: ZINWA Water quality guidelines for Effluent Discharge (1998)

MAXIMUM PERMISSIBLE
CONSTITUENT CONCENTRATION (mg/l)
ZONE1l |ZONE2 |SAZ,1997 | WHO
(7'9Drinking) (Drinking
H,0)
Temperature °C 25 35 <20 <15
pH 6.0-7.5 6.0-9.0 |6.5-8.5 6.5-8.5
Dissolved Oxygen (DO) 60% 75%
Total Suspended Solids (TSS) 10 25
Total Dissolved Solids (TDS) 100 500 <500 <500
Chemical Oxygen Demand (COD) 30 60
Biological Oxygen Demand (BOD) 5 10
Soap, oil & grease 0 2.5
Free Ammonia (N) 0.5 0.5
Arsenic (As) 0.05 0.05 0.005 0.01
Barium (Ba) 0.1 0.5 0.7
Boron (Bo) 0.5 0.5 0.5
Cadmium (Cd) 0.01 0.01 0.01 0.003
Chlorides (C1) 50 100 <200 <200
Chlorine residual 0 0.1
Chromium (Cr) 0.05 0.05 0.05
Copper (Cu) 0.02 0.05 0.1 2.0
Cyanides & related compounds (CN) | 0.2 0.2 0.1 0.07
Detergents (as manoxo 100T) 0.2 0.1
Fluoride (F) 1.0 1.0 <1.0 1.50
Iron (Fe) 0.3 0.3 <0.3 <0.5
Lead (Pb) 0.05 0.05 0.05 0.01
Manganese (Mn) 0.1 0.1 0.1 0.5
Mercury (Hg) 0.5 0.5 0.001 0.001
Nickel (Ni) 0.3 0.3 0.02
Nitrogen (Total N) 10.0 10.0 10.0 3.0
Phenolic compounds (as Phenol) 0.01 1.0 0.005
Phosphate (Total P) 1.0 1.0
Sulphate (SO,) 50 200 <200 <250
Sulphides (S) 0.05 0.2
Zinc (Zn) 0.3 1.0 <1.0 <5.0
Total Heavy Metals 1.0 2.0
Herbicides, pesticides & insecticides | Not to be found in concentrations injurious to health
of humans, animals, vegetable or aquatic life.
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Table A2: ZINWA Classification Standards for Effluent Disposal*

Parameter Blue Green Yellow Red
Sensitive | Normal
Temperature °C | <25 <35 <40 <40 <40
pH 6.0-7.5 55-9.0 |55-9.0 55-9.0 55-9.0
BOD <15 <30 <50 <100 >100
COD <30 <60 <90 <150 >150
TSS <10 <25 <50 <100 >100
TDS <100 <500 <1000 <1500 >1500
DO >7 >6 >5 >4 >4
Free Ammonia | <0.5 <0.5 <1.0 <1.5 >1.5
Chloride (CI) <200 <250 <300 <400 >400
Chloride Nil <0.1 <0.2 <0.3 >0.3
residual
Sulphate <100 <250 <300 <400 >400
Sulphide <0.05 <0.2 <0.3 <0.4 >0.4
CN <0.05 <0.05 <0.1 <0.15 >0.2
Detergents <0.2 <1 <2 <3 >3
Grease & Oil Nil <2.5 <5 <7.5 >7.5
As <0.05 <0.05 <0.1 <0.15 >0.15
Fe <0.3 <1 <2 <5 >5
Ba <0.1 <0.5 <1 <1.5 >1.5
Bo <0.5 <0.5 <1 <1.5 >1.5
Cu <0.02 <0.5 <1.5 3 >3
F <1 <1 <2 <4 >4
Ni <0.3 <0.3 <0.6 <0.9 >(.9
Total N <10 <10 <20 <30 >30
Total P <0.5 <0.5 <1.5 <3 >3
Cd <0.01 <0.01 <0.5 <0.1 >0.1
Cr (IV) <0.05 <0.05 <0.1 <0.2 >0.2
Hg <0.01 <0.01 <0.02 <0.03 >0.03
Pb <0.05 <0.05 <0.1 <0.2 >0.2
Total Heavy | <1.0 <2.0 <4 <10 >10
Metals
Feacal <1000 <1000
coliforms (No.
per 100ml)

*Measurements are in mg/l unless otherwise stated.
The classification is based on the quality of effluent and the potential environmental risk as submitted by
the permit applicant and as assessed by the Water Pollution Control Section.
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APPENDIX B: Plant Flowsheets and Sampling Locations
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Fig.B2: Mazowe Mine Processing Plant
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APPENDIX D: Trends in Drainage Chemistry at Iron Duke
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Fig.AP6.4 Mine water Cations
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Fig.AP6.7 Background water chemistry upstream of seepage zone
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APPENDIX E: Phreeqc Geochemical Modelling Input and Output Files

Simulation Experiment 1:
TITLE Oxidation of AMD

SOLUTION 1 AMD # Composition of Mine Water at Iron Duke
Mine
units mg/1l;
pH 2.34; pe 4.60; temp 21.4
S(6) 11754 .22 charge; Mn 88.45; Zn 3.43
Cl 1237.04; Al  161.43; Ca 2.13
N(5) 287.26; Si 1.12; Mg 98.67
Fe 6172.45; Cu 0.34; K 14.32
Na 67.24
Alkalinity O as HCO3
REACTION 1
02(9)
0.1 mole in 10 steps
End
SOLUTION 2
Units mg/l
pH 3.225; pe 18.324
S(6) 11754 .22 charge; Mn 88.45; Zn 3.43
Cl 1237.04; Al 161.43; Ca 2.13
N(5) 287.26; Si 1.12; Mg 98.67
Fe 6172.45; Cu 0.34; K 14_.32
Na 67.24

Alkalinity O as HCO03
USE SOLUTION 2
REACTION 2
Calcite
C02(9)
0.3 moles in 10 steps
KINETICS 1 AMD Neutralisation with Calcite Dissolution
Calcite
-m 1.78e-2
-m0 1.78e-2
-parms 5.0 0.3
-tol 1.e-8
-steps 1000 2500 4500 5000 7500 8500 9500 10000 12000 15000
# seconds
-step_divide 100
RATES
Calcite
-start
1 rem M = current number of moles of calcite
2 rem MO = number of moles of calcite initially present
3 rem PARM(1) = A/V, cm™2/L
4 rem PARM(2) = exponent for M/MO
10 si_cc = SI("Calcite™)
20 if (M<=0 and si_cc<0) then goto 200
30 k1 107(0.198-444_0/TK)
40 k2 10n(2.84-2177.0/TK)
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50 if TC<=25 then k3 = 10"(-5.86-317.0/TK)

60 if TC>25 then k3 = 10M(-1.1-1737.0/TK)

70 t =1

80 1if MO>0 then t = M/MO

90 ift=0thent=1

100 moles = parm(1) * 0.1 * (t)"™parm(2)

110 moles = moles * (k1 * act("H+") + k2 * act(''C02') + k3

* act(''H20™))
120 moles = moles * (1 - 10M(2/3*si_cc))
130 moles = moles * time
140 if (moles > m) then moles = m
150 if (moles >= 0) then goto 200
160 temp = tot(Ca™)
170 mc = tot("C(4)™)
180 if mc < temp then temp = mc

190 if -moles > temp then moles = -temp
200 save moles
-end

SELECTED_OUTPUT
-file AMDoxd3.csv
-molalities Fe+2 Fe+3 Cat+2
-saturation_indices 02(g) C02(g) Anhydrite Calcite Gibbsite
Goethite Gypsum Jarosite-K Pyrolusite
END

Simulation Experiment 2:
Title # AMD Mixing with Yellow Jacket Stream Water
SOLUTION 1 AMD # Composition of Mine water
units mg/1l;

pH 2.34; pe 4.60; temp 21.4

S(6) 11754.22 charge; Mn 88.45; Zn 3.43
Cl 1237.04; Al 161.43; Ca 2.13
N(5) 287.26; Si 1.12; Mg 98.67
Fe 6172.45; Cu 0.34; K 14.32
Na 67.24

Alkalinity O as HCO3
SELECTED_OUTPUT
-file Mixing.csv
-totals Al Cu Fe Mn S(6) Zn
-saturation_indices Ferrihydrite Goethite Gibbsite Gypsum

Pyrolusite
End
SOLUTION 2 BGSW # Composition of Background surface water
units mg/1l;
pH 7.32; pe 12.63; temp 20.4
S(6) 139.45 charge; Mn 1.87; Zn 0.61
Cl 12.34; Al 0.05; Ca 28.06
N(5) 1.34; Si 0.08; Mg 29.04
Fe 0.87; Cu 0.02; K 5.03
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Na 12.66
Alkalinity 108.25 as HCO03

EQUILIBRIUM_PHASES
c02(g) -3.5
02(g) -0.68

End
MIX 1 mixing AMD and stream water
1 1.0
2 1.0
End
MIX 2 dry season
1 1.0
2 6.0
End
MIX 3
1 1.0
2 50
End
MIX 4 wet season
1 1.0
2 100
End
MIX 5 Floods
1 1.0
2 1000

SAVE SOLUTION 3
END

USE SOLUTION 3
PHASES; Ferrihydrite; Fe(OH)3 + 3H+ = Fe+3 + 3H20; -log_k 2.0
EQUILIBRIUM_PHASES
02(g) -0.68 # P_02 = 0.21 atm (log 0.21
Ferrihydrite 0.0 0.0 # S1 = 0.0, initial amount
Co02(g) -3.5
SAVE SOLUTION 4
SAVE equilibrium_phases 2
END
USE SOLUTION 4
USE Equilibrium_phases 2
SURFACE 1
Hfo_w Ferrihydrite 0.2 5.33e4 # weak sites, 0.2 mol/mol,
surface area 5.33e4 m2/mol
Hfo_s Ferrihydrite 0.5e-2 # strong sites 2.5% of weak sites
-equil 1
SURFACE_SPECIES
Hfo_wOH + C03-2 + H+ = Hfo_wCO03- + H20; log_k 12.56
Hfo_wOH + C03-2 + 2H+= Hfo_wHCO3 + H20; log_k 20.62

-0.68)
0.0

USER_PRINT
-start
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10 print "pH Al _tot Mn Zn*

20 print -la("H+"™), tot("Al'™) * 26.98e6, tot("'Mn™) * 54.94e6,
tot("'Zn™) * 65.39e6

-end

END

Simulation Experiment 3:
Title # Acidification & Buffering in Aquifer

SOLUTION 1-50 # Fresh pore water in aquifer at start

units mg/l

pH 7.5; temp 21.4

Na 19.28; K 2.65; Mg 32.34; Ca 43.65; Al 0.09

Cl 10.03; S(6) 156.64 charge; N(5) 3.54; Mn 27.43; Cu 0.04;
Zn 0.87; Alkalinity 197.55 as HCO03

EQUILIBRIUM_PHASES 1-50

Gibbsite 0.29; C02(g) -3.5

SAVE solution 1-50

END

EXCHANGE 1-50

X 0.08; -equilibrate 1

END

PRINT; -reset true

SOLUTION O # Seepage from evaporation ponds enters the aquifer
units mg/l

pH 4.5; temp 23.5

Na 16.85; K 19.18; Mg 21.09; Ca 28.17; Fe 907.52

Cl 78.16; S(6) 1850.86 charge; N(5) 28.96; Mn 106.26; Al 3.84
Cu 1.18; Zn 1.87

END

TRANSPORT # 8 yr flow, 7.5 m/yr, in 100 m
-cells 50; -length 2
-time_step 2.52e8
-flow_direction forward; -shifts 30
-dispersivity 1; -punch_frequency 30

USER_GRAPH
-heading dist Al Mn Fe S(6) Alk
-init false
-plot_concentration_vs X
-axis_titles "Distance / m" "mmol/L"

-start
10 graph_x dist
20 graph_y tot("Al'")*1e3, tot(Mn')*1e3, tot('Fe'")*1e3,\
tot("'S(6)'")*1e3, Alk*1le3
-end
END

Simulation Experiment 4:
Title # Aquifer Injection with Uncontaminated Stream water
SOLUTION 1-4 # Groundwater in aquifer
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units mg/l

pH 3.58; pe 13.89; temp 22.4

Na 27.07; K 6.43; Mg 31.25; Ca 254.38
Zn 1.22; Cu 0.42; Al 2.45; Mn 245.03

Fe 378.23; CI 287.34; N(5) 45.65; S(6) 1684.7 charge

EXCHANGE_SPECIES
Mg+2 + 2X-
Cat2 + 2X-

EXCHANGE 1-4
X 0.08; -equilibrate 1

PRINT; -reset false

END

MgX2; -log_k 0.54; -gamma 5.5 0.2
Cax2; -log_k 0.78; -gamma 5.0 0.165

SOLUTION 0 # Injected solution - uncontaminated stream water

Units mg/1

pH 7.32; pe 12.58; Na 12.66; K 5.03
Mg 29.04; Ca 28.06; Zn 0.61; Cu 0.02
Al 0.05; Mn 1.87; Fe 0.87; CI 12.34
N(5) 1.34; S(6) 139.45 charge

END

TRANSPORT
-cells 4
-shifts 330

-length 19.24 13.83 12.94 12.48
-dispersivity 1.0
-punch 4
USER_GRAPH
-headings Injected CI S(6) Mn Fe

-axis_scale x_axis 100 100000 auto auto true # logarithmic
axes

-axis_scale y axis 0.1 160 auto auto true

-plot_concentration_vs time

—axis_titles "m"3 Injected” "mmol/L"

-start

10 VO = 300 # m3 of injected stream water into aquifer

20 graph_x VO * (step_no + 0.5)/cell_no
30 graph_y 1e3 * tot("CI'), 1e3 * tot("S(6)'), 1le3 * tot("'Mn'™),

le3 * tot("'Fe")
-end
END
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El:Saturation Indices

SOLUTION 1
Phase Si log IAP log KT
AI(OH)3(a) -8.24 2.8 11.04 Al (OH)3
Albite -16.42 -34.66 -18.23 NaAlSi308
Alunite -4.94 -5.89 -0.95 KA13(S04)2(0H)6
Anhydrite -2.54 -6.88 -4.35 CaSo4
Anorthite -30.42 -50.24 -19.82 CaAl2Si208
Ca-Montmorillonite -18.88 -64.43 -45.55 Ca0.165A12.33Si3.67010(0H)2
Chalcedony -1.09 -4.69 -3.59 Si02
Chlorite(14A) -70.67 -0.93 69.74 Mg5AI12Si3010(0H)8
Chrysotile -37.51 -4.86 32.65 Mg3Si205(0H)4
Fe(OH)3(a) -8.1 -3.21 4.89 Fe(OH)3
Gibbsite -5.51 2.8 8.31 Al (OH)3
Goethite -2.34 -3.21 -0.87 FeOOH
Gypsum -2.31 -6.89 -4.58 CaS04:2H20
H2(9) -13.83 29.76 43.6 H2
H20(g) -1.6 0 1.6 H20
Halite -5.89 -4.32 1.57 NacCl
Hausmannite -44_68 17.25 61.93 Mn304
Hematite -2.69 -6.42 -3.73 Fe203
Ilite -22.6 -63.36 -40.76 KO.6Mg0.25A12.3Si3.5010(0H)2
Jarosite-K -14.99 -23.92 -8.93 KFe3(S04)2(0H)6
K-feldspar -14.75 -35.6 -20.85 KA1Si308
K-mica -20.18 -6.95 13.23 KAI3Si13010(0H)2
Kaolinite -11.52 -3.77 7.75 Al2Si205(0H)4
Manganite -17.28 8.06 25.34 MnOOH
Melanterite -1.3 -3.55 -2.25 FeS04:7H20
02(9) -56.67 -59.53 -2.87 02
Pyrochroite -14.08 1.12 15.2 Mn(OH)2
Pyrolusite -26.96 15 41.96 Mn02:H20
Quartz -0.67 -4.69 -4.01 Si02
Sepiolite -26.91 -11.06 15.86 Mg2Si307.50H:3H20
Sepiolite(d) -29.72 -11.06 18.66 Mg2Si1307.50H:3H20
Si02(a) -1.95 -4.69 -2.74 Si02
Talc -36.05 -14.23 21.81 Mg3Si4010(0H)2
Willemite -21.37 -5.74 15.63 Zn2Si04
Zn(OH)2(e) -12.03 -0.53 11.5 Zn(OH)2
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Saturation Indices

SOLUTION 2
Phase SI log IAP log KT
AI(OH)3(a) -1.06 10.05 11.1 Al (OH)3
Albite -6.19 -24.49 -18.3 NaAlSi308
Alunite -1.05 -1.87 -0.82 KAI3(S04)2(0H)6
Anhydrite -2.07 -6.42 -4.34 CaSo4
Anorthite -5.36 -25.2 -19.85 CaAl2Si208
Aragonite -0.91 -9.21 -8.31 CaCo3
Ca-Montmorillonite -1.83 -47 .52 -45.7 Ca0.165A12.33Si3.67010(0H)2
Calcite -0.76 -9.21 -8.46 CaC03
Chalcedony -1.53 -5.14 -3.61 Si02
Chlorite(14A) -7.88 62.24 70.12 Mg5A12Si3010(0H)8
Chrysotile -8.52 24.26 32.78 Mg3Si205(0H)4
C02(9) -2.33 -3.74 -1.41 Cco2
Dolomite -1.22 -18.2 -16.98 CaMg(C03)2
Fe(OH)3(a) 2.97 7.86 4.89 Fe(OH)3
Gibbsite 1.67 10.05 8.37 Al (OH)3
Goethite 8.69 7.86 -0.83 FeOOH
Gypsum -1.84 -6.42 -4.58 CaS04:2H20
H2(9) -39.85 3.91 43.77 H2
H20(9) -1.63 0 1.63 H20
Halite -8.37 -6.8 1.57 NacCl
Hausmannite 7.45 69.64 62.19 Mn304
Hematite 19.37 15.72 -3.65 Fe203
Ilite -2.31 -43.21 -40.9 KO.6Mg0.25A12.3Si3.5010(0H)2
Jarosite-K 0.41 -8.44 -8.85 KFe3(S04)2(0H)6
K-feldspar -4.2 -25.13 -20.93 KAISi308|
K-mica 4.73 18.12 13.38 KA13Si3010(0H)2
Kaolinite 1.98 9.82 7.84 Al2Si1205(0H)4
Manganite 4.52 29.86 25.34 MnOOH
Melanterite -14.39 -16.66 -2.27 FeS04:7H20
02(9) -4.97 -7.83 -2.86 02
Pyrochroite -5.29 9.91 15.2 Mn(OH)2
Pyrolusite 7.69 49.81 42.13 Mn02:H20
Quartz -1.11 -5.14 -4.03 Si02
Rhodochrosite 0.53 -10.58 -11.11 MnCO3
Sepiolite -8.27 7.61 15.88 Mg2Si307.50H:3H20
Sepiolite(d) -11.05 7.61 18.66 Mg2Si1307 .50H:3H20
Siderite -8.59 -19.46 -10.86 FeCO3
Si02(a) -2.39 -5.14 -2.75 Si02
Smithsonite -1.27 -11.22 -9.95 ZnCOo3
Talc -7.94 13.99 21.93 Mg3Si4010(0H)2
Willemite -2.29 13.42 15.71 Zn2Si04
Zn(OH)2(e) -2.22 9.28 11.5 Zn(OH)2
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Saturation Indices
SOLUTION 3
Phase S1 log 1AP log KT

Al (OH)3(a) -9.24 1.67 10.91 | AI(OH)3
Albite -18.09 -36.2 -18.11 | NaAlSi308
Alunite -9.38 -10.57 -1.19 | KAI3(S04)2(0H)6
Anhydrite -0.71 -5.06 -4_35 | CaS04
Anorthite -30.29 -50.05 -19.76 | CaAl2Si208
Ca-Montmorillonite -21.39 -66.66 -45.27 | Ca0.165A12.33Si3.67010(0H)2
Chalcedony -1.24 -4.81 -3.57 | Si02 |
Chlorite(14A) -74._47 -5.45 69.02 | Mg5A12Si3010(0H)8
Chrysotile -38.65 -6.24 32.41 | Mg3Si205(0H)4
Fe(OH)3(a) -2.07 2.82 4.89 | Fe(OH)3
Gibbsite -6.54 1.67 8.21 | AI(OH)3
Goethite 3.76 2.82 -0.94 | FeOOH
Gypsum -0.48 -5.06 -4_.58 | CaS04:2H20
H2(g) -29.1 14.18 43.28 | H2
H20(g) -1.55 0 1.55 | H20
Halite -6.83 -5.25 1.58 | NaCl
Hausmannite -27 34.46 61.45 | Mn304
Hematite 9.52 5.64 -3.88 | Fe203
1lite -25.73 -66.22 -40.5 | KO.6Mg0.25A12.3Si3.5010(0H)2
Jarosite-K 1.97 -7.11 -9.08 | KFe3(S04)2(0H)6
K-feldspar -16.53 -37.23 -20.7 | KAISi308
K-mica -24 -11.05 12.95 | KAI3Si3010(0H)2
Kaolinite -13.86 -6.27 7.58 | A12Si205(0H)4
Manganite -9 16.34 25.34 | MnOOH
Melanterite -3.43 -5.66 -2.23 | FeS04:7H20
02(9) -25.49 -28.37 -2.88 | 02
Pyrochroite -13.43 1.77 15.2 | Mn(OH)2
Pyrolusite -10.74 30.91 41.65 | Mn02:H20
Quartz -0.82 -4.81 -3.98 | Si02
Sepiolite -27.98 -12.17 15.8 | Mg2Si1307.50H:3H20
Sepiolite(d) -30.83 -12.17 18.66 | Mg2Si307.50H:3H20
Si02(a) -2.08 -4.81 -2.73 | Si02
Talc -37.45 -15.85 21.59 | Mg3Si4010(0H)2
Willemite -21.41 -5.94 15.47 | Zn2Si04
Zn(OH)2(e) -12.06 -0.56 11.5 | Zn(OH)2
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Saturation Indices

SOLUTION 4
Phase Si log IAP log KT
AI(OH)3(a) -8.16 2.64 10.81 AI(OH)3
Albite -16.81 -34.82 -18.01 NaAlSi308
Alunite -6.9 -8.29 -1.39 KA13(S04)2(0H)6
Anhydrite -0.59 -4.95 -4.36 CaSo4
Anorthite -27.44 -47.15 -19.72 CaAl2Si208
Ca-Montmorillonite -18.66 -63.7 -45.04 Ca0.165A12.33Si3.67010(0H)2
Chalcedony -1.2 -4.75 -3.55 Si02
Chlorite(14A) -67.36 1.06 68.42 Mg5A12Si3010(0H)8
Chrysotile -35.7 -3.49 32.21 Mg3Si205(0H)4
Fe(OH)3(a) -3.44 1.45 4.89 Fe(OH)3
Gibbsite -5.47 2.64 8.12 Al (OH)3
Goethite 2.44 1.45 -1 FeOOH
Gypsum -0.37 -4.95 -4.58 CaS04:2H20
H2(9) -31.6 11.42 43.01 H2
H20(g) -1.51 0 1.51 H20
Halite -7.35 -5.77 1.58 NacCl
Hausmannite -25.09 35.97 61.05 Mn304
Hematite 6.9 2.9 -4 Fe203
Ilite -22.81 -63.09 -40.28 KO.6Mg0.25A12.3Si3.5010(0H)2
Jarosite-K -2.68 -11.88 -9.2 KFe3(S04)2(0H)6
K-feldspar -15.2 -35.78 -20.58 KAISi308|
K-mica -20.53 -7.82 12.72 KAI3Si13010(0H)2
Kaolinite -11.65 -4.21 7.44 Al2Si205(0H)4
Manganite -8.08 17.26 25.34 MnOOH
Melanterite -6.5 -8.71 -2.21 FeS04:7H20
02(9) -19.94 -22.83 -2.89 02
Pyrochroite -13.76 1.44 15.2 Mn(OH)2
Pyrolusite -8.31 33.08 41.4 Mn02:H20
Quartz -0.79 -4.75 -3.96 Si02
Sepiolite -26 -10.24 15.76 Mg2Si1307 .50H:3H20
Sepiolite(d) -28.9 -10.24 18.66 Mg2Si307.50H:3H20
Si02(a) -2.04 -4.75 -2.71 Si02
Talc -34.39 -12.98 21.41 Mg3Si4010(0H)2
Willemite -21.31 -5.97 15.34 Zn2Si04
Zn(OH)2(e) -12.11 -0.61 11.5 Zn(OH)2
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E2: Distribution of Species

SOLUTION 1
Log Log Log
Species Molality | Activity | Molality | Activity | Gamma
H+ 5.83E-03 | 4.57E-03 | -2.234 -2.34 -0.106
OH- 2_.44E-12 | 1.65E-12 | -11.612 -11.782 -0.17
H20 5_55E+01 | 9.96E-01 | 1.744 -0.002 0
Al 6.10E-03
AlSO4+ 3.78E-03 | 2.78E-03 | -2.423 -2.556 -0.134
Al (S04)2- 1.77E-03 | 1.30E-03 | -2.752 -2.885 -0.134
Al+3 5.49E-04 | 6.11E-05 | -3.26 -4.214 -0.954
AIHS04+2 3.74E-06 | 1.09E-06 | -5.427 -5.961 -0.534
AIOH+2 3.57E-07 | 1.04E-07 | -6.447 -6.981 -0.534
AL (OH)2+ 1.76E-10 | 1.29E-10 | -9.755 -9.888 -0.134
AI(OH)3 2_95E-15 | 3.17E-15 | -14.53 -14.5 0.03
Al (OH)4- 1.69E-18 | 1.24E-18 | -17.772 -17.906 -0.134
Ca 5.42E-05
Ca+2 2_98E-05 | 8.69E-06 | -4.526 -5.061 -0.535
CaS04 2_36E-05 | 2.53E-05 | -4.627 -4.598 0.03
CaHS04+ 8.81E-07 | 6.48E-07 | -6.055 -6.189 -0.134
CaOH+ 4.27E-16 | 3.14E-16 | -15.369 -15.503 -0.134
Cl 3.56E-02
Cl- 3.47E-02 | 2.37E-02 | -1.46 -1.625 -0.166
FeCl+ 8.50E-04 | 6.25E-04 | -3.07 -3.204 -0.134
MnCI+ 3.67E-05 | 2.70E-05 | -4.436 -4.569 -0.134
ZnCl+ 4_.60E-07 | 3.38E-07 | -6.337 -6.471 -0.134
MnCI2 2_60E-07 | 2.79E-07 | -6.584 -6.554 0.03
ZnCI2 7.72E-09 | 8.27E-09 | -8.112 -8.082 0.03
MnCI3- 2_48E-09 | 1.82E-09 | -8.606 -8.74 -0.134
ZnCI3- 2_.93E-10 | 2.15E-10 | -9.533 -9.667 -0.134
FeCl+2 1.30E-10 | 3.79E-11 | -9.887 -10.421 -0.534
ZnCl4-2 8.50E-12 | 2.49E-12 | -11.07 -11.605 -0.534
FeCl2+ 6.13E-12 | 4.51E-12 | -11.212 -11.346 -0.134
FeClI3 9.98E-15 | 1.07E-14 | -14.001 -13.971 0.03
Cu() 1.73E-08
Cu+ 1.73E-08 | 1.12E-08 | -7.762 -7.953 -0.191
Cu(2) 5.44E-06
Cu+2 2_99E-06 | 8.75E-07 | -5.524 -6.058 -0.534
Cuso4 2_45E-06 | 2.63E-06 | -5.611 -5.581 0.03
CuOH+ 2_.76E-12 | 1.91E-12 | -11.559 -11.72 -0.161
Cu(OH)2 8.10E-16 | 8.68E-16 | -15.092 -15.062 0.03
Cu(OH)3- 1.55E-26 | 1.14E-26 | -25.81 -25.944 -0.134
Cu(OH)4-2 1.69E-36 | 4.95E-37 | -35.771 -36.306 -0.534
Fe(2) 1.13E-01
Fe+2 6.53E-02 | 1.91E-02 | -1.185 -1.719 -0.534
FesS04 4_47E-02 | 4.79E-02 | -1.35 -1.32 0.03
FeHS04+ 1.94E-03 | 1.42E-03 | -2.713 -2.847 -0.134
FeCl+ 8.50E-04 | 6.25E-04 | -3.07 -3.204 -0.134
FeOH+ 1.36E-09 | 1.00E-09 | -8.866 -8.999 -0.134
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Fe(3) | 1.76E-08
FeSO4+ 1.23E-08 | 9.07E-09 | -7.909 -8.042 -0.134
Fe(S04)2- 4_01E-09 | 2.95E-09 | -8.397 -8.53 -0.134
Fe+3 5.34E-10 | 5.95E-11 | -9.272 -10.226 | -0.954
FeHS04+2 3.81E-10 | 1.11E-10 | -9.419 -9.953 -0.534
FeOH+2 2.31E-10 | 6.75E-11 | -9.636 -10.171 | -0.534
FeCl+2 1.30E-10 | 3.79E-11 | -9.887 -10.421 | -0.534
FeCI2+ 6.13E-12 | 4.51E-12 | -11.212 | -11.346 | -0.134
Fe(OH)2+ 5.77E-12 | 4.24E-12 | -11.239 | -11.373 | -0.134
FeCI3 9.98E-15 | 1.07E-14 | -14.001 | -13.971 | 0.03
Fe(OH)3 9_48E-17 | 1.02E-16 | -16.023 | -15.994 | 0.03
Fe2(OH)2+4 1.95E-17 | 1.43E-19 | -16.709 | -18.846 | -2.137
Fe(OH)4- 2.37E-23 | 1.74E-23 | -22.625 | -22.759 | -0.134
Fe3(OH)4+5 3.86E-25 | 1.77E-28 | -24.414 | -27.753 | -3.339
H(0) | 1.76E-17
H2 8.79E-18 | 9.41E-18 | -17.056 | -17.026 | 0.03
K 3.74E-04
K+ 3.42E-04 | 2.34E-04 | -3.466 -3.632 ~0.166
KS04- 3.16E-05 | 2.32E-05 | -4.501 ~4.634 -0.134
KOH 1.65E-16 | 1.76E-16 | -15.783 | -15.753 | 0.03
Mg 4.14E-03
Ng+2 2.12E-03 | 6.73E-04 | -2.674 -3.172 ~0.498
MgSo4 2.02E-03 | 2.17E-03 | -2.694 ~2.664 | 0.03
MgOH+ 5.21E-13 | 3.83E-13 | -12.283 | -12.417 | -0.134
Mn(2) | 1.64E-03
Nn+2 9.54E-04 | 2.79E-04 | -3.021 -3.554 -0.534
MnSO4 6.52E-04 | 6.98E-04 | -3.186 ~3.156 0.03
MnCI+ 3.67E-05 | 2.70E-05 | -4.436 ~4.569 -0.134
MnCI2 2.60E-07 | 2.79E-07 | -6.584 ~6.554 | 0.03
Mn(NO3)2 2.00E-07 | 2.14E-07 | -6.699 ~6.669 0.03
MnCI3- 2.48E-09 | 1.82E-09 | -8.606 -8.74 -0.134
MnOH+ 1.58E-12 | 1.16E-12 | -11.801 | -11.935 | -0.134
Mn(3) | 3.21E-24
Mn+3 3.21E-24 | 2.02E-25 | -23.493 | -24.695 | -1.202
N(5) | 2.09E-02
NO3- 2.09E-02 | 1.38E-02 | -1.679 ~1.859 -0.18
Mn(NO3)2 2.00E-07 | 2.14E-07 | -6.699 ~6.669 0.03
Na 2.98E-03
Na+ 2.78E-03 | 2.02E-03 | -2.556 ~2.695 -0.139
NaS04- 2.03E-04 | 1.49E-04 | -3.693 ~3.826 -0.134
NaOH 2.71E-15 | 2.91E-15 | -14.566 | -14.536 | 0.03
0(0) | 0.00E+00
02 0.00E+00 | 0.00E+00 | -59.561 | -59.531 | 0.03
S(6) | 1.25e-01
S04-2 5.05E-02 | 1.51E-02 | -1.226 ~1.822 ~0.596
FeS04 4_47E-02 | 4.79E-02 | -1.35 -1.32 0.03
HSO04- 8.43E-03 | 6.20E-03 | -2.074 —2.208 -0.134
AISO4+ 3.78E-03 | 2.78E-03 | -2.423 ~2.556 -0.134
NMgS04 2.02E-03 | 2.17E-03 | -2.694 -2.664 | 0.03
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FeHSO04+ 1.94E-03 | 1.42E-03 | -2.713 -2.847 -0.134
A1 (S04)2- 1.77E-03 | 1.30E-03 | -2.752 -2.885 -0.134
MnS04 6.52E-04 | 6.98E-04 | -3.186 -3.156 0.03
NaS04- 2_03E-04 | 1.49E-04 | -3.693 -3.826 -0.134
KS04- 3.16E-05 | 2.32E-05 | -4.501 -4.634 -0.134
CaS04 2.36E-05 | 2.53E-05 | -4.627 -4.598 0.03
ZnS04 2_.00E-05 | 2.14E-05 | -4.7 -4.67 0.03
Zn(804)2-2 9.22E-06 | 2.70E-06 | -5.035 -5.569 -0.534
AIHS04+2 3.74E-06 | 1.09E-06 | -5.427 -5.961 -0.534
Cuso4 2.45E-06 | 2.63E-06 | -5.611 -5.581 0.03
CaHSO4+ 8.81E-07 | 6.48E-07 | -6.055 -6.189 -0.134
FeS04+ 1.23E-08 | 9.07E-09 | -7.909 -8.042 -0.134
Fe(S04)2- 4.01E-09 | 2.95E-09 | -8.397 -8.53 -0.134
FeHS04+2 3.81E-10 | 1.11E-10 | -9.419 -9.953 -0.534
Si 1.90E-05
H4Si104 1.90E-05 | 2.04E-05 | -4.721 -4.691 0.03
H3Si104- 7.86E-13 | 5.78E-13 | -12.104 -12.238 -0.134
H2S104-2 2_.32E-23 | 6.77E-24 | -22.635 -23.169 -0.534
zn 5.35E-05
Zn+2 2_.39E-05 | 6.22E-06 | -4.622 -5.206 -0.584
ZnS04 2.00E-05 | 2.14E-05 | -4.7 -4.67 0.03
Zn(804)2-2 9.22E-06 | 2.70E-06 | -5.035 -5.569 -0.534
ZnCl+ 4.60E-07 | 3.38E-07 | -6.337 -6.471 -0.134
ZnCl2 7.72E-09 | 8.27E-09 | -8.112 -8.082 0.03
ZnCI13- 2.93E-10 | 2.15E-10 | -9.533 -9.667 -0.134
ZnCl4-2 8.50E-12 | 2.49E-12 | -11.07 -11.605 -0.534
ZnOH+ 1.53E-12 | 1.13E-12 | -11.814 -11.948 -0.134
Zn(OH)2 3.47E-18 | 3.72E-18 | -17.46 -17.43 0.03
Zn(OH)3- 3.48E-27 | 2.56E-27 | -26.458 -26.592 -0.134
Zn(OH)4-2 3.03E-37 | 8.84E-38 | -36.519 -37.054 -0.534
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