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ABSTRACT

Acid rock drainage (ARD) is one of the most severe environmental challenges currently
faced by the mining industry worldwide. ARD is formed from the oxidation of sulphide-
bearing minerals, particularly pyrite, in the presence of water and oxygen. ARD generation is
accelerated by the presence of naturally occurring iron and sulphur-oxidizing micro-
organisms, which regenerate leaching agents that facilitate sulphide mineral oxidation. ARD
pollution is characterized by a high concentration of metals and sulphates in solution, low pH
and a high salt content (salinity) in the environment, contaminating soil and groundwater. In
South Africa, ARD is a major challenge in the gold and coal mining industries, where millions
of tons of sulphide waste rock and overburden are generated and discarded.
Characterization of these waste materials is required to develop an appropriate disposal

strategy to minimise the risk of pollution and the generation of ARD.

Potential ARD generation prediction from waste rock depends on the precise
characterization of ARD potential using Biokinetic tests. Commonly used ARD prediction
methods are static and long-term kinetic tests. Static tests provide data for a worst-case
scenario focussing on strong acid chemical leaching potential to give an overall acid forming
potential of a sample. Such kinetic tests provide data illustrating the rate of the net acid
generation capacity of mine waste. However, these tests are capital intensive and time-
consuming and fail to provide adequate information on the effect of micro-organisms on the

overall net acid generation capacity of mine waste.

The Biokinetic test reported herein and developed at the University of Cape Town, focusses
on addressing a worst case scenario provided by static tests in a cost-effective manner and
reduced time frames provided for by conventional kinetic tests. This test primarily provides
relative rates of ARD generation in the presence of micro-organisms within 90 days.
However, the Biokinetic test is at the developmental stage and thus far, has not been
consistently used for different waste ores to determine a standardised approach. Therefore,
the aim of this study was to investigate the effects of microbial consortia and to develop a
standardisation approach for the test for ARD formation potential using gold-bearing and
copper-bearing waste rock. Additionally, to refine the Semi-continuous Biokinetic test
simulation, a flow-through system where there is minimal seepage in the waste deposit, was
also developed. The sulphur content of the gold and copper-bearing samples used in this
study was between 2.3 and 3.15%, respectively. These waste rock samples were found to
be potentially acid- forming. In the Biokinetic test, finely milled waste rock samples were
slurrified, inoculated with consortia and cultured under standard bioleaching conditions.

Leaching and acidification rates were monitored. Data collected allowed for both acid



neutralisation and generation including their relative rates. In the Biokinetic test, a mixed
microbial culture dominated by Leptospirilum ferriphilum and Acidthiobacillus caldus was
used at a starting inoculum concentration of 107, 10°, 10° and 10 with the tests being
performed under three different conditions, namely non-controlled pH, controlled pH, and in

Semi-continuous systems.

Findings showed that there was minimal effect of inoculum size on the Biokinetic test for
gold-bearing waste rock under non-controlled pH. These results agreed with speciation data
performed at the end of experiments, suggesting minimal impact by the quantity of ARD
forming micro-organisms added in the inoculum, which culminated in insignificant
differentiation between inoculated and non-inoculated samples. This suggested
ineffectiveness of inoculated micro-organisms, with their effect being counteracted by the
dissolution of minerals with a significant buffering capacity, resulting in a pH exceeding the
optimum pH range of the ARD-forming micro-organisms and the precipitation of ferric iron at
pH above 3.5. This limited the re-generation of lixiviate (ferric iron) which leaches from the
waste rock, causing long microbial lag phases, and thus slowing the mineral leaching
process by the microbial community. In contrast, results in the non-controlled pH Biokinetic
test for copper-bearing waste rock, with reduced acid neutralisation potential, indicated a
significant effect of the inoculum size on leaching, thus on acidification rates. Furthermore,
similar experimental work was conducted in pH controlled Biokinetic tests for gold-bearing

waste rock to suppress acid generation potential.

Based on Batch Biokinetic Test results, a Semi-continuous system for the removal of readily
dissolved neutralising components from the sample was developed, to mitigate against pH
increase effects on the inoculum. For these experiments, the Semi-continuous method was
determined to be suitable particularly for the mineral composed of high neutralizing capacity
for the removal of neutralising minerals; the outcomes indicated that such a method should
be used to complement and confirm results from the Batch Biokinetic tests to gain an insight
on the relative rates of acid generation and acid neutralisation under microbial mediated
ARD conditions.

This research study contributes to the understanding of the behaviour of microbial consortia
on the rate of ARD generation. Furthermore, an understanding of influences by the mineral
characteristics of the waste rock was found to be the key to gaining insight into the relative
rates of acid consuming and acid generating minerals for ARD potential Biokinetic tests.
Several recommendations are made, one being to assess the effect of toxic metals which

may inhibit the microbial phase in the Biokinetic test system developed.

Keywords: Acidthiobacillus caldus; Leptospirillum ferriphilum, acid rock drainage, ARD;

Biokinetic tests; Mineral leaching; Pyrite; Waste rock.
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CHAPTER 1
INTRODUCTION




1 INTRODUCTION

1.1 Background

Acid rock drainage (ARD) and acid mine drainage (AMD) are two terminologies used
interchangeably to define the acidic leachate generated from the oxidation of sulphide
containing minerals such as pyrite (FeS,) and pyrrhotite (F-xS). ARD pollution is a natural
process occurring in the presence of water and oxygen. The availability of naturally occurring
iron and sulphur-oxidizing microorganisms in the environment promotes the generation of
ARD in waste rock deposits and tailing dams. The most common anthropogenic activities
with a potential of ARD generation include waste rock piles from mining, tailing dams, heap
leaching piles and open pits (Akcil & Koldas, 2006). Other activities such as the building of
tunnels and motorways can lead to the immobilisation of sulphide-bearing minerals in the
earth’s crust, which may subsequently cause ARD development and thus generation in the
environment (Akcil & Koldas, 2006). The presence of ARD in the areas surrounding mines is
characterised through the development of low pH (pH 2 to 3) turbid water, as a result of the
generated drainage which further leads to the leaching of deleterious metals into the
environment and the local ecosystem, leading to the mobilisation of heavy metals such as
Arsenic (As), Lead (Pb), Copper (Cu), Cobalt, Nickel, Zinc (Zn) and Cadmium (Cd) from the

soil and/or waste rock (Hudson-Edwards et al., 2011; Oelofse, 2007).

It has been estimated that mining activities generate nearly 98% of waste from mined ore.
According to a survey conducted by Mend (1995), seven billion tons of tailings and six billion
tons of waste rocks have the potential of forming ARD in Canada. This ARD formation
potential can affect pH of the surrounding soil, increasing its salinity, which will culminate in
high concentrations of heavy metals and sulphates. The resulting heavy metals such as Iron
(Fe), Copper (Cu), Manganese (Mn) and Silver (Ag), will leach into liquefied matrices,
subsequently polluting the environment via mobility mechanisms (Dold, 2010; Lottermoser,
2010). This phenomenon has been observed in South Africa where spillages and
accumulation of high volume of ARD forming wastes containing elevated concentrations of
toxic heavy metals resulted in the contamination of potable water reserves and the
destruction of ecosystems (Yibas et al.,, 2011; Oelofse, 2007; Neghovela et al., 2006,
Mphephu, 2003). To predict and/or mitigate against ARD occurrence, accurate

characterisation methods are necessary such that mitigation measures can be developed.

The gold mining industry in South Africa started in 1886 on the Witwatersrand in Gauteng
province. South Africa is recognised as a major producer of Gold (Au), contributing nearly
4.4% of the world Au production (Chamber of mines of South Africa, 2016). Due to the high



demand for Au, the grade of the ore processed has decreased with time, with the depth of
excavation of mineral increasing from 2.5 to 3.9 km below the earth’s crust, for example a
mine at Maponeng which recognised as the deepest mine in South Africa. These actions
have left a legacy of overburden and gold waste containing sulphide rocks (102-192

Mt/year), which are exposed to conditions suitable for ARD formation (Makgae, 2011).

The prediction of potential ARD generation is commonly achieved using geochemical ARD
tests and can be broadly classified into static and long-term kinetic tests. The static tests
include acid-base accounting (ABA) and net acid generation (NAG) tests. These tests are
used for screening purposes to determine whether waste rock samples have a potential for
forming acid or are non-acid forming. The disadvantage of these characterisation tests is
that they only measure the balance of acid producing and acid neutralising minerals without
accounting for relative rates of ARD generation and provide minimal information regarding
the effect of micro-organisms. On the other hand, kinetic tests such as the humidity cell and
column leach tests are routinely employed to provide kinetic data. However, these tests are
capital intensive and time-consuming, and do not adequately take into consideration the role
of micro-organisms, which also promote ARD formation in mine wastes (Hesketh et al.,
2010; Stewart et al., 2009). Addressing these constraints in relation to the assessment of
ARD formation potential, is important (Hesketh et al., 2010; Herrell et al., 2009; Price 2009).
Hence, Biokinetic tests must be developed to provide information of relative rates of ARD

generation in the presence of micro-organisms within 90 days.

The challenge related to ARD pollution necessitates the ongoing development of accurate
and informative ARD formation characterisation tools. The aim of this study was to explore
the impact of Batch and Semi-continuous Biokinetic tests and their standardisation for ARD
formation potential assessments, to accurately evaluate ARD formation using gold-bearing

and copper-bearing waste rocks.

1.2 Problem statement

An empirical assessment of ARD potential of mined waste rock through characterisation
methods is an essential component of sustainable mining practices. The Biokinetic test is in
the developmental stage and requires further refinement in terms of standard operating
conditions and procedure, to address challenges associated with the use of different waste
sources, and to account for the effect of the microbial consortium. Previous studies have
investigated parameters such as solids loading and particle size to assess and improve the

consistency of this methodology. Therefore, the effect of inoculum size and the nature of the



microbial consortium, coupled with the effect in of varying physicochemical parameters, such
as pH and the build-up of dissolved neutralisation potential, must be addressed to elucidate

their influence on the ARD Biokinetic test.

1.3 Hypothesis

This research project focussed on the standardisation of the Biokinetic test for ARD
characterisation, using gold-bearing and copper-bearing waste rocks as test samples. This

research was centred on the following hypotheses:

An increase in the initial cell concentration of consortia in the Biokinetic test can enhance
or accelerate the onset of the rate of acid generation in the test, until the established
microbial community can regenerate the ferric iron and acid more rapidly than it is
consumed during mineral leaching. Above this concentration, no further impact of

inoculum concentration can be observed.

By controlling the pH of the Biokinetic test at pH 2 or below, ferric iron precipitation is
minimised, favouring mineral leaching. Furthermore, a favourable environment is
maintained for the iron and sulphur oxidising micro-organisms such that the acid
generating reactions can proceed in an accelerated manner, allowing for a

representative but accelerated test.

By using a Semi-continuous Biokinetic test/ draw and fill operational strategy for the
Biokinetic test, acid neutralising capacity solubilised does not accumulate in the test,
allowing regions of neutralisation and acid generation to be clearly observed, and thus

allowing the conditions to be more representative of field conditions.

This study attempted to answer the following questions in order to address the

aforementioned hypotheses:

= Will the waste rock samples be potentially acid-forming, non-acid forming, or will the test

result in an uncertain classification?

= Wil there be any effect of inoculum size on the Biokinetic tests? If so, what will be the
effect of different pH conditions under both controlled and non-controlled conditions?
Furthermore, will the effect of inoculum size affect the quality of data or ease of data

interpretation?



= Does the proliferation distribution of the microbial community inoculated change as the

test progresses?

= How do the results of the Biokinetic test and geochemical test contribute to a better
characterisation of the potential for future ARD generation in the waste rocks used in this

study?

1.4 Research aims and objectives

This research project is organised into three phases to characterise ARD generation
potential of two different mine wastes. Phase one consists of the standard ARD
characterisation methods. The second phase focuses on the effect of inoculum under non-
controlled and controlled pH conditions for standardisation of the Biokinetic test. The third
phase aims at refining the Semi-continuous Biokinetic test for better prediction of the
behaviour of acid consuming and acid neutralising minerals. The objectives of each phase

are outlined below:

Phase 1: Aim: To characterise the ARD potential of gold-bearing and copper-bearing waste

rock using geochemical standard methods.

Objective 1: To determine the mineralogical composition of the two waste rocks in

order to gain an insight on prevalence of heavy metals present within the samples.

Objective 2: To conduct an acid-base accounting and net acid generation test to

classify the ARD potential of the waste rock samples.

Objective 3: To determine the ARD potential of the two waste rocks using the UCT

standard Biokinetic test reported herein.

Phase 2. Aim: To determine the effect of inoculum size of a consortium consisting of Fe?*

and S oxidising micro-organisms on the Biokinetic test profiles for gold-bearing and copper-

bearing waste rocks under different pH regimes, i.e. both non-controlled and controlled.

Objective 1: To perform a test run in pH-controlled experiments similar to non-

controlled pH Biokinetic tests and to investigate the effect of inoculum size.



Objective 2: To use molecular techniques to determine the microbial community

changes at the mid- and end-point of the experiments.

Phase 3. Aim: Based on the results generated from aim 2, to refine the current Semi-
continuous Biokinetic method to test ARD potential of solid waste simulating a Semi-

continuous flow disposal scenario.

Objective 1: To determine an instance at which acid consuming and acid generation
reactions occur and to determine their impact on the microbial activity. To assess the
Biokinetic tests under conditions in which dissolved acid neutralisation capacity is diluted

from the test.

1.5 Significance of the study

The results obtained from the sets of tests will contribute to the standardisation of Biokinetic
tests and to a thorough understanding of the potential for ARD formation from these sulphide
mineral wastes. This will assist with the on-going management of waste rock by mining

companies and help to develop mitigation measures for ARD formation potential.

1.6 Scope and limitations of the study

The aim of this study was to determine the effect of inoculum size, under controlled and non-
controlled pH conditions, and the influence of pH on controlled Biokinetic tests using gold-
bearing and copper-bearing waste rocks. The overarching objective of this investigation was
to use ARD geochemical characterisation tests and Biokinetic tests as a tool to aid in the
interpretation of the potential for ARD generation from these waste rock samples, obtained
from an active gold mining company. The potential for ARD generation from the gold waste
rocks was characterised using standard test methods, which involves static ARD
characterisation tests, acid-base accounting (ABA) and net acid generation (NAG) as well as

in Batch and Semi-continuous Biokinetic tests.

The following were not considered for this study, although they form part of other studies

within the research group (CeBER):

= Mathematical modelling of growth kinetics,

= Pilot scale or field prediction tests, were not carried out in this study, and



= Effect of heavy metal deportment on the biokinetic test under the different test

conditions.



1.7 Thesis outline

The thesis is divided into six main parts. The introduction in chapter 1 describes the project
background, problem statement, hypothesis, research aims and objectives and project
scope and limitations as well as a thesis outline. This is followed by the literature review
(chapter 2) which describes ARD formation, factors contributing its emergence, and
characterisation techniques (and their shortcomings) used to quantify its formation potential.
Chapter 3 reports on sample preparation; ARD characterisation tests including ABA tests,
NAG test, and Batch Biokinetic tests under non-controlled and controlled pH conditions; as
well as a Semi-continuous Biokinetic test. Chapter 4, which contains results and discussion,
is divided into three subsections. The first part is based on results from the standard ARD
characterisation test and standard Biokinetic test. The second section provides results on
the effect of microbial consortia on Biokinetic tests for assessing ARD generation, and the
last section focused on the refinement of the semi-batch biokinetic test. Chapter 6 contains
conclusions and recommendations for future studies. The detailed procedure for the
methods used and raw data of all experimental work conducted are tabulated in the
appendices. The schematic outline of this thesis is presented in Figure 1-1.
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2 LITERATURE REVIEW

This chapter provides an overview of processes involved in ARD generation, factors which
affect its formation, and the environmental challenges associated with ARD formation.
Furthermore, the current ARD characterisation and prediction techniques are reviewed.

2.1 ARD formation

Large quantities of waste rock are generated in the extraction of base and precious metals
as well as coal; the ratio of waste to a mineral value depends on the product mined and the
processes used. When sulphide-bearing minerals such as pyrite, pyrrhotite, marcasite,
chalcopyrite, galena, and sphalerite present in a waste rock are exposed to water and air,
oxidation reactions occur to produce acidic, sulphate-rich rock drainage. The release of ARD
into the environment can occur over centuries, and results in the reduction of the pH of the
surrounding soil to as low as 2 to 3. This leads to the leaching of heavy metals such as iron,
copper and silver which subsequently pollute the environment (Price 2009; Mphephu, 2003).
The most widely distributed sulphide-bearing mineral in gold and copper deposits is pyrite.
For this reason, the oxidation mechanisms of pyrite have been studied extensively as it plays
a major role in ARD generation in the environment (Gunsinger & Ptacek 2006; Garcia et al.,
1996; Evangelou & Zhang, 1995; Davis & Ritchie, 1986). The oxidation of pyrite (FeS,)
occurs in a series of reactions either in the absence or in presence of Fe- and S-oxidising

microorganisms (Alpers & Nordstrom, 1999).

The oxidation reaction of pyrite in the presence of water and oxygen occurs at cecum-neutral
pH and yields ferrous iron (Fe?"), sulphates (SO4%) and protons (H") Equation (2-1). The
dissolution of Fe**, SO,* and H" decreases the pH of the water (Akcil & Koldas, 2006). In
the study conducted by McGuire et al. (2001), ferrous oxidation was observed to occur at a
slower rate at a pH above 4.5. However, when the dissolved oxygen is available and water is
present in the aqueous form, Fe®* is further oxidised to produce ferric iron according to
Equation (2-2). The availability of ferric iron facilitate the rate of pyrite oxidation at pH below

3.5 by a factor of 10 to 100 time faster when compared to oxygen availability (Ritchie, 1994).

4FeS, + 10, + H,0 — Fe®* + 2507 + 2H* (2-1)

Fe® + 10, + H* = Fe®* + JH,0 (2-2)
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The precipitate of ferric iron in an ARD contaminated site is indicated by an orange-brown
colour (Evangelou & Zhang, 1995). The ferric iron generated (see Equation (2-2)) serves as
a leaching reagent of pyrite. At pH levels between 2.3 - 3.5, ferric iron is insoluble and forms
precipitates such as ferric hydroxide [Fe(OH)s] and secondary minerals including jarosite (jt)
and goethite (gt), depending on environmental conditions such a pH, concentration of solute,
and temperature (Nordstrom & Southam 1997; Jambor et al., 2000). The formation of
Fe(OH); also produces acid which lowers the pH, as shown in Equation (2-3). When pH is
below 3.5, ferric iron remains in the solution and serves as a leaching agent of pyrite, as in
Equation (2-4).

Fe®* + 3H,0 — Fe(OH); + 3H* (2-3)
FeS,+ 14Fe3* + 8 H,0 — 15Fe* + 250, + 16H* (2-4)

ARD formation is also enhanced by the availability of micro-organisms at low pH conditions
and high dissolved metal concentrations (Evangelou & Zhang, 1995). The microbial
population under low pH conditions needs a good source of energy in the form of Fe?* and
sulphur to proliferate. Microorganisms found in the waste rock and tailing deposits are a
combination of autotrophs (which use inorganic carbon sources) and heterotrophs (which
use organic carbon sources) (Hallberg, 2010). Some important features of these
microorganisms are low pH requirements (1 to 3) and their ability to fix atmospheric carbon
dioxide (Rawlings & Johnson 2007). The microbial community is constituted by acidophilic
micro-organisms which leach minerals, with the consortia being phylogenetically diverse,
and with several prokaryotes making a minute portion of the ARD contaminated sites.
Silverman and Ehrlich (1964) discovered that sulphides can be oxidised by bacteria either
via a thiosulphate or polysulphide mechanism (see Figure 2-1Error! Reference source not
found.). This has created a complex biochemical description of the interactions of bacteria

with sulphide minerals.
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Figure 2-1: Mechanisms of sulphide mineral leaching in the presence of iron and sulphur
oxidising micro-organisms (Schipper & Sand, 1999).

There are two proposed mechanisms for microbial-facilitated oxidation of minerals. These
are commonly referred to as direct and indirect mechanisms. In the direct oxidation
mechanism, Fe-oxidising microbes attach to the surface of sulphide minerals such as pyrite,
with the oxidation of the ferrous ion on waste rock surface being facilitated via enzymatic
biocatalysts. The indirect mechanisms refer to the oxidisation of ferrous ions in the solution
through regeneration of the ferric ion, which serve as a leaching agent with microorganisms,
in particular S-oxidisers, converting sulphates to intermediate by-products which are

subsequently turned to acid.

For the indirect non-contact mechanism, microorganisms oxidise ferrous to ferric ions in the
bulk solution and sulphides or intermediates to sulphate and acid. The sulphide in the waste
rock is either oxidised by ferric ions or dissolved in the acidic solution (Tributsch, 2001).
Adhesion of microorganisms to the mineral surface is not always required, i.e. oxidation may

occur by free floating planktonic microorganisms (Sand & Gehrke, 2006; Tributsch, 2001)
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Most recent studies on mineral leaching processes by a microbial community identify the
dominance of two pathways depending on the acid solubility of the sulphide, i.e. a
thiosulphate pathway for the acid insoluble (such as FeS,, MoS, and WS,) and a

polysulphide pathway for acid soluble (such as ZnS, PbS, FeAsS, CuFeS,).

2.1.1 Thiosulphate pathway

The reactions in Equations (2-5) and (2-6) indicates stoichiometric dissolution of acid-
insoluble sulphide (pyrite) resulting in thiosulphate formation and intermediate products.

FeS,+ 6Fe® 4+ 3H,0 — 5,0, + 6Fe* + 6H* (2-5)
5,0, + 8Fe? + 5H,0 — 250, + 8Fe?t + 10H* (2-6)

The net reaction is as demonstrated in Equation (2-7):

FeS,+ 14Fe + 8H,0 — 250,* + 15Fe2* + 16H* (2-7)

The role of iron oxidising microorganisms such as Leptospirilum ferriphilum, Scidithiobacillus
ferrooxidans, Acidthiobacillus thiooxidans and Acidiplasma cupricumulans is to facilitate Fe?*
oxidation to Fe®" (Equation (2-8), in order to regenerate ferric iron which serves as an
oxidising agent required for further oxidation of pyritic species. Sulphur oxidising species
stimulate the oxidation of sulphur to either thiosulphate or sulphuric acid, depending on the
dominant pathway.

14Fe?* +3.50, + 14H* — 14Fe ** + TH,0 (2-8)

2.1.2 Polysulphide pathway

The sulphide bearing minerals, such as sphalerite (ZnS), chalcopyrite (CuFeS,), galena
(PbS) and arsenopyrite (FeAsS), dissociate via the polysulphide pathway. The dissolution of
sphalerite is an example which illustrates the polysulphide pathway. The polysulphide
pathway differs from others in that there is an additional proton-facilitated decomposition of
the metal sulphide, in addition to that observed for Fe**, producing free sulphur compounds.
These are further oxidised to polysulphides, resulting in elemental sulphur (see Equations
(2-9) and (2-10)).

14



8ZnS + 14Fe + 2H* - 8Zn?* + 14Fet + H,S5; (2-9)
H, Sg+ 2Fe?t = 5g + 2Fe?t 42H2* (2-10)

Equation (2-11) describes the dissolution of elemental sulphur to produce sulphates.

Sg+120, + 12H,0 — 850,%" + 16H* (2-11)

The end-product of the oxidation of acid soluble minerals in the presence of a microbial
community and oxygen is the formation of sulphates; an indication of the initiation of ARD

generation in an environment contaminated by waste rock.

ZnS+ 20, = Zn?t + 50,° (2-12)

The diversity of the microbial community in the ARD and tailing deposits is dependent on
several parameters, such as pH, temperature and the ratio of Fe*": Fe®* concentrations. For
the growth and functioning of micro-organisms, an optimum pH range must be achieved.
The microorganisms which function at pH below 4.5 are termed acidophilus. The optimum
pH range for acidophilic microorganisms is between 0.5-2.5. Singer & Stumm (1970)
observed that microorganisms at low pH catalyse the rate of oxidation of sulphide minerals
by a factor of 10°. Therefore, an acidic environment is essential in the leaching, and thus
dissolution, of ferric iron. This becomes insoluble and forms a precipitate at pH above 3.5
(Rawlings & Johnson, 2007).

The temperature of waste rock deposits also plays an essential role in selectively promoting
the growth of dominant species. The microorganisms are classified into three categories,
based on the temperature range for their optimal growth (Rawlings & Johnson, 2007). The
three groups of microorganisms isolated in the ARD contaminated site are mesophilic
bacteria that live and replicate between 10°C to 45°C, with moderate thermophiles grown at
the temperature range of 5°C to 60°C, while thermophilic archaea grow and multiply
between 60°C and 90°C. Table 2.1 lists the pH range, including temperature ranges, of
different metal sulphide acidophilic microorganisms. To mitigate against acidification,

carbonates can be used, as discussed in the subsequent sections.
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Table 2-1: pH range and temperature range of metal sulphide acidophilic microorganisms
;(Dew et al., 2011, Schippers et al., 2007)

Microorganisms pH range Temperature range (°C)
Acidthiobacillus ferroxodans 1.3-45 10-37
Acidthiobacillus thiooxidans 0.5-5.5 10-37
Acidmicrobium ferooxidans 1.0-3.5 20-35
Acidimicrobium species 1.0-3.5 40-55
Acidthiobacillus caldus 1.0-35 32-52
- - 1.4-4.0 30-45
Leptospirilum ferriphilum
) ) 0.4-1.8 22-63
Acidoplasma cupricumulans
1.7-2.4 45-58
Salfobacillus thermosulfooxidans
1.5-4.0 30-45

Leptospirilum nitrospira

2.2 Acid neutralisation by carbonates

During mineral processing, valuable minerals are normally found embedded in large portions
of sulphide-containing minerals and gangue material. When sulphide bearing minerals are
oxidised under chemical and biological conditions, acid is produced and minerals with
neutralising potential are formed. Acid neutralisation is described as the reaction that
increases the drainage pH to neutrality as a result of dissolved acid-consuming minerals.
The presence of neutralising minerals in significant concentrations may reduce the acid

generation potential of an ARD forming environment.

Calcite (CaCOy) is reported to be the fastest reacting carbonate mineral which begins the
neutralisation of acidic solution, and generation of ARD at pH values between 6.5-7.5
(Lapakko, 2002; Lottermoser, 2010, White et al., 1999). Equation 2-13 indicates the role of
pH in the presence of protons (H) to dissolve calcite, forming calcium and bicarbonate at pH
7. However, at pH values below 6.3, neutralisation by calcite becomes exhausted and thus
the calcite in the solution may provide buffering for reactions whereby a single mole of
calcium yields 2 moles of carbonic acid (Equation 2-14). It is therefore assumed that one
mole of pyrite is neutralised by 1 mole of calcite (Dold, 2017). A study conducted by
Gunsinger & Ptacek (2006) observed a significant increase in the solution pH correlating
with the depletion of carbonate minerals, which suggests a contribution of calcite to the

neutralisation of ARD generation. The reactivity of some of the carbonate minerals is one
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magnitude slower relative to that observed for calcite, dolomite [Mg, Ca (CO3)] and siderite

(FeCOy), respectively.
CaCO; + H* = Ca®* + HCO,3™ (2-13)
CaCO; + 2H* = Ca®* + H,C045™ (2-14)

The dissolution of dolomite is giving by Equation (2-15):

CaMg(C03)2 + 4H* = Ca** + Mg** + 2HCO; (2-15)

With the dissolution of siderite being described by Equation (2-16):

FeCO; + H* — Fe?™ + HCO5™

4Fe(C03) + 0, + 10H,0 — 4Fe(HO); + 4HCO;™ +4H* (2-16)

Siderite can provide neutralisation under defined pH conditions and buffer the acid to pH
between 5.0 to 5.5. Under the oxidising conditions related to sulphide mine waste, siderite
may serve as an acid producer. This is caused by ferrous oxidation, which in turn produces

ferric hydroxide depending on the pH according to the reaction (2-16).

A study conducted by Brantly (2008) reported that minerals present in mine waste react at
different rates. These neutralising minerals are classified on the basis of their reactivity into
fast weathering (carbonates), intermediate weathering (hydroxides) and slow weathering
minerals (silicate).The potential of neutralising acid relies on the reactivity and availability of
acid-consuming minerals in significant quantities. Table 2-2 illustrates the relative pH range
at which different minerals react to neutralise the acid generated in ARD. Other neutralising

constituents include aluminosilicate minerals.
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Table 2-2 classifications of minerals based on their relative rates of weathering at pH 5
(Lawrance & Wang, 1996,).

Mineral Composition Relative reactivity at pH 5
Dissolving Calcite, dolomite, magnesite and  1.00

aragonite
Fast weathering Anorthite, olivine, forsterite,

garnet, jadeite, nepheline,
leucite, spodumene, diopside
and wollastonite

Intermediate weathering Sorosilicates, (zoisite, epidote), 0.02
pyroxenes, augite, enstatite,
amphiboles (glaucophane,
hornblende and actinolite),
phyllosilicates (talc, biotite
chlorite).

Slow weathering Plagioclase feldspars (albite, 0.01
oligoclase, labradorite), clays
(vermiculite, montmorillonite)

Very slow weathering K-feldspars, muscovite 0.01

Inert Quartz, rutile, zircon 0.004

2.3 Neutralization by aluminosilicate minerals

During the dissolution of carbonate minerals in the solution, basic metals such as calcium
(Ca), iron (Fe), magnesium (Mg) and manganese (Mn) are released into the solution. When
carbonate minerals are exhausted in the system, the basic metals produced contribute to the
formation of iron and aluminium hydroxides ions which dissolve and ultimately contribute
towards acid neutralisation. Gibbsite (AIOH); and Ferrihydrite (FeOH) neutralisation
reactions occur as a result of aluminium and hydroxide precipitation at pH 3.5 and 4.3,
according to Equations (2-17) and (2-18) respectively (Dold, 2017; Blowes et al., 2003).

Fe(OH)3 +3H* = Fe* 4 3H,0 (2-17)
AI(OH); + 3H* — Al + 3H, (2-18)

Generally, some neutralisation potential of ARD from mine waste is offered by fast

weathering minerals such as olivine, plagioclase, diopside and wollastonite in an acidic pH,
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but at a slower rate compared to that of calcite (Jambor et al., 2010; Nordstrom & Southam,
1997). Overall, the weathering of silicate and aluminosilicates provides some neutralization
due to the dissolution of calcium (Ca), Fe?" and the availability of alkaline metals. Including
potassium (K) and sodium, which leach aluminium together with silicon, resulting in ARD
neutralisation. This reaction is mostly governed by the pH and availability of sufficient
concentration of neutralisation species such as potassium, sodium, calcium and silica. This
neutralisation potential of the aforementioned species results from feldspars (KAISizOg —
NaAlSi;Os — CaAl,Si,Og), as illustrated in Equations (2-19) and (2-21). When H' is
consumed, Ca and K enter the solution, which further promotes dissolution of the feldspars.
Such neutralisations are highly dependent on environmental factors, which also contribute to
ARD formation.

CM£2512G3(5}+ 2H+{ﬂ-q} + HEG(E-Q} -+ Cﬂ-2+(ﬂ-q} + AE:SE:GE(GH}4(S} (2'19)

2KAISi0; Og + 9H,0 + 2H® — Al,5i05 (OH)4 + 2K + 4H,Si0, (2-20)

2.4 Factors contributing to ARD formation

There are several factors that accelerate the oxidation reaction of sulphide minerals in mine
waste dumps. These include the presence of air and water, the presence of sulphur and iron
oxidising microbes which regenerate reactants in the sulphide oxidation reaction, mineral
composition, and the physical characteristics of the mine waste. These factors are discussed

in detail in subsequent sections.

2.4.1 Availability of water and air

Dissolved oxygen is one of the most crucial factors for the oxidation of mineral ore waste to
occur through both chemically and biologically facilitated reactions. Micro-organisms, i.e
chemolithoautotrophy, present in ARD sites require oxygen and carbon dioxide for their
survival. Under such conditions, the pyrite is oxidised and so produces indicators of ARD
generation, as indicated in Equations (2-1) and (2-2). The penetration of oxygen into the
grain size of sulphide minerals at cecum-neutral pH accelerates the rate of ARD generation
in the environment. The availability of water during ARD formation is required, as it serves as

both a reactant and medium in which transportation mechanisms are facilitated, culminating
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in leached metal species mobility to uncontaminated areas. This process is also dependent

on temperature.

2.4.2 Effect of temperature and weather conditions

Weather conditions existing in the locality of waste rock deposits may play an essential role
in ARD generation. The main contributing factors include a warm temperature, humidity,
precipitation and sustained availability of groundwater (Plumlee,1999). The oxidation of
sulphide minerals is an exothermic reaction, which therefore can raise the temperature
above 40-60°C, temperatures which facilitate rapid microbial proliferation. On the other
hand, a decrease in temperature increases the solubility of carbon dioxide (CO,), which
reduces the pH such that dissolution of carbonate minerals may occur at a faster rate to
neutralize the acid generated under low pH conditions. The heat generated from sulphide
oxidation may increase the temperature and the rate of mineral leaching under low pH

catalysed by ferric ions.

This illustrates that the temperature of a waste rock deposit also plays an essential role in
the growth of dominant species, which are classified into three categories according to the
temperature range suitable for their optimal growth (Rawlings & Johnson, 2007). The three
groups of micro-organisms normally isolated from ARD contaminated sites are mesophilic
bacteria that live and replicate between 10°C to 45°C, moderate thermophiles which function
at the temperature range of 5°C to 60°C, and thermophilic archaea growing at 60°C to 90°C.
These temperatures can be sustained by the exothermic oxidation of sulphide minerals such
as pyrite. The most active microbial species in the mesophilic range are L. ferrooxidans, A.

ferroxidans and L. ferriphilum.

L. ferrooxidans are gram-negative bacteria that can grow at temperatures ranging from 15°C
to 45°C with an optimum of 30°C. These Fe-oxidising micro-organisms function best at pH
1.5 to 4.0. Similarly, A. ferroxidans are the most abundant naturally occurring micro-
organisms that were first isolated in an ARD contaminated site (Colmer et al., 1950). This
species is able to oxidise Fe* to Fe*" at an optimum pH of 2.0 to 2.5, provided that it is at an
optimum temperature of 40°C (Dopson et al., 2005); however, L. ferriphilum, which is an
obligate chemo lithotrophic micro-organism which uses pyrite/Fe?* as a source of energy,
grows at an optimal pH range of 1.4 to 1.8 and a temperature between 30 to 35°C. The latter
was first isolated in South Africa, and it is currently used in gold-bearing plants to treat

arsenopyrite concentrates (Rawling et al., 2002).
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Some acidophilus, including A. caldus, do grow in the presence of sulphur compounds such
as sulphates, elemental sulphur, sulphide and thiosulphates, which are by-products of ARD.
This species is a gram-negative autotrophic proteobacteria that optimally functions at pH 2.0
to 2.5 and at 45°C. A. caldus has been observed to be the best active acidophilic sulphur
oxidising micro-organisms in the ARD environment (Norris et al., 2011). For persistent ARD

formation, the availability of these organisms is crucial.

2.4.3 Availability of micro-organisms

Micro-organisms play an extensive role in ARD generation as they are capable of oxidising
ferrous to ferric iron which becomes available to dissolve minerals (Moon, 1995). At neutral
pH, the oxidation of pyrite is sluggish. However, this reaction is catalysed by acidophilic
sulphur oxidising microbes such as A. thiooxidans, A. caldus, and iron-oxidising microbes
such as A. ferrooxidans and L. ferriphilum (Swaine & Goodazi, 1995). In the presence of
these microbes, the dissolution of pyrite results in the formation of ferrous iron which is
converted to ferric iron, and the intermediate sulphur compounds produced are converted to
sulphates (Shippers & Sand, 2006), with A. thiooxidans and A. caldus facilitating the
formation of sulphuric acid through the oxidation of sulphur components (Loos et al., 2002;
Parker & Robertson, 1999). Generally, these micro-organisms survive best at optimum
temperatures of 25°C to 30°C and at a pH of 0.5 to 4.0 (Johnson & Hallberg, 2003), with the
mineralogical characteristics of the mine waste and its constituents playing a limiting

reactant role without which ARD formation will be limited.

2.4.4 Mineralogy and physical characteristics of mine waste

Acid formation from waste rocks is mostly dependent on the abundance of acid generating
minerals found in a particular waste dump. The physical properties of oxidisable species in
the waste, and physical characteristics such as the size of the particles, texture and
permeability, play a crucial role in ARD formation (Lapakko et al., 2006).

During the extraction of valuable minerals in mineral processing industries, waste rock size
is reduced by milling. A deleterious consequence of this process is that particles of different
sizes composed of sulphide and gangue material are produced with reactive sulphide
species being exposed. For ARD formation potential, the surface area of the milled sulphide
species-containing ore, in relation to non-sulphide species, becomes an important
characteristic to assess (Enviromine, 2012). In fine grains with a high surface area, sulphide

species exposure, thus availability under oxidation conditions, is high, which will promote a
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higher rate of ARD generation., Large grains possess a smaller surface area, which reduces
the penetration of oxygen, and therefore a delay in the onset of ARD generation (Abiddin &
Kalyoncu, 2015). The formation of ARD generation in waste rocks is therefore directly
proportional to grain size and exposed surface area under oxidising conditions (Ferguson &
Erickson, 1988). The four different scenarios of non-sulphide and metallic sulphide species

exposure is indicated in

Figure 2-2.

Liberated sulphide grain - Susceptible to sulphide

Liberated sulphide grain in particle - Susceptible to

Locked sulphide - Not susceptible to sulphide

Enclosed sulphide - Susceptible to oxidation

SAelL

Figure 2-2: Four possible scenarios of ARD generation due to liberation sulphide minerals
(Erguler & Erguler, 2015; Lapakko et al., 2006).

In order to elucidate the ARD formation potential including characterisation, suitable tests
and/or methods must be developed, some of which can be used to account for the influence
of microbial activity on the ARD generation potential of the different size of waste rock

particles containing sulphide species.

2.5 ARD characterisation methods

The ability to characterise waste rocks prior to disposal of waste deposits enables mining
companies to consider informed waste management strategies to prevent imminent risks of
ARD generation, and to develop effective mitigation measures. The characterisation of mine

waste material is achieved through the use of static tests, lab-based kinetic technigques and
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predictive models (see Figure 2-3) (Morin & Hutt, 1998; Akcil & Koldas, 2006). ARD rapid
screening tools such as acid-base accounting and NAG tests are used to determine the acid
generating and acid neutralising potential of mine waste, without an indication of the relative
rate of ARD generation. Samples classified as uncertain and potential acid generating are
further investigated under laboratory conditions using kinetic tests such as the column leach
test and humidity cell test, to gain an insight into the relative rates of ARD generation. The
results generated from the characterisation methods are combined to complement the data
from the ARD prediction tests, which account for the climate conditions of a particular mining
site. Morin & Hutt (1997) proposed a wheel approach to fully characterise and predict future
drainage. However, the wheel is has the disadvantages of the long time frames and
excessive cost of some of the listed methods required to complete such an assessment.
Hence there is a need for the development of rapid and reproducible ARD characterisation

test for mine waste.

Retention Acid Base
tests Accounting

Mineralogy

Laboratory
kinetic test

Figure 2-3: The wheel approach for ARD prediction (re-drawn from Morin & Hutt, 1998)

The ability accurately to predict the acid potential of a waste rock sample is essential for
reducing and preventing ARD formation. Static tests, kinetic tests and mineralogical
assessment are well-established methods for the characterization of mine waste (Price,
2009). The most widely used static test protocols are categorised into acid-base accounting
(ABA) and Net Acid Generation (NAG) tests. Mineralogical assessments are also used to
gain an insight of the different groups of minerals in waste rock. The biokinetic test, a subject
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of this thesis, is one of a few newly developed and emerging techniques; it is currently being
researched to establish its suitability in predicting ARD formation of waste material from

mining activities.

2.5.1 Acid-Base Accounting

Acid-base accounting is used to estimate the overall net acid producing potential of waste
rock samples. This estimation is represented by a net acid producing potential (NAPP) value
which is a balance between the maximum potential acid generated (MPA) and acid
neutralizing capability (ANC) (Stewart et al., 2006b) — see Equation (2-21).

NAPP = MPA - ANC (2-21)

2.5.2 Acid neutralising capacity

Acid neutralising capacity (ANC) is a guantitative method used to assess the neutralising
ability of mine waste. ANC is used as a rapid screening tool due to its cost-effectiveness and
short timelines (days to weeks) to determine ARD potential of samples (Sobek et al., 1978;
Morin & Hutt, 1997). The neutralisation abilities of mine waste are assessed by adding
standardised hydrochloric acid and titrating using a standard base (sodium hydroxide). The
appropriate concentration of acid to be used for the determination of ANC is done by
performing a Fizz rating. The Fizz rate enables the determination of the volume and
concentration of acid that is necessary to leach the mine waste. After selecting a suitable
concentration, the sample is heated to temperatures between 80°C and 90°C until minimal
effervescence is observed. The sample is titrated to pH 4.5 to assess the buffering capacity
resulting from weathering of fast dissolving minerals such as calcite, dolomite and magnetite,
and precipitation of silicate mineral, iron hydroxide, calcium hydroxide, and other low
reactive minerals, including feldspar and plagioclase. The sample is further titrated to pH 7 to

determine unreacted acid residue (Dold, 2017; Parbhakar-Fox & Lottermose, 2015a).

Sobek et al., (1978) note that the most widely used method for acid-base accounting is the
static test because of its cost-effectiveness and the ease at which it is conducted. However,
this method has some drawbacks, such as overestimation of acid neutralising potential of
samples, because it does not consider the acidity occurring as a result of ferric oxidation and
sulphate (Dold, 2017; Price, 2009). The ANC value can also be underestimated by the
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influence of metal hydroxides formed during the titration process with a strong base such as
NaOH (Stewart et al., 2009). The ANC value does not provide an indication of the reactivity
of the acid neutralizing capacity of the sample, nor its availability to completely neutralize the
acids produced within the sample. Again, the use of hydrochloric acid and heating of the
sample promote the dissolution of mine waste that would not dissolve under normal
environmental conditions. The fizz rating test is only limited to assess carbonate
concentration, and does not consider the other buffering minerals such as siderite and non-
carbonate minerals such as silicate that has neutralising capabilities in the form of chlorite
and biotite mica. The fizz rating is used to determine the amount of HCI| concentration
required; however, the test lacks reproducibility (Bouzahzah et al., 2015).

In order to address the above-mentioned shortcomings, the ABA static test was further
developed by Stewart et al., (2006) to improve the accuracy of the ARD formation potential.
The modification of ANC determination disregards the boiling step and involves the addition
of hydrogen peroxide at pH 4.5. Also prior to back titration, samples must be filtered due to
the dissolved metal hydroxide resulting in an underestimation of the ANC (Steward et al.,

2009). In addition, this test does not provide an indication of the relative rates of ANC.

2.5.3 Maximum Acid Potential

The maximum potential acidity (MPA) estimates the total potential for acid generation and is
determined by measuring the total sulphur content (wt%) in relation to increments equivalent
to a stoichiometric factor of 30.6, to convert the measured sulphur content to kg H,SO,/ton
as highlighted in Equation (2-23) (Weber et al., 2005). The technique is based on the
assumption that all the sulphur exists as pyrite and that sulphides are completely oxidised to
form sulphuric acid. This assumption is described by Equation (2-7) whereby each mole of
pyrite yields two moles of sulphuric acid (Stewart et al., 2006; Smart et al., 2002). The
application of MPA is limited because it doesn’t account for any other sulphide species within
the waste material. The existence of acid generating minerals that are non-sulphide such as
gypsum and organic sulphur may cause inaccuracies in MPA measurements of samples
(Stewart et al., 2006; Lapakko 2002). The NAG test and mineralogical assessment are
therefore often used together with the ABA test to give an accurate description of the acid

producing potential of mine waste (Becker et al., 2015; Parbhakar-Fox et al., 2013).

MPAKgH2504 /ton = (total S %) = 30.6 (2-22)
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2.5.4 Net Acid Generation tests

The Net Acid Generation (NAG) test is also used to classify the acid generating potential of a
sample by directly assessing the sulphuric acid produced by the sulphide waste
(Lottermoser, 2010; Weber et al., 2005; Smart et al., 2002). This test involves the use of
hydrogen peroxide which acts as a strong oxidising agent to hasten sulphide oxidation within
the mine waste (Equation. (2-23) (Plante et al., 2012; Smith et al., 2002). The advantage of
using the NAG test is that both acid-forming and acid-neutralising minerals react
simultaneously to provide a net acid generating potential of a sample. The resultant liquid is
back titrated to pH 4.5 to account for acid (H,SO,) produced from the oxidation of sulphide

and iron-bearing minerals including siderite.

15 o )
FeSy+— Hy0; » Fe(OH); +250,™ + 4H* + 4H,0 (2-23)

There are three types of NAG test procedures used to assess the geochemical characteristic
of different mine waste: single addition NAG, multi-NAG, and kinetic NAG tests (Smith et al.,
2002; Stewart et al., 2006). A single addition NAG uses hydrogen peroxide to assess the
potential of acid generation of overburden samples. This method involves the addition of
standardised (15%) hydrogen peroxide solution to a pulverised sample for 24 hours. This
promotes the oxidation of sulphide minerals within the waste rock sample. The solution and
the sample are heated at 90°C to decompose residual hydrogen peroxide and allow the
release of residual ANC. The mixture is allowed to cool to ambient temperature with the
NAG,4 recorded for waste classification. When the pH is below 4.5, the material has the
potential to generate ARD. The leachate is then titrated to pH 4.5 considering the acid and
aluminium liberated, including other dissolved ions. Further titration to pH 7 takes into
consideration the availability of other sulphide-bearing minerals such as siderite, which forms
a precipitate at pH between 4.5 to pH 7 (Parbhakar-Fox & Lottermoser 2015; Smart et al.,
2002).

The single addition NAG was refined and further developed to a Multi-NAG test due to the
inadequate oxidation of sulphide greater than 1% wt (Stewart et al., 2006a). This method
uses similar conditions to the single NAG test; however, the only difference is that the single
NAG requires the addition of acid only once while in the multi-NAG test acid it is added
several times to enhance the completion of the reaction facilitated by hydrogen peroxide
(Stewart et al., 2006a). Additionally, kinetic NAG tests are designed to assess the rate of
acid formation and further validate the classification of NAG,, against pH (Smart et al.,
2002). The kinetic NAG test procedure is similar to the single addition NAG, with
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differentiation being on measuring parameter monitoring, i.e. the monitoring of temperature,

pH and electrical conductivity (Chotpantarat, 2011; Stewart et al., 2006a; Smatrt et al., 2002).

2.5.5 |Interpretation of static tests

The data generated from the aforementioned tests is used to categorise the samples
according to their status of generating acid potential drainage that may arise in the long-
term. Mine waste samples can be classified as potential acid forming (PAF), non-acid
forming (NAF), or uncertain ARD formers (UC). From the ABA static tests, samples with a
NAPP value above 20 Kg H,SO,/ton are classified as potential acid-forming, while samples
below -20 are classified as having non-ARD forming abilities, which suggests high
neutralising capabilities as a result of low sulphur content (Smart et al., 2002). Samples
falling in the range of -20 to 20 Kg H,SO,/ton are classified as uncertain as indicated in
Table 2-3.

Table 2-3: Ore sample classification using NAPP and NAG pH values [After Stewart et. al. 2006]

ARD characterisation tests Results Kg H,SO4/tonne Classification
Acid-base accounting NAPP > 20 Potentially acid forming
NAPP < -20 Non-acid forming
Net acid generation NAG pH < 4 &NAGpH7 > 10 Acid forming
NAG pH > 4.5 &5 < NAGpH7 < 10 Non-acid forming
Combined static tests NAG pH <4.5 & NAPP >0 Potentially acid forming
NAG pH > 4.5 & NAPP < 20 Non-acid forming

A graphical comparison between the Net acid producing potential (NAPP) to Net acid
generation NAG, in a 2-D plot, is used to classify a waste sample as either PAF, NAF, or
UC. Some of the limitations associated with this classification is based on the NAG,, used.
For instance, the preferred pH used by Broadhurst, (2009), Moon et al., (2008) and Stewart
et al., (2006a) was 4.5 while Weber et al., (2005) used a pH of 4 due to the consideration

acidity of assessed samples (see Figure 2-4). However, this classification plot is essential as
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it combines the results obtained from ABA and NAG tests to assess the potential of acid
generation and the acid neutralising ability of mine waste concurrently, and a sample is

classified using guidelines presented in Table 2-3.

Table 2-3.

8.0

7.0 A

NON-ACID FORMING 6.0 UNCERTAIN

5.0 A

4.0 A

NAG pH

3.0 A

UNCERTAIN POTENTIAL ACID FORMING
2.0 -

1.0 A

0.0 4

Net Acid Producing Potential (Kg H,SO /ton)

Figure 2-4: Classification plot showing ARD regions as proposed by Steward et al., (2006)

The limitations of the static tests include lack of information on the rate of ARD formation or
neutralisation (Lapakko 2002), and particularly their relative rates (Harrison et al., 2010;
Hesketh et al., 2010); overestimations, including inaccuracies due to the use of strong
oxidants not found in waste heap environments; and failing to account for microbial activity.
Biokinetic tests were therefore developed at UCT (Opitz, 2013, Mbamba et al., 2012;
Hesketh et al.,, 2010). These tests give information on the relative kinetics of acid
neutralizing and generating potential based on microbial activities, as would be the case in

an environment containing waste rock.
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2.5.6 Standard kinetic tests

Long-term kinetic tests such as humidity cell and column leach tests were established to
provide information concerning the rate of ARD generation over time and confirm static test
results (Smart et al., 2002). Furthermore, these kinetic tests offer a better understanding of
samples classified as uncertain under static tests. These tests are also essential to assess
the quality of potential mine water through progressive analysis of solution pH and
conductivity changes as a result of mineral leaching. They are also useful for providing the
rates at which acid generating and acid neutralising minerals leached can be tailored for
specific conditions. However, these tests are unfavourable due to the cost intensiveness and
long time frames necessary to provide quality data. The estimated cost to sustain one
sample is approximately 1000 USD, while the prescribed duration for running these test is
about 20 to 22 weeks (Berry et al., 2015; Parbhakar-Fox & Lottermoser 2015a; Lapakko, et
al., 2006; White et al., 1999).

2.5.7 Humidity tests

Humidity cell kinetic tests are performed to assess rates of weathering and oxidation of mine
waste contributing to ARD generation. This is achieved by subjecting 1kg of less than 2 mm
crushed mine waste to a humidity cell test. The humidity cell test is run on a weekly basis
whereby there is a constant supply of dry air into the cell, followed by another three days of
moist air, and rinsing with deionised water for one day. This test is conducted with the
purpose of assessing drainage quality of the mine waste as a result of weathered minerals.
After flushing the cells, the resultant solution pH is measured and metal iron released is
determined (Sapsford et al., 2009). This test is essential in providing an indication of relative
rates for weathering of different minerals. The disadvantage is the once-off flushing cycle per
week needed throughout the experimental run. Further, this condition of once off-flushing
may not present precipitation occurring during the wet and dry seasons which occurs in field
conditions (Parbhakar-Fox & Lottermoser 2015a; James & Philip 2009). Furthermore, a large
volume of water added for flushing may wash away oxidants/reaction products and this is
contrary to field conditions where less water comes into contact with the waste rock. This
test is also not designed to consider the role played by the microbial community in the ARD

sites.

To address some of these short-coming, ASTM (2000) designed the accelerated humidity

cell test in which acid digestion is performed prior to the performance of any experimental
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work. The acid digestion is done in order to minimise the neutralisation potential of the mine

waste and ultimately reduce the lag period.

2.5.8 Column test

Column leach tests involve loading a crushed sample of 2-3 kg into a column, with a supply
of water and purged air to promote oxidation reaction (Smart et al., 2002). The rates of acid
production, leaching of elements, and depletion of carbonates and other minerals with
neutralising abilities from sulphide oxidation can be estimated directly to determine the
acidification of the drainage (Bradham & Caruccio, 1995). The most important parameters
that are measured include redox potential and pH. Some of the benefits of this test include
the use of particle size and mass of waste rock necessary for a specific study, and time
intervals for sample collection. Integration of the mineralogical micro textural analysis was
highlighted as one of the shortcomings in the method (Parbhakar-Fox et al., 2013). To
address this issue Parbhakar-Fox et al. (2013) integrated the mineralogical assessment of
leached samples from bulk mineralogy and other geochemical characterisation tests in order
to ascertain weathering of the waste rock to produce heavy metals under different test
conditions. Research conducted by Smart et al. (2002) suggested that the experiments
should be run over six months. Refinements have been suggested such as microbial
inoculation to better understand the effect of microorganisms during leaching of minerals
(Brady & Hornberger 1998; Blowes et al., 2003).

2.5.9 Biokinetic Accelerated Weathering Tests

Due to the lack of information of microbial activity in the ARD, a Biokinetic test was
developed by Hesketh et al. (2010). This method offers an innovative and cost-effective
alternative compared to the normal kinetic tests. The advantages of using Biokinetic tests is
that they are easy to conduct and provide relative rates of ARD generation over a shortened
time-frame. Furthermore, they are used to complement the results obtained from the static
test for a quicker characterisation of different waste rock. In addition, meaningful data on the
relative rates of potential ARD generation is obtained within a period of ninety days (Opitz &
Harrison, 2016; Hesketh et al., 2010). This test provides a valuable insight into the rate of
acid-consuming and acid-forming reactions in the presence of microbial facilitated

conditions.
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A mixed culture of sulphur and iron oxidising micro-organisms such as L. ferriphilum, A.
ferrooxidans and At. caldus were inoculated into shake flasks containing waste rock and
incubated in a 37°C shaking incubator for a minimum of ninety days (Hesketh et al., 2010).
The important parameters monitored during this period were redox potential, pH and iron
and sulphate concentrations. The leachate of the biokinetic tests might be further used for
chemical analysis to gain knowledge of oxidation of sulphide minerals and dissolved acid

neutralising minerals within a reasonable timeline.

This method is used to characterise the acid generating ability of a waste rock from different
mine wastes such as gold, copper and coal processing in the presence of a microbial
consortium. The application of the Biokinetic test for characterisation of ARD generation has
focussed on solid loading, and particle size using different minerals copper tailings (Karl &
Opitz, 2013; Hlongwane 2015; Hesketh et al., 2010), fine coal waste (Kotelo, 2013; Mbamba
et al., 2012), and gold tailings (Opitz & Harrison, 2016). However, the Biokinetic test is still in
its initial stages of development and certain parameters are not sufficiently well-defined to
obtain a standard approach that can be applied to different waste ores. It is therefore
necessary to determine standard operating conditions for the Biokinetic test and confirm its
relevance across different waste ores. Furthermore, the Biokinetic test should be used in
conjunction with static test and mineralogical assessment to better characterise ARD

generation from different mine wastes.

2.6 Summary

The literature reviewed has shown the influence of different mechanisms on the chemical
and biological processes which accelerate the lixiviate contributing to ARD generation. The
rate of ARD formation in the presence of air and water occurs at cecum-neutral pH and the
reactions are slow. However, a consortium of iron and sulphur micro-organisms capable of
oxidising the ferrous iron to produce ferric iron, which leaches minerals, is unaccounted for in
the ARD formation potential test. Several studies indicated that the rate of ARD generation
by iron and sulphur oxidising micro-organisms is faster than that occurring as a result of
oxygen availability. The different weathering of waste rock with neutralising abilities, due to
constituents such as carbonates, silicates and aluminosilicate minerals which dissolve at
different rates due to differentiation in pH, can contribute towards neutralisation. Several
studies observed that carbonate in the form of calcite dissolves faster and neutralises the
acid generated. Similarly, ores that contain silicate and aluminosilicate also contribute to

neutralisation, albeit at a reduced rate compared to calcite. The literature reviewed has also

31



highlighted the limitations of the static test characterisation approach usually employed to
characterise ARD generation. Static tests methods such as ABA and NAG can only provide
information on acid generating and acid neutralising minerals under aggressive chemical
oxidation. Hence, there is a need for determining the bulk mineralogical composition of mine
waste in order to identify minerals in different waste rock. However, this is not well
established in the industry but rather at the research level. It is also highlighted in the
literature reviewed that kinetic tests including humidity cells are unfavourable due to the
elongated test runs required to provide quantitative data; hence, they are only applied when
a waste rock is known to be acid forming or uncertain, and additional data on it is sought for
prediction purposes.
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CHAPTER 3
MATERIAL AND METHODS
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3 MATERIALS AND METHODS

The aim of this study was to investigate the effect of inoculum size on an ARD Biokinetic
Test profile for standardisation of the protocol; furthermore, to refine the current Semi-
continuous Biokinetic test in order to complement the Batch Biokinetic Test, in comparison
with static ARD characterisation tests. The effect of the microbial consortia was determined
through the measurement of redox potential, pH, Fe*, Fe™, SO,** and microbial speciation.

This chapter presents a brief description of the experimental work conducted in order to
accomplish the aforementioned aims. Mineral composition, ARD characterisation tests and
Biokinetic tests were conducted to characterise the ARD potential of gold-bearing and
copper-bearing waste rocks as schematically illustrated in

Figure 3-1. Preliminary work entailed preparation of waste rock samples by splitting,
determination of particle size distribution, quantification of total sulphur content, and
inoculum preparation. The effect of inoculum size was investigated for both waste rock
samples with different acid neutralising capacities to gain insight into the impact of pH.

Waste rock preparaton

. .. ARD .
Mineral composition L ARD Potential
Characterisation
ABA tests: L

Kinetic tests:
XRD ANC Batch biokinetic test
QEMSCAN MPA . S
NAG Semi-batch biokinetic

Figure 3-1: Schematic outline of the methods used to conduct the study

3.1 Description: waste rock samples

Two waste rock samples used in this study, namely gold-bearing (sample 1) and copper-
bearing (sample 2) waste rocks, were obtained from active mines in Tanzania and Chile

respectively. An amount of 125 kg, of sample 1 was divided into 3.5 kg portions using a 2-
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way riffle splitter. Sample 2 was received already crushed to a particle size such that 80%

(w/w) passed through a 12.5 mm screening sieve.

3.2 Waste rock preparation

Sample 1 was milled using high pressure grinding rolls at a pressure of 120 bar with further
milling for 20 minutes using a rod mill (290 x 25 mm stainless steel rods) with a working
volume of ~3 L. After the milling process, the fine material was dried and sieved to pass
through a 150 um sieve to suit the ARD characterisation tests. The fine ore was then split
using a 10-Dickie & Stockler rotary splitter to obtain representative samples ranging between
100 to 500 g. The samples of approximately 50 grams were further split down to between

7.5 to 8 g using an 8-way Fischer rotary sample divider.

3.3 Particle size distribution

Milled waste rock with a particle size passing through a 150 um sieve was chosen to
represent conditions of waste rock deposits. The particle size distribution (PSD) is an
essential component for the liberation of sulphide constituents from waste rock. The PSD of
the two processed samples was determined using a Malvern multi-sizer 1000 nm in the
analytical laboratory at the University of Cape Town, with a particle size distribution as

shown in Figure 3-2.
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Figure 3-2: Particle distribution of gold-bearing (A) and copper-bearing (B) waste

rocks were used in this study
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3.4 Analysis of mineral composition

A representative fraction of the waste rock samples was sent for analysis to determine the
mineral composition of the waste rocks. This was conducted in the Department of Geology

at UCT, and results are presented in chapter 4, section 4.1.

3.4.1 Total sulphur determinations

Total sulphur content was conducted using LECO 632 sulphur analysis equipment, which
employs thermal decomposition and combustion infrared spectrophotometry. Sulphur
analysis was performed by the analytical laboratory in the Department of Chemical

Engineering at UCT.

3.4.2 Determination of mineral composition

X-ray diffraction was performed to determine the waste rock species composition. The
analysis was also done in the Analytical Chemistry laboratory in the Department of Chemical

Engineering at the University of Cape Town.

3.5 ARD characterisation techniques

3.5.1 Fizzrating tests

Fizz rating was employed to determine the quantity of acid required to dissolve the
carbonates, whose presence is indicated by fizzing or effervescence, when reacted with HCI
or H,0,, using 0.5 g of the pulverised samples (Sobek et al., 1978). The sample was placed
in a ceramic plate and one or two drops of eight percent of hydrogen peroxide (H,O,) were
added. The fizz rating was evaluated according to the conditions outlined in Table A.1 in
appendix A. Fizz rating associated acid quantities and concentrations were used in the ANC

determinations.

3.5.2 Acid-Base Accounting tests

Acid-base accounting (ABA) was used to estimate the acid-forming and acid neutralising

abilities of the waste rock samples. This estimation was represented by net acid producing
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potential (NAPP) value which is quantified by determining the maximum potential acid
generated (MPA) and acid neutralizing capability (ANC). This estimated value was
expressed as kg H,SO, /ton of solid waste. A negative NAPP indicates that the sample had
sufficient ANC to counterbalance acid production. Similarly, when the MPA is greater than

the ANC value and the NAPP was positive, this means that the sample is acid generating.

3.5.3 Acid Neutralizing Capacity tests

It was assumed that acid generated from the oxidation of pyrite to some degree reacts with
acid neutralizing minerals present in the waste rock samples. The ANC aided in quantifying
the acid neutralising capacity of the samples. The ANC method employed in this research
was the hydrogen peroxide (H,O,) siderite correction test, adapted from Skousen et al.
(1997). ANC is affected by iron carbonates such as siderite, which reacts with the acid
produced and may contribute to the alkaline-producing potential of the samples, thereby,

causing an overestimation of the ANC (Stewart et al., 2006; Skousen et al., 2002).

ANC was determined by adding a known volume of hydrochloric acid (HCI) to a precisely
weighed pulverised sample, which was allowed to react by heating the mixture for a
maximum of 2 hours in an electronic plate set at 90°C. The mixture was cooled and back-
titrated with a standardised solution of sodium hydroxide (NaOH). This was done to
determine the quantity of HCI reacted, as per the procedure listed in Smatrt et al. (2002). The
detailed procedure followed for each test is listed in appendix A.1.

3.5.4 Maximum Potential Acidity tests

The maximum potential acidity (MPA) (see Equation 3-1) estimates the total potential for
acid generation which is determined by measuring the total sulphur content of the sample,
assuming that all sulphur exists as pyrite and that sulphides completely oxidize to form

sulphuric acid.

MPA kg H2504 /t = (total S %) x 30.6 (3-1)

NAPP, MPA, and ANC are expressed in terms of kg H,SO./ton waste rock. MPA is
determined from the total S content of the sample in (wt %) in increments associated with a
stoichiometric factor of 30.6 to convert to kg H,SO,/ton, whereby the entire sulphur content

is present as pyrite (Weber et al., 2005). The stoichiometric factor used is based on the
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assumption that H,SO, is the sole and primary acidity product of the sulphide oxidation

reactions occurring. The % S was determined using a LECO analysis.

3.5.5 Net Acid Generation tests

In this test, hydrogen peroxide was reacted with a sample to promote the oxidation of
sulphide constituents in the waste rock. Unlike the ANC test, the NAG test involves
simultaneous acid generation and neutralisation, with outcomes being the net acid

generated by the sample (Stewart et al., 2006).

An amount (~2.5g) of the milled sample was weighed in an electronic balance and
transferred into a 500 mL Erlenmeyer flask. To this, 250 mL of a 15% H,O, solution was
added. This solution was corrected to a pH between 4.5 and 5.0 using a 2M NaOH solution.
The mass of the flask was recorded and allowed to react overnight. After 24 hours, the flasks
were boiled for a minimum of two hours and/or until minimal effervescence was observed.
Once effervescence ceased, distilled water was used to correct the mass of the flask to its
original weight, with the pH being measured. The sample was cooled and allowed to settle
for one hour. Prior to filtering, the mass of the filter paper was recorded. Both the filtrate and
the filter cake were recovered from the filtering process. The filtrate was titrated against a
0.1M NaOH solution to a pH of, firstly, 4.5 and, secondly, 7.0, with the volumes of NaOH
used being recorded when both pH values were reached. The filter cake was recovered and
once again reacted with a 15% H,0O, solution, with the mass of sample lost, i.e. as
unrecoverable from the filter paper, being recorded. This was repeated until the pH of the
filtrate had a value of 4.5 or greater. The NAG values for each titration were calculated using
the following Equation (3-2):

49 x VNaOH x M (3-2)
W

NAG =

Where V is the total volume of NaOH used in each titration step (mL), M is the molarity of the

NaOH solution used, and W is the mass (g) of ore samples used in each reaction step.

3.6 Biokinetic tests: Effect of inoculum size

Biokinetic tests were conducted under two different conditions, namely Batch, and Semi-
continuous/draw and fill conditions. This was done to simulate long-term weathering of waste

rocks in environmental waste heaps. Shake flasks simulating long-term weathering in a
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disposal environment were inoculated with various inoculum sizes of mixed cultures of iron
and sulphur-oxidizing micro-organisms. The Batch Biokinetic test was carried out under
three different conditions: non-controlled and non-inoculated, pH controlled and non-

inoculated, and pH controlled and inoculated.

3.6.1 Micro-organisms for Biokinetic tests

The bacterial culture used in this study was mainly dominated by Leptospirilum ferriphilum
(Iron-oxidising micro-organism) previously isolated from a bioleaching stock bioreactor used
to treat pyrite concentrate at Gamsberg mine (SA). These cultures were maintained at 35 °C
in a 1L amplicon reactor and fed on a weekly basis with 3% pyrite (w/v) with a particle size of
55 um and a Norris medium having (g/L): MgSQO, (0.5), (NH4), SO, (0.4), KH,PO,4(0.2) and
KCI (0.1). The Acidthiobacillus caldus (sulphur oxidising organism) was obtained from the
Centre for Bioprocess Engineering Research (CeBER) laboratories at the University of Cape
Town. The enriched sulphur oxidisers were maintained in 500 mL shake flasks containing
250 mL of autotrophic basal salt (ABS) media with trace elements and 1% (w/v) sulphur. The
trace element solution contained (g/L) ZnSO,4 7H,0 (10), CuSO, 5H,0 (1), MnS0O,4.4H,0 (1)
Cr(S0,4)s.15H,0 (0.5), H3BO;3; (0.6), Na,M00,.2H,0 (0.5), NiSO4.6H,0 (1), NaSeO,4.10H,0
(1), and Na,W0,.2H,0O (0.1). This culture was agitated in a rotary shaking (120 rpm)

incubator at 30°C.

3.6.2 Inoculum preparation

The inoculum was prepared by mixing the cultures dominated by L. ferriphilum and the
enrichment culture of At. caldus in a 1:1 ratio. The combined cultures were grown in OK
media that contained (g/L): (NH,4).PO, (30), MgS0,.7H,0 (5), KH,PO, (5), KCI, (1) and Ca
(NO3),.10H,0, (0.14) in 500 mL shake flasks (Bryan et al., 2006). This was supplemented
with 0.6% wi/v (6 g/L) of pyrite and maintained for a period of approximately four weeks on a
shaking platform (120 rpm) at 37 °C. At 72 hour intervals, 10% of the inoculum volume was
decanted from the cultures and replaced with an equivalent volume of fresh OK media, to

sustain microbial activity and growth.
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3.6.3 Bacterial counts

The cultures were monitored by performing cell counts (Equation 3-3) using the Thomas
counting chamber and a phase contrast microscope at 100X magnification in an oil
immersion. The maximum cell concentration obtained was 6.379x10° cells/mL. The inoculum
was further concentrated to achieve the maximum cell concentration of 1.67x10° cells/mL by
filtering 300 mL of the co-cultured cells using a 0.22 um cellulose filter membrane. Cells in
the filter discs were washed with 10 mM of citrate buffer to remove the soluble iron prior to
inoculation. The filter discs were re-suspended in falcon tubes containing 10 mL of 50X ABS
media at pH 2 and this served as an inoculum.

totalno.of big squares(iﬁj)

cells counted ( no.of squares counted (4)

(3-3)

ceiis] _

Cell concentration [
ml

~ volof 1 small square X total no.of small squares

3.6.4 Inoculum quality characteristics

Prior the commencement of an experiment, the inoculum was assessed for cell counts, pH,
redox potential and DNA copy numbers via a quantitative real-time polymerase chain
reaction (QRT-PCR). Prior to the initiation of a new experiment, the inoculum composition

was analysed using gRT-PCR.

The effect of inoculum size on Biokinetic tests for assessing ARD was investigated using the
inoculum with a bacterial community profile as presented in Figure 3-3. The inoculum
preparation procedure is described in Appendix B. The culture was maintained throughout
the experimental runs and subcultured on a weekly basis by 10%, replacing it with an equal
volume of fresh OK media at pH 2 and 0.5 g of pyrite concentrate. As shown in Figure 3-3,
the inoculum composition for the first and second experiment contained 15% of At. Caldus,
36% L. ferriphilum, a small proportion (4%) of archea and 45% of unknown bacteria,

assumed to be dominated by sulphur oxidisers.
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Figure 3-3: Microbial consortium profile of the inoculum as determined by gPCR at CeBER

3.6.5 Non-controlled pH experimental conditions

Initial inoculum concentrations of 10’, 10°, 10° and 10* cells in 150 mL were prepared in
triplicate and non-inoculated flasks were used as a control. To remove the initial soluble iron

from the inoculum, approximately 300 mL of culture was filtered through a 0.22 um filter.

After filtration, the soluble iron was removed from the filter paper through successive washes
using an excess 10 mM citrate buffer solution. The micro-organisms retained on the filter
paper were re-suspended in 10 mL ABS solution at a pH of 2.0. Thereafter, microbial counts

were performed to quantify the total microbial concentration.

3.6.6 Controlled pH experimental conditions

The pH controlled Biokinetic test was conducted similarly to the non-controlled pH tests
described in section 3.6.5. The pH controlled samples were inoculated with a known
inoculum cell concentration calculated from the filtered inoculum procedure, developed to an
initial cell concentration of 107, 10°, 10° and 10™. Appropriate inoculum sizes were
introduced into respective shake flasks to make a final volume of 150 mL, for which the pH
was controlled at pH 2 by adding 0.5M of standardised sulphuric acid using a burette, with
acid consumption being recorded. Sulphuric acid was added until pH 2 was maintained. The
shake flasks were closed with sterile cotton buds covered externally with aluminium foil and
incubated on an orbital shaker (150 rpm) at 37 °C for 90 days. On day 45, one sample from
each of the flasks was used for microbial speciation to determine microbial composition

using gPCR.
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3.6.7 Semi-continuous/Draw and fill experimental conditions

The Semi-continuous/draw and fill method was developed to simulate a disposal scenario
where there is minimal leachate containment and/or leachate seeps into the environment
(Kotelo, 2013). The setup of the draw and fill method was similar to Batch Biokinetic tests as
defined in section 3.6.5 One set of shake flasks was inoculated with the standard inoculum
size (10°) in 150 mL of ABS media containing 7.5 g of the waste rock, while the other set of
flasks was non-inoculated. During sampling, 10%, i.e. 15 mL of the supernatant was
removed and replaced with an equal volume of fresh ABS medium at pH 2. The planktonic
micro-organisms present in the 15 mL supernatant were processed for the microbial
speciation on days 5, 15 and 30.

3.6.8 pH and redox potential determinations

The pH of the leachate was measured using a 713 Metrohm pH meter with silver/silver
chloride reference probe. The probe was calibrated on a daily basis to remain between 95%
and 100% for accuracy using pH buffer solutions 1.00 and 4.00. The redox potential was
measured using a 703 Metronm Eh meter against a saturated AgCI/AgCl reference
electrode. This electrode was tested for precision using a Crison redox standard of 650 mV

daily prior to redox readings for each sample.

3.6.9 Ferrous and total iron quantification

The concentration of ferrous iron and total iron were quantified calorimetrically using a 1-10
phenanthroline method defined by Komadel & Stuck (1998). In this test, 2 mL of an
ammonium acetate buffer and 2 mL of a 1-10 phenanthroline solution served as an indicator,

with dilutions being accounted for during the determinations.

The 1-10 phenanthroline reacts with ferrous iron and results in the formation of an orange-
red colour absorbing between 400-600 nm. The contents in the test tube were then mixed
thoroughly by vertexing, with absorbance readings conducted using a Helios UV-Vis
spectrophotometer at a wavelength of 510 nm. Blank samples composed of ammonium
acetate and 1-10 phenanthroline were also prepared, to calibrate the spectrophotometer.
Total iron was quantified using the same methods, with the addition of hydroxyl ammonium
chloride to reduce ferrous iron to ferric iron. This mixture was allowed to react for five
minutes prior to absorbance readings. A standardised calibration curve was used to

determine the concentrations of the ferrous and total iron, as presented in Appendix C
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3.6.10 Sulphates guantification

The concentration of sulphates was determined using a turbidity method for the non-
controlled pH Biokinetic test following the method defined in the American Public Health
Association (Gilcreas, 1966). Then a Helios UV-Vis spectrophotometer at a wavelength of
420 nm was used to measure the absorbance’s, which were further used to calculate the
concentrations of oxidised sulphides from a standard curve. The detailed procedure followed

is outlined in Appendix C.

3.7 Analysis of microbial composition using quantitative real-time polymerase chain
reaction

3.7.1 Preparation of samples for gDNA extraction

The composition of microbial consortia was analysed using gPCR prior to inoculation, and
periodically during experimentation. Shake flasks were allowed to rest for a few hours and
the supernatant containing planktonic micro-organisms was removed and aliquoted into
Eppendorf tubes. The tubes were then centrifuged at 13000 rpm for 10 minutes, a procedure
repeated several times to obtain a pellet of sufficient quantity for DNA extraction. After
filtering, a citrate buffer was added to the 20 mL of the supernatant obtained from each
sample, until the yellow colour was unobservable, indicating the complete removal of soluble
iron. The formed pellet was recovered through the removal of the supernatant in the
Eppendorf tubes. The pellet was washed using 10 mM TE buffer to dissolve and preserve
the DNA The pellets recovered were re-suspended in 200 uL of a TE buffer and kept at -20

°C prior to analyses.

3.7.2 Extraction of Genomic DNA

The DNA extraction of microbial consortium used in this study was performed in-house,
using the High Pure PCR preparation kit following manufacturer’s guideline (Roche, South
Africa).

3.7.3 Lysis and DNA binding

The microbial cells from preserved samples (-20 °C) were re-suspended in a 200 pL of

tissue lysis buffer, 10 pL lysozyme and 5 pyL RNAse, and vortexed for 60 seconds.
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The mixtures were placed in a heating block set at 37 °C for 30 minutes. A volume of 40 pL
of proteinase K was added to the mixtures and incubated at 55°C for 30 minutes. After
incubation, 200 L of the binding buffer was added and the samples were placed at 70°C for
10 minutes. A volume (100 uL) of isopropanol was added and the mixtures were centrifuged
at 8000 x g for 60 seconds. The solutions were transferred into separate high filter tubes with

a collection tube and centrifuged at 8000 x g for a further 60 seconds.
3.7.4 Washing and elution

The collection tubes were discarded and the filter tubes were transferred into new collection
tubes; 500 uL of the inhibitor buffer was added to the filter tubes and centrifuged at 8000 x g
for 60 seconds. The filtrate in the collection tube was discarded and the filter tubes were
transferred into clean collection tubes, where 500 yL of the wash buffer was added to the
filter tubes with subsequent filtration via centrifugation at 8000 x g for 60 seconds. The filter
tubes were then transferred to new collection tubes and centrifuged for an additional 10
seconds to remove any residual wash from the filter tubes. The filter tubes were then placed
in sterile 1.5 mL microfuge tubes. A volume of 200 yL of a pre-warmed elution buffer was
added to the upper reservoir of the filter tubes and centrifuged further at 8000 x g for 60
seconds. The concentration of gDNA was measured using a Nanodrop at 260 nm to
determine the concentration of DNA. Raw data obtained is presented in Appendix F, Table
F.7 and Table F.12. The eluted DNA was run on PCR following the method described below.

The gDNA extracted was further analysed using gRT-PCR to gain an insight into the
microbial composition. The universal bacterial primers and primers of specific species (Table

3-1) were used according to the method described in the unpublished CeBER manual.
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Table 3-1: Primers used to determine the microbial species present from the extracted gDNA
determined using PCR adapted from (Tupikina et al., 2013)

Microorganisms Primer Sequence (5°-3’)

Universal bacteria UniBact GAC TCC TAC GGG AGG CAG CA
Acidthiobacillus caldus (At. c) Atc CGG ATC CGAATACGG TCT G
Acidthiobacillus ferrooxidans Atf AGG TGG GTT CTA ATACAATCT GCT
Leptospirilum ferriphilum strain LH GGG GGC CTG AAT AAG GTC A
Acidthiobacillus thiooxidans Att GGG TGC TAATANCGCCTG C
Leptospirilum ferrooxidans LT AAG GGA TAT CGA ACA AAT ATC CCC
Universal archaea UniArch TGC TCC CCC GCC AAT TCC
Acidiplasma cupricumulans JTC/3 AAG CCT AACTTC AGAAGG CCT G
archaea JTC1/2 AAG CCT AAC TTC AGA AGG CCT G
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RESULTS AND DISCUSSION: ARD CHARACTERISATION
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4 RESULTS AND DISCUSSION: ARD CHARACTERISATION

4.1 Introduction

Characterisation of the ARD formation potential of rock wastes centres primarily on the
potential for acid generation under extreme chemical and environmental conditions (Price,
1997). The standard static acid-base accounting tests measure both acid neutralising
capacity (ANC) and maximum potential to form acidity (MPA) based on mineral sulphide
oxidation, with the difference between these values giving an estimate of the net acid
producing potential (NAPP) (Plante et al., 2012). In addition, the net acid generation (NAG)
test investigates the in-situ generation of acidity through the reaction of the rock wastes with
H,0,. Measurement of the resulting solution pH is used an as an overall indication of ARD
potential (Miller, 1997). The standard tests, however, fail to account for the relative rates of
acid consumption and acid generating reactions. Furthermore, the action of Fe and S-
oxidising micro-organisms on the ARD generation rate is not accounted for in the standard
chemical characterisation tests (Hesketh et al., 2010). These may be determined by kinetic
tests, such as humidity cell tests. These tests are essential to assess the quality of
generated acidic water through progressive analysis of solution pH and conductivity changes
as a result of mineral leaching. The test are also useful for providing the rates at which acid
generating and acid neutralising minerals are leached form the waste materials. However,
these tests are unfavourable due to the long timelines necessary to provide sufficient and

guality data (Berry et al., 2015; Parbhakar-Fox & Lottermoser, 2015a).

To address the aforementioned limitations, the Biokinetic test was developed (Hesketh et al.,
2010). In the Biokinetic test, the finely divided milled waste rock samples are prepared with
the addition of autotrophic basal salt (ABS) solution and inoculated with a standard inoculum
(10° cell per 150 mL of media) of microbial consortium dominated by iron and sulphur
oxidisers such as Leptospirilum ferriphilum and Acidthiobacillus caldus. Leaching rates and
formation of acidity are monitored over the duration of the experiment. The nature of the data
collected provides a better understanding of relative rates on both acid neutralisation and
generation. Integration of the Biokinetic test results with those obtained from other
standardised static ABA characterisation tests, have been the focus of a number of studies
(Hesketh, 2010; Opitz et al., 2015) with Biokinetic tests providing for the generation of kinetic
data over a shortened time-frame. However, research is still required to ascertain the
applicability of the Biokinetic test across a number of different and compositionally

differentiated mine waste.
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The results reported in this sections highlight mineralogical analysis for the waste rock
obtained from XRD analyses. This was followed by static ARD characterisation tests, from
which acid neutralising capacity, maximum acid potential, and net acid producing potential
results were obtained. The drainage potential of the samples was thereafter classified using
NAPP and NAG results. The UCT standard Batch Biokinetic tests results are also presented
for both samples studied.

4.2 Aims and objectives

Obijectives for this chapter were to use ARD geochemical characterisation tests and UCT
standard Biokinetic tests as a tool to aid the interpretation of the potential for ARD

generation. This was achieved by:

=  Determining the mineralogical composition of the two waste rocks in order to gain an
insight into acid consuming and acid generating constituents present in each of the
samples;

= Conducting acid-base accounting and net acid generating quantifications in order to
estimate the drainage potential under chemical oxidising conditions;

= Predicting the ARD potential of the two waste rocks using a UCT standardised
biokinetic test.

4.3 Estimating the ARD potential from the sample mineralogy profile

The mineralogical assessment of the waste rocks provides information of different minerals
present within the samples. This information is used to estimate the ARD potential and
understand observed results from static and Biokinetic tests. The availability of a significant
amount of acid-consuming minerals within the mine waste would mean that a progression of
ARD may be neutralised to a certain extent. Alternatively, the presence of a high proportion
of sulphide-containing minerals would indicate rapid ARD generation. The mineral
compositions of the two samples used in the study were determined by XRD and the results
are presented in Table 4-1.The acid generating minerals identified in sample one are pyrite,
pyrrhotite and other sulphides, while in sample 2, chalcopyrite, pyrite, galena, and other
sulphides, were observed. The common acid neutralising minerals present in high quantities
in sample 1 and sample 2 were classified as magnetite, which may also be termed iron
oxide/hydroxide and hornblende. Some of the acid-consuming minerals included chlorite,

biotite mica and plagioclase.

48



Carbonate as a rapidly dissolvable mineral in acidic water and this was observed in sample

1. The inert minerals were identified as quartz and kaolinite in both samples.

Table 4-1: Mineralogical compaosition (%) of the waste rock samples used in the completion of
this study following QEMSCAN® analysis

Mineral Composition Mineral Composition

Sample 1 Sample 2
Pyrrhotite 5.77 Chalcopyrite 1.27
Pyrite 1.20 Pyrite 2.62
Other Sulphides 0.06 Galena 1.70
Carbonates 0.92 s(,)utI:)ehri des <1.35
S 1.37 Magnetite 16.45
Fe oxides/hydroxides 33.37 Quartz 39.80
Hornblende 9.63 Hornblende 131
Plagioclase — Albite 13.56 Kaolinite 4.84
Biotite 1.67 Mica 21.45
Quartz 26.01 Albite 3.73
Sulphates 0.85 Plagioclase 1.11

Minerals identified from the waste rocks were further classified into acid generating, acid

consuming, and inert minerals following the criteria described in Table 2-3.

Table 2-3. According to the results illustrated in Figure 4-1 and Figure 4-2, both samples
comprised a similar proportion of acid generating minerals. However, the acid-consuming
mineral profile was different between the two samples, with sample 1 presenting a 35.66%
acid-consuming mineral profile. This suggests high neutralisation potential, as does the high
proportion (51.77%) of gangue material which also contributes to neutralisation due to slow
weathering minerals. Sample 2 was found to be dominated by slow weathering minerals
(76.17%), with a lower proportion (16.55%) of acid-consuming minerals. These results
suggest that sample 1 had a significant amount of acid-consuming minerals which would
reduce the rate of ARD generation by increasing the pH. The opposite was observed for
sample 2 with a low ANC profile, suggesting minimal increases in the solution pH, which

would facilitate a rapid formation of ARD in the environment.
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Figure 4-1: Mineral composition of gold-bearing (sample 1) relating to acid generation
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Figure 4-2: Mineral composition of copper-bearing (sample 2) relating to acid generation

m Acid generating

4.4 Results of static ARD tests

The ABA characterisation results performed on the gold-bearing and copper-bearing waste
rocks are shown in Table 2-2. Both samples had significant NAPP values of 17.0 and 92.9
Kg H,SO,/ ton, suggesting the potential of ARD generation. This was expected owing to the
high sulphur content of 2.3% and 3.15% for sample 1 and 2 respectively. However, the ANC
value obtained for gold-bearing waste rock sample was relatively high (53.2 kg H,SO,/ ton),
and this was due to the reaction of fast weathering minerals such as calcite and slow
dissolving minerals including magnetite which contribute to neutralisation. In contrast, opper-
bearing waste rock 2 had less ANC of 3.39 kg H,SO,/ton suggesting lack of acid consuming
minerals to counteract the acid generated as observed from the mineralogy data. To achieve
a realistic assessment of the overall acid generating potential of the samples, single NAG

test was also conducted. In this test the acid consuming and acid generating minerals reacts
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concurrently and provide the overall classification of the mine waste. The net acid producing
potential (NAPP) against NAG,, plots were used to classify waste rock samples as shown in
Figure 4-3. The NAGpy was found to be pH 2.50 and pH 2.63, for sample 1 and 2,
respectively, suggesting the potential of ARD generation. The NAG pH of the two samples
was found to be similar due to similarities in the acid generating minerals Figure 4-1 and
Figure 4-2, although the NAPP values were determined to be dissimilar due to the high ANC
content in the gold-bearing waste rock, which would consume the acid generated.

Table 4-2: Static results for ARD characterisation of waste rocks

Waste Sulphur MPA ANC NAPP ARD
Sample NAG o
Grade K K K Classificati
(%] (kg [kg [kg pH on
H2$O4/t0n] HgSO4/t0n] HgSO4/t0n]
Samplel 23+00  70.2+0.7 53.2+ 1.8 170+19 220 Potentialy
+0.0 acid forming
Sample2 315+01  96.3+17 3.39+0.2 929+17 263  Potentially
+0.0 acid forming
8.0 -
NON-ACID 70 1
£ FORMING 60 - UNCERTAIN
[»14]
.% 5.0 - ¢ Sample 1
% 40 m Sample 2
o
=
S 3.0 -
(& ]
: . .
2 2.0 A
UNCERTAIN POTENTIAL ACID
10 - FORMING
0.0 -

-100 -80 -60 -40 -20 0 20 40 60 80 100
Net Acid Producing Potential [KgH,SO,/ton]

Figure 4-3: Classification of ARD potential for sample 1 (gold-bearing) and sample 2 (copper-
bearing) based on NAG and NAPP pH values
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The static tests provide a rapid and easy classification tool for the characterisation of ARD
potential of each sample; (Parbhakar-Fox & Lottermosesr, 2015. Stewart et al., 2006).
However, the limitations of the static tests include the lack of information on the rate of acid
formation or neutralisation, as previously highlighted (Harrison et al., 2010; Hesketh et al.,
2010) with overestimation being the primary challenge, as the use of synthetic chemicals is
not a representation of conditions found in waste heap environments. These tests also do
not take into consideration the impact of microbial activity in regenerating the reactants
which facilitate the rate of ARD generation in the environment. Static tests also do not
distinguish between the various acid consuming minerals and their neutralizing potentials
(Coastech Research, 1991). Such limitations can be addressed using the UCT standard
Biokinetic test for classification validation of rates associated with ARD generation under
microbial mediated conditions.

4.5 ARD characterisation of samples using the standard biokinetic test

ARD generation from the two waste rocks was further evaluated under standard Biokinetic
test conditions, which determine relative rates of acid-consuming and acid generation
reactions in the presence Fe?* and S oxidising micro-organisms. The potential for ARD
generation was investigated under inoculated and abiotic conditions. The acid formation and
acid neutralising potential produced were monitored over the experimental run determined
through pH, Eh, Fe**, Fe™ and sulphates measurements of the leachates from experiments

conducted separately using the waste rock samples.

The pH and redox potential profile for sample 1 is presented as a function of leaching time in
Figure 4-4 (A) and (B). The pH of the leachate increased slowly during the first 6 days from
2.5 to 45 and to pH 5.5 for inoculated and no-inoculated flasks respectively. The pH
increases suggested the dissolution of calcite with neutralizing potential from day 1 to day 5,
as presented in Table 3.1. This was followed by a subsequent decrease in pH until day 20,
indicating reactions associated with acid generating minerals such as pyrite, and thus the
precipitation of ferric iron which leached the mineral into solution. Redox potential as shown
in Figure 4-4 (B) decreased due to the dissolution of acid-consuming minerals. This was
supported by an increase in solution pH from day O to day 3 and 7 for inoculated and non-
inoculated experiments respectively. A long lag period of 20 days in redox potential with
minimal significant difference between inoculated and non-inoculated samples suggested a

lack of oxidation of ferrous to ferric iron. After 20 days of the experiments, the redox potential
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increased to an exponential degree by day 30, suggesting conversion of ferrous iron to ferric
iron. These observations indicated activity of the mineral-associated microbial activity. This
corresponds with a slow decrease in pH until it stabilizes around pH 2 by day 30, and a

redox potential which was unchanged at 650 mV.

The rates of change in ferrous concentrations and total iron concentration were assessed to
gain an insight into the activity of Fe-oxidising micro-organisms between inoculated and non-
inoculated samples, as highlighted in Figure 4-5 (A) and (B). The ferrous iron concentration
increased over the first 20 days for both inoculated and non-inoculated experiments,
reaching the highest concentration of 456 and 250 mg/L respectively. These results are
supported by an increase in the total iron concentration in the leachate (Figure 4-5(B)). This
was attributed to mineral oxidation, which culminated in a drastic decline of ferrous iron
prevalence as observed on day 21, which suggested that the rate of ferrous oxidation is
determined by the leaching of Fe** from the mineral.
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Figure 4-4: Leachate pH (A) and redox potential (B) for inoculated and non-inoculated
Biokinetic tests performed on sample 1
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Figure 4-5: Cumulative ferrous iron concentration of (A) and total iron concentration (B) for
standard Biokinetic test on sample 1

There was minimal significant differentiation between the inoculated and non-inoculated
samples. This showed that the microbial community used as an inoculum could not strongly
influence the high ANC, which increased the pH above the optimum pH of Fe and S-
oxidising micro-organisms. As the redox potential increased above 650 mV, it was plausible
to hypothesise that the oxidation of ferrous iron to ferric during leaching was due to the high
ANC in sample 1, which had a negative impact on the inoculum. Sample 2, with a low ANC,
was used to compare the effectiveness of Fe and S oxidising micro-organisms for
standardisation of the Biokinetic test and the data is presented in the subsequent section. A
different mineral (copper-bearing waste rock) with a low ANC was used on the Biokinetic test
in order to verify the aforementioned results for standardisation purposes of the Biokinetic
test.

4.6 ARD characterisation of copper-bearing sample using the UCT standard
Biokinetic test

The pH curve of the feed sample and redox potential for sample 2 are presented in Figure
4-6 (A) and (B). An initial increase in pH of the feed sample was observed in all flasks from
day 1 to 14 due to the easily leachable components of the minerals with a neutralising
capacity of the mineral, namely chlorite. The non-inoculated samples increased up to a pH of
2.63 while the pH of the inoculated flasks increased to 2.50. There is an insignificant

difference between the two conditions studied due to the lack of acid neutralising capacity of
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the samples. The pH remained stable between 1.8 and 2.10 from day 50 to 90, indicating
that acid generating minerals (sulphide-containing minerals) dissolved at a faster rate than
acid neutralising minerals within the feed sample. Furthermore, the redox potential for both
inoculated and non-inoculated tests was initially at ~400 mV, and subsequently reduced to
340 mV as results of the readily leachable mineral component with buffering abilities, as
indicated by a rising of the leachate pH. The reduction in redox potential correlated with the
initial increase in solution pH. After day 4, a gradual increase in redox was observed. This
was attributed to biological leaching since an ideal pH was maintained in the flasks. A
microbial lag period of 12 days was observed in non-inoculated tests with redox potential
reaching 650 mV thereafter, suggesting biological leaching as result of native microbial
community associated with the samples.
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Figure 4-6: pH (A) as a function of time and redox potential (B) on the Biokinetic test for
sample 2

The ferrous iron concentration profiles provided information on the leached Fe-bearing
minerals, including pyrite. The concentration of ferrous iron increased from 0 to 60 and 100
mg/L, determined to be a maximum, on day 2 and day 7, for inoculated and non-inoculated
samples respectively. Subsequent decreases in ferrous iron concentration below 20 mg/L
were observed after day 3 and 7 for both inoculated and non-inoculated tests respectively.
The low ferrous oxidation in the non-inoculated samples was solely attributed to the absence
of an inoculum; however, on day 9, ferrous concentration declined, coinciding with an
increase in redox potential. This suggested activity of the inherent microbial community

when the waste material was not sterilised.
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Figure 4-7: Accumulated ferrous iron concentration on standard biokinetic test for sample 2

4.7 Summary

The acid consuming and acid generating minerals identified from the waste rocks were
investigated using different ARD characterisation tests. The ABA tests indicated that sample
1 with, net acid producing a potential of 17.20 Kg H,SO,/ton, was classified as potential acid
forming, while sample 2 was found to be acid forming with a NAPP of 92.3 Kg H,SO,/ton.
However, these tests may overestimate the ARD potential due to the use of synthetic and
inorganic chemicals such as hydrochloric acid, while providing minimal information on the
microbial activity as well as relative rates of ARD generation, conditions which are not a
representation of environmental conditions. To address the aforementioned challenges,
Biokinetic tests were performed to complement static test results under the influence of

microbial consortia for better characterisation of the waste rocks.

Comparison of the two samples provided an illustration of the effect of the neutralising
capacity on the results of the Biokinetic test. The neutralising potential of the samples
differed in amount and composition between the two samples. Whereas sample 1 contained
fast- (calcite), intermediate- (chlorite) and slow-weathering minerals (magnetite), the
neutralising potential of sample 2 was governed predominately by slow-weathering
magnetite. The presence of acid-soluble sulphide minerals, such as chalcopyrite and galena,
within sample 2, however, also contributed to the neutralisation of the acidity within the
Biokinetic tests. Both waste samples classified as potentially acid-forming (PAF) following
standard acid-base accounting classification tests, with the potential for acid formation
greater than the capacity for its neutralisation for both samples. The differences in the overall
neutralising potential, may be observed from the pH profiles of the tests performed on the
two samples. The greater neutralising potential, specifically the fast-weathering carbonate

minerals, resulted in a greater initial increase in solution pH for the tests performed on
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sample 1. This initial dominance of the acid neutralising mineralogy on solution pH over the
initial 15 days is further illustrated by the lack of substantial difference between the pH
profiles for the inoculated and non-inoculated tests for both samples. This is in contrast to
the differences observed in the concentrations of the sulphide oxidation products, the iron

and sulphate concentrations over the same time period.

According to the results obtained from the standard Batch Biokinetic test for sample 1, there
was minimal effect of inoculum size on the Biokinetic test except for samples inoculated with
10 cells. However, the effectiveness of the microbial community used as an inoculum was
observed for sample 2 with low ANC. The difference observed between the samples under
Biokinetic test conditions was predominantly influenced by the composition of the mineral
profiles in the samples, as suggested by the complimentary static test results.

To validate these observed results between inoculated and non-inoculated samples using
the Biokinetic test, further research was necessary to investigate whether the inoculum size
affected the ANC determined in sample 1. This can be achieved by suppressing the ANC of
the mineral in a sample through the addition of a dilute sulphuric acid solution to sustain and

the control the pH to under 2.0.
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5 RESULTS AND DISCUSSION: BIOKINETIC TESTS

5.1 Introduction

The Biokinetic test developed by Hesketh (2010) offers an innovative and cost-effective
alternative compared to the standard kinetic tests. This new emerging method gives a
valuable insight into the rate of acid consuming and acid-forming reactions in the presence
of microbial population within ninety days (Broadhurst et al., 2015; Opitz et al., 2015;
Hesketh et al., 2010). However, the Biokinetic test is still in its initial stages of development
and certain parameters are not sufficiently well-defined to obtain a standard approach that
can be applied to different waste ores. Hence, the objective of this part of the study was to
use Batch Biokinetic Tests to investigate the required inoculum size of Fe and S oxidising

microorganisms for effective and reproducible performance.

The effect of inoculum size for standardisation of the Biokinetic Test, experiments were
conducted under two different scenarios, namely in non-controlled pH and pH controlled
tests. The detailed methodologies are described in Appendix B. For pH-controlled
experiments, the pH of the experimental flasks was adjusted using a 0.5M sulphuric acid
solution until the pH remains close to pH 2. The volume of sulphuric acid consumed was
recorded while the other set of experiments, the pH was not controlled. To ensure
reproducibility and consistency of the results, a triplicate set of shake flasks were ran
simultaneously with the pH, redox potential, Fe?*, Fe* and SO, being measured to
understand the impact of the initial cell concentration on the test. The microbial species
present at the mid-leach and end of the experiment, were determined using qPCR as

described in section 3.7 and in appendix E.

This chapter reports on the influence of inoculum size on the Biokinetic tests under non-
controlled pH and non-controlled pH conditions. Microbial speciation data for sample 1 was
analysed on day 90 under non-controlled pH, and on day 45 and day 90 for controlled pH

experiments as presented in this chapter.
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5.2 Aims and objectives

Objectives for this chapter were to assess the influence of inoculum size on the UCT
standard Biokinetic test as a tool to aid the interpretation of the potential for ARD generation.
This was achieved by:

= Determining the effect of inoculum size of Fe** and S oxidising micro-organisms on
the Biokinetic test profiles for gold and copper waste rocks;

= Determining the effect of non-controlled pH and controlled pH;

= Using molecular techniques to determine the microbial community changes at mid-

leach and at the end of the experiments.

5.3 Effect of inoculum size on the Biokinetic test using sample 1

Since a high neutralising capacity of the minerals in sample 1 was observed to cause a
negative impact on the inoculum, by controlling the pH in the Biokinetic test, variations in pH
could perhaps be minimised, with a positive outcome being stabilisation, and thus accurate
characterisation of ARD formation potential. Batch Biokinetic tests simulating long-term
weathering in a mine waste rock disposal environment were inoculated with inoculum sizes
ranging from 10’ to 10' of mixed cultures containing iron and sulphur-oxidizing micro-
organisms, primarily L. ferriphilum and At. caldus in 150 mL of ABS solution at pH 2. These
experiments were carried out under three different conditions: pH controlled/non-inoculated,
pH controlled/inoculated and non-controlled pH/non-inoculated. The tests were carried out at
37 °C in an orbital shaker (150 rpm) for 90 days. For pH controlled tests, the solution pH was
controlled by the addition of 0.5M H,SO, to pH 2 with the volume of acid added being
recorded. The redox potential, pH, and Fe assay were used to quantitatively assess the
effect of initial cell concentrations and determine the microbial speciation, and thus changes

at different times during the experiments.
Under non-controlled pH Biokinetic tests (see

Figure 5-1 (A)), the results showed that there was an insignificant effect attributable to
inoculum on the starting solution pH as a result of the order of magnitude differences in
inoculum concentrations used. An initial increase in pH was observed across all flasks after
three days of the test. The pH increased from pH 2.4 to approximately pH 5, with an

associated decrease in redox potential to below 300 mV (
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Figure 5-1(A)), attributed to ferric iron precipitation. For the non-inoculated flasks, a similar
increase in solution pH was observed, with a higher pH value of 5.4 being reached. The bulk
mineralogical assessment as reported for sample 1 was dominated by 35.66% of acid-
consuming minerals such as calcite, magnetite and biotite, culminating in an increase in the
leachate pH, which was attributed to the acid neutralising capacity of the waste rock.
Thereafter, a gradual decrease in the pH in all flasks was observed to plateau at pH ~4.0
until day 20, suggesting the dominance of the acid generating reactions over acid
neutralizing reactions. The solution pH of the highest inoculum concentration (10'°)
decreased from pH 4 to pH 2 on day 15. This indicated microbial influences at this inoculum
concentration, corresponding to an increase in redox potential (Figure 5-4(A)) sooner than

the other flasks with a lower inoculum size.

For the pH controlled Biokinetic test, minimal differences in the pH profiles for the inoculated
and non-inoculated flasks was observed (

Figure 5-1(B)). This was attributed to the minimal microbial concentration influencing the
oxidation process rather than the chemical leaching of the waste material. The constant
increase in pH was observed in all flasks, prior to a decrease over the initial 15 days before
reaching a plateau at a pH of 1.6 for the duration of the experiments. The plateau in the
solution pH, in conjunction with the oxidising environment within the test flasks, suggested
high sulphide oxidation due to biological reactions. These results indicated that there was no
effect of the acid neutralizing mineral profile of the samples under pH controlled test
conditions,. Therefore, the rapid calcite dissolution on initiation of the experiments was
counter balanced through drop-wise addition of the standardized H,SO, acid, and
subsequent acid generating minerals preceded at a faster rate to’ reduction of the solution
pH.
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Figure 5-1: Solution pH profile of non-controlled pH (A) and controlled pH (B) under Biokinetic
test conditions

The net accumulated hydrogen ion concentration corresponding to the above pH values as

observed in

Figure 5-2 (A) and (B) for non-controlled pH and controlled pH Biokinetic tests, respectively,
confirmed the accumulation of hydroxide ion and hydrogen ions for each inoculum size used.
Hydrogen ion concentrations declined on day 1 and remained constant until day 15 to 20,
suggesting an accumulation of hydroxide ions during the period in which minimal pH
decreases were observed. This was attributed to the dissolution of fast weathering minerals
with acid consuming abilities. Thereafter, an increase in the hydrogen ions was observed,
indicating an accumulation of hydrogen ions. Under pH controlled Biokinetic test conditions,
the concentration of hydrogen ions increased exponentially for all different inoculum size test
experiments, and stabilised between day 20 and day 45. This was due to the suppression of
ANC by addition of a standardised sulphuric acid solution. From day 45, the concentration of
hydrogen ions decreased significantly from above 0.060 to 0.04 mole/L. The net
accumulation of H* for pH controlled Biokinetic tests increased the concentration of H* when
compared to non-controlled pH Biokinetic tests. This was due to accelerated leaching of

sulphide minerals.

62



0.010 x 0.10

x*x XK x %

OM gﬁ *x

@, A L VS X x

0.008 NN :%‘g:ex‘xe‘ee.*
N Aﬁ% Coph® OF | 2t

0.006

o
o
@

0.06

o
o
<]
oY
o

0.04 55‘ A§§§§§§g§§

Nett H+ accumulated [mol/L]
o
>
™
Nett H+ Accumulated (mol/L)
*ofi oy
5
’.%
)
*%
A

o
o
S
N

BYL % 0
o
o
o
¢
o

X'
0.000 l‘&‘h& 0.00 ¢

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Time [Days] Time (Days)

X A culated 4 10°7 21048 1079 < 10MO0 b] B oculated a410~7 A10"8 10"9 <10MO0

Figure 5-2: Net accumulated H" ions as measured in solution in the non-controlled pH (A) and
pH-controlled Biokinetic tests (B)

The addition of 0.5M sulphuric acid maintained a lower pH environment such that the
microbial community might facilitate the regeneration of ferric iron which leaches the waste
rock at a faster rate. As a result of this, pH controlled conditions, even when using
differentiated inoculum sizes, were found to have an effect on the mineral leaching in the
Biokinetic test profile. There was a significant difference in terms of acid consumption
between inoculated and non-inoculated shake flasks, with non-inoculated samples having a
high acid consumption rate (Figure 5-3), which may have been due to lack of acidophilic
microbial populations which facilitate the rate of Fe?* oxidation. All inoculated samples had a
similar profile for acid consumption, except for the flasks inoculated with 10™° cells/mL, for
which lower acid consumption was observed. The lower acid consumption might be due to
the presence of a significant concentration of iron and sulphur oxidising micro-organisms
which enhanced the onset of ARD generation. The consumption of acid followed the order of
different inoculum sizes used, with the highest inoculum having a lower acid consumption,
and the lower inoculum size tests having acid consumption higher than the other inoculum
sizes. The differences between other inoculated flasks and those containing 10™ were

consistent with what was observed for leachate pH changes.
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Figure 5-3: Cumulative addition of 0.5M H,SO, for the control of flask pH to pH 2.0 for
experimental flasks inoculated with different initial cell concentrations. Error bars represent
the standard deviation of the mean (n=3).

The increase in solution pH as a result of readily soluble minerals with buffering ability for the
first 3 to 5 days Figure 5-4) was mirrored by the decline in redox potential from 425 mV to
300 mV (Figure 5-4). The rate of increase of the redox potential was similar for all inoculated
flasks except for flasks containing a 10 cell inoculum which increased only after day 14,
while others increased gradually from 300 mV to 700 mV over a 30 day period. The redox
potential of the non-inoculated flasks also increased from day 20, albeit more gradually,
reaching 600 mV on day 30 and 700 mV on day 70, with stabilisation being observed
thereafter. These redox potential levels in the non-inoculated controls suggested the
presence and activity of inherent Fe-oxidising micro-organisms in the samples used (without

sterilisation) within the non-inoculated flasks.

In the pH-controlled Biokinetic tests, the ANC of the mineral was counter-balanced by the
addition of a standardized acid such that microbial community accelerated the rate of ARD
generation over a shortened time; whereas, in the non-controlled pH Biokinetic tests,
inoculum concentration was greatly affected by the significant quantity of ANC, resulting in a
significant increase of leachate pH. The rate of increase in the redox potential of the
experimental flasks in relation to the initial inoculum concentration influenced redox potential
development, with higher microbial concentration tests reaching a redox potential of 700 mV
sooner than those flasks with a lower inoculum concentrations. A 10-day lag period was
observed for the non-inoculated flasks before the redox potential increased to 700 mV by

day 15. Thereafter, the redox potential remained above 700 mV for all test flasks for the
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remainder of the experiment, indicating that the oxidative environment in the Biokinetic flasks

was due to the presence of elevated ferric iron concentrations.
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Figure 5-4: Redox potential of non-controlled pH (A) and controlled pH (B) for sample 1

The rate of change in ferrous concentrations and the total iron concentration quantified
provided an insight into whether the activity of different inoculum cell concentrations in
inoculated and non-inoculated shake flasks could influence such concentrations. Generally,
the comparison of the ferrous iron and total iron concentrations confirmed the time period at
which significant activity of the Fe-oxidising micro-organisms occurred Figure 5-5. In all
flasks, an increase in ferrous iron concentration was observed over the first 10 days,
suggesting leaching of sulphide-bearing minerals, such as pyrite observed in the
mineralogical assessment. In all inoculated flasks except those inoculated with 10*° cells, the
Fe?" concentration continued to increase, albeit at a slower rate, to more than 500 mg/L Fe?
before the onset of ferrous iron oxidation resulted in its depletion. In the flasks inoculated
with 10 cells, the ferrous iron concentration plateaued at a lower concentration 350 mg/L,
presumably due to iron cycling and perhaps absorption by the high cell concentration, prior
to an observable decrease from day 13, and depletion by day 16. The rapid increase in the
redox potential for the flasks inoculated with 10 cells accelerated the rapid decrease in the
ferrous iron concentration under these conditions. For the other flasks, the rate of increase in
ferrous iron concentration up to day 20, and the subsequent decrease in ferrous iron
concentration thereafter, were similar to those observed for a higher inoculum concentration.
The increase in ferrous iron concentration was delayed in the non-inoculated flasks,

increasing to 240 mg/L on day 15, i.e. approximately half the value of that attained in the
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inoculated flasks, due to iron cycling prior to natural proliferation of resident microbial
species in the unsterilized ores used. The decrease of Fe?* was evident from day 25, with
depletion being observed by day 30, and with ferrous iron accumulated in the system

hypothesised to arise from the further dissolution of Fe-bearing minerals in the leachate.

The ferrous oxidation rates of inoculated shake flasks occurred in the order of the initial
inoculum concentrations, with the highest inoculum concentration facilitating ferrous
oxidation rates within the 24 hours, and with others having a longer lag phase for ferrous
oxidation rates. These results corresponded with a rapid increase in total iron concentration
for tests having a higher oxidisation rates, with ferrous iron concentration reaching a high
ferric iron concentration of ~850 mg/L on day 9. This was most probably due to mineral
oxidation and drastic decline of ferrous iron suggesting microbial action (Figure 5-5 (A) and
(B)), a phenomenon which occurred at later stage for non-inoculated tests. Furthermore,
after 11 days of experimentation, ferrous concentration depleted for both set of tests. This
suggested that the metabolic mechanisms of both iron and sulphur oxidising micro-
organisms was high, with iron oxidisers embedded in the waste rock facilitating ferrous

oxidation within the tests.
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Figure 5-5: Ferrous iron concentration generated in Biokinetic test for sample 1 under non-
controlled pH (A) and controlled pH (B)
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Figure 5-6: Total iron concentration of the Biokinetic test for sample 1 at non-controlled pH (A)
and controlled pH (B)

Figure 5-7). These low sulphate concentrations observed at the beginning of the
experiments coincided with a high pH, revealing a lack of accumulated sulphide minerals
from waste rock samples. Sulphate concentrations increased gradually until day 40,
revealing dissolution of acid generating minerals such as pyrite, as this correlated with a
reduction in pH. This was followed by a decline, suggesting the ensuing precipitation of the
sulphates. Furthermore, a constant concentration level of the sulphates was observed from
day 50 to day 70, followed by a subsequent decline thereafter for samples inoculated with
10" to 10 cells. By the end of the experiments, similar sulphate concentrations were
observed within the Biokinetic test flasks, irrespective of the initial inoculum concentration.
This suggested a depletion of available sulphurous species in the waste rock used, due to
micro-organisms or oxidation facilitating species in solution, including a consequential
precipitation indicated by a yellow bow within the test solutions. This might have coated the

mineral and inhibited further oxidation of the remaining sulphides in the waste.
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Figure 5-7: Sulphate profile for non-controlled pH on sample 1

The gRT-PCR used in this study to analyse the composition of the inoculum and microbial
composition over time, i.e. at mid-leach, day 45, and at the end of the experiment,
demonstrated species variations, and thus changes in the microbial composition, as shown
in Figure 5-8. Genomic DNA (gDNA) extraction was taken from the inoculum and samples at
mid-leach (day 45), and the end of the experiment (day 90) for the pH controlled Biokinetic
tests. The DNA was extracted using a procedure described in section 3.4. As shown in
Figure 5-8, the inoculum used in this study was dominated by L. ferriphilum and A. caldus,
and insignificant amounts of archaea species. The inoculum also contained a significant
concentration of unknown bacteria that could have consisted of sulphur oxidising bacteria
such as Salfobacillus acidophilus and other iron oxidisers. The non-inoculated samples were
composed of a nearly equal proportion of L. ferriphilum, A. caldus, unknown bacteria and
minute quantities of unknown archaea. Additionally, equal distributions of L. ferriphilum and
A. caldus present in small quantities were observed in 10% and 10° at mid-leach (day 45),
together with a dominance of archaea species, A. thermoplasma, a minute quantity of A.
cupricumulans, and unknown bacteria. The inoculum was dominated by a known quantity of
bacterial species, whereas the leach solutions showed a significant increase in archaea
species. This could be due to the insufficient substrate, or build-up of by-products in the
tests. Tests comprising 10'° cells indicated better performance in solution chemistry due to
their proportion in A. caldus. It was noteworthy that microbial composition was differentiated

under different test conditions; in the non-controlled pH Biokinetic test, A. caldus and L.
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ferriphilum decreased due to unfavourable pH conditions. Additionally, the speciation of the
microbial community over a prolonged test might have been distorted due to insufficient

substrates, which could have entrenched certain challenges.
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Figure 5-8: The microbial speciation determined at the mid-leach (day 45) of the pH controlled
Biokinetic tests in terms of cell concentration (y-axis) as a function of initial cell
concentrations

The microbial phase was further studied at the end of the test stage of 90 days, i.e. the
cessation of the experimental tests. At this point, the microbial biomass was collected and
DNA extracted for gPCR analysis as prescribed by Turpikina et al., (2013). The microbial
copy numbers, presented in Figure 5-9 as a function of the test conditions, were evaluated.
In the data, “other bacteria” represented a differentiation between the copy numbers
determined using a UniBact primer and Ferriphilum and A. caldus primers, whereas other
archaea represented by the difference between the copy numbers determined using the
UniArch and A. cupricumulans primers. This data demonstrated the low copy numbers (of
the order of 10° relative to the inoculum concentrations used. Furthermore, the dominant
microbial species in these Biokinetic tests varied substantially from those observed in the

inoculum used.
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Figure 5-9: Microbial speciation determine on day 90 (end of experiment) in terms of copy
numbers

Overall, the cell concentration in the planktonic state indicated a significant decline
compared to the inoculum after 110 days of the tests. This could mean that as soon as the
substrate (ferrous iron) was depleted, cell death occurred in the test systems. The
composition of A. thermoplasma and A. cupricumulans was noted to increase slightly due to
ideal pH conditions of 1.0-1.2, as shown in Figure 5-10, while the A. caldus and unknown
bacteria decreased with L. ferriphilum not being detected. The presence of A. caldus
throughout the experiment showed its important role as a sulphur-oxidising microbe during
ARD generation, although lower cell concentrations were observed towards the end of the
experiment. A. cupricumulans species were present throughout the experiment at lower
concentration relative to other species, indicating that cupricumulans species could be one
of the species serving as Fe and S-oxidising micro-organisms in the consortia, albeit in small
numbers. This was probably due to the non-ideal pH conditions, as the species function
optimally at pH 1.0 - 2.10. The A. caldus concentration depletion was considered a
consequence of other Fe and S scavengers and the accumulation of inhibitory by-products
within the tests, which might have led to non-detectable quantities of the species compared
to those used in the inoculum. A. thermoplasma was not detected in the inoculum, although

it was detected in the non-inoculated samples, suggesting a possibility of the species being
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native to the waste ore. It is essential to note that as soon as the substrate became limited
(Fe?"), the inoculated microbial community disappeared, with microbial species endemic in

the environment from which the ores were taken, especially archaea, becoming a dominant

species.
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Figure 5-10: Microbial speciation determined at the end of experimental run of Biokinetic test
in terms of cell concentration (y-axis) as a function of initial cell concentration

5.4 Effect of inoculum size on Biokinetic test profiles for copper-bearing waste rock
under non-controlled pH conditions

Figure 5-11(A)), an initial increase in pH of the feed samples was noticed in all flasks,
inoculated and non-inoculated, from day 1 to 14. The increase in pH is partly due to the
easily leachable components in the waste with a neutralising ARD capacity. The non-
inoculated samples increased to a pH of 2.60, while inoculated flasks pH increased up to
2.50. After 14 days, the pH decreased steadily, indicating a high dissolution of sulphide-
containing minerals, including pyrite, observed in the bulk mineralogy of the waste. The pH
decrease followed the same order of initial inoculum concentration size until day 20, with
10" tests having the lowest pH. The pH remained stable between 1.8 and 2.10 from day 50
to 90, indicative of the dominance of acid generating minerals (sulphide-containing minerals)

over those with an acid neutralising ability within the feed sample.
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Figure 5-11(B)) increased following a similar trend, starting from the highest inoculum used
(10%) in tests. The redox potential for all different inoculum sizes and non-inoculated tests
had an initial ~390 mV redox potential and remained unchanged for 4 days, with the
exception of 10'° test experiments, which had no observable lag phase attributed to a high
initial cell concentration. Thereafter, an exponential increase ensued for tests in which 108,
10°, and 10’ inoculum sizes were used on day 5. However, the non-inoculated tests
remained in lag phase until days 11 with the redox potential reaching 650 mV on day 12.
This indicated that microbial activity of the indigenous community associated with waste as
cross-contamination was minimised during the preparation of tests and during sampling. At
the end of the exponential microbial growth phase, further increases in redox potential to 685
mV was observed, which remained stationary thereafter, with minimal changes. This
corresponded with a gradual decrease in pH between 2.10 and 2.00 for non-inoculated and
inoculated flasks respectively.
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Figure 5-11: pH and Redox potential profiles under non-controlled pH for sample 2

The quantity of ferrous iron provides information on the leached Fe-bearing minerals
including pyrite (Figure 5-12). Like waste from gold mining waste samples, the concentration
of ferrous iron increased to maximums of 40 and 100 mg/L for inoculated and non-inoculated
samples respectively. Subsequent to decreases in ferrous iron below 20 mg/L, as observed
after day 3 and 7 for inoculated and non-inoculated samples respectively, the low ferrous
oxidation in the non-inoculated samples was attributed to an absence of inoculum; however,
on day 7, ferrous concentration declined, coinciding with an increase in redox potential. This

suggested natural microbial community prevalence in the waste samples since the waste
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material was not sterilized. The decline in ferrous iron concentration also suggested

oxidation due to Fe-oxidising microbial community.
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Figure 5-12: Ferrous iron profile for non-controlled pH on sample 2

5.5 Summary

The first sample used in the standard test had high ANC content which increased the pH
above the pH optimum of the inoculum used in the study. Due to the significant quantities of
the ANC, the inoculum had a minimal impact under non-controlled pH conditions.
Additionally, when the pH was suppressed through the addition of dilute sulphuric acid, the
effectiveness of the inoculum was noticed. Further research was conducted under similar
conditions, using waste with a low ANC for the standardisation of the test. The differences
noticed between sample one and two under non-controlled pH conditions was governed by
the difference in mineralogical characteristics of waste rocks used. This was controlled by
weathering of acid-consuming minerals, which ultimately increased the pH to cecum-neutral

for sample 1, resulting in precipitation of ferric ion at pH above 3.5.

The results from sample 1 under non-controlled pH conditions were indicative of significant
dissolution of minerals with neutralising potential, which was observed to cause a negative
effect on the microbial community used as an inoculum as a result of the high pH. The
dissolution of acid generating minerals was indicated by a reduction in the pH to acidic
conditions. The pH below 2.5 favoured the microbial community of iron and sulphur oxidisers
to regenerate lixiviate (ferric iron), which accelerated the rate of ARD generation. The results

under pH controlled tests showed ideal conditions and the effect of the microbial consortium

73



used. Microbial speciation data presented supported the finding that the native microbial
community associated with waste rock became dominant towards the end of the

experiments.

The initial increase of feed samples in pH was noticed in all test flasks between days 1 to 14.
The increase in pH was partly attributed to the easily leachable components of the waste,
which had a neutralising ability as a result of its high magnetite content. The pH of non-
inoculated samples increased to 2.60, while the pH of the inoculated flasks increased to
2.50. After 14 days the pH decreased steadily, indicating dissolution of sulphide-containing
minerals, including pyrite, observed in the bulk mineralogy of the waste material used. The
pH in tests remained stable between 1.8 and 2.10 from day 50 to 90, which indicated that
the leaching of acid generating (sulphide containing) minerals proceeded more rapidly than
the acid neutralising minerals within the feed samples.

The redox potential of inoculated and non-inoculated sample increased following a similar
trend, starting from the highest inoculum to the lowest. The redox potential for all inoculum
sizes and non-inoculated sample started at an average of ~390 mV, with increases being
observed even for non-inoculated cultures; this was indicative of microbial activity in the
indigenous community which became dominant towards the end of the tests, which must be

researched further.
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CHAPTER 6

RESULTS AND DISCUSSION: SEMI-CONTINUOUS
BIOKINETICS TESTS
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6 RESULTS AND DISCUSSION: SEMI-CONTINUOUS IN COMPARISON TO
BATCH BIOKINETIC TESTS

6.1 Introduction

The UCT Batch Biokinetic test is a characterisation protocol used to gauge relative rates of
acid neutralisation and acid generation in the presence of Fe and S-oxidising micro-
organisms over 90 days. Under non-controlled pH Batch Biokinetic tests, minerals
composed of high ANC content were observed to cause a negative effect on the inoculum,
which led to a delay in acidification. To address the challenges associated with high ANC,
which increases the pH beyond the pH optimum of the inoculum, pH-controlled and Semi-
continuous/draw and fill Biokinetic tests effective for ARD prediction must be investigated.
The Batch Biokinetic test provides relative kinetic data on neutralisation, and acidification
potential also gives an insight into the potential onset of ARD generation. However, rapid
initial neutralisation may mask potential for future acidification. The pH controlled Biokinetic
test provides information on the neutralisation potential (but not kinetics), while also
providing data on the microbial-assisted acid generation. In addition, in Batch pH controlled
Biokinetic tests, neutralising components maybe affected by the effectiveness of the
inoculum used. However, the severity of the decrease in solution pH in the pH-controlled
experiment, did not allow for a reliable indication on the extent of pH increase under ARD
generating conditions. This is where a Semi-continuous Biokinetic test would be beneficial,
as the continuous removal of 10% of the leachate-containing dissolved components of ANC
will limit inhibitory by-products seen in Batch tests. Further, the introduction of fresh media
that aid the proliferation of micro-organisms used in the initiation of the tests will facilitate
accurate prediction of the rate of ARD generation. This allows removal of neutralising
capacity liberated prior to acid generation; therefore, a clear detection of acid neutralising

and acid generating regions can be observed in the Semi-continuous Biokinetic test.

6.2 Aims and objectives

The objective of this chapter was to explore the use of a Semi-continuous Biokinetic to test
ARD potential of the gold-bearing and copper-bearing waste rocks used in this study. This

was achieved by:

= Determining the kinetics at which acid consuming and acid generating reactions
occur, and their impact on the microbial activity when a Semi-continuous Biokinetic

test is used:;
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= Assessing the microbial speciation that was performed over progressively elongated

leaching periods using qPCR,;

= Describing the kinetic results of acid neutralising and acid generating reactions for

gold-bearing and copper-bearing waste rock samples.

6.3 Semi-continuous and Batch Biokinetic Test results for gold-bearing waste rock

The overall potential for acidity generation was tracked through measurement of solution pH.
Measurements were recorded prior to removal of 10 % (v/v) solution and after addition of the
ABS solution, with presentation of these results in Figure 6-1.The initial increase in pH
observed for both Semi-continuous and Batch Biokinetic tests, was due to reaction of the
acid neutralising minerals such as calcite. The pH in the Semi-continuous test increased to
approximately pH 5.80 within the initial twenty-four hours for both inoculated and non-
inoculated tests. This is similar to the pH levels attained within the inoculated and non-
inoculated in the batch Biokinetic tests after three days. The decrease in solution pH with
time, as observed from the profile for Semi-continuous test, was due to the addition of
acidified ABS solution at pH 2.0, and the generation of acidity following sulfide’ mineral
oxidation. A gradual decrease in the pH for the Batch tests was observed to a plateau region
of approximately pH 4.0 till day 30 suggesting dominance of the acid generating reaction. A

pH of approximately 2.0 was attained after 20 and 35 days respectively for both tests.
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Figure 6-1: Variations in pH over time for Semi-continuous and Batch Biokinetic tests. Bottom
data points shows pH after removing 10% of the supernatant and replacing it with an equal
volume of ABS solution at pH 2. Dotted lines indicate pH before removing supernatant and
replacing it with ABS media.
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Figure 6-2 shows the accumulation of hydrogen ion concentration for both inoculated and
non-inoculated samples in the Semi-continuous and Batch Biokinetic tests over the
experimental test runs. These results are related to the pH variation data presented in Figure
6-1, showing the instance at which acid-consuming minerals occur at a high rate compared
to the acid generating waste rock constituents in the sample used in the tests. A lag period
of 6 days due to significant concentration of hydroxides from acid-consuming minerals was
observed in the Semi-continuous test, and this corresponded to high pH values as shown in
Figure 6-1. Thereafter, the concentration of hydrogen ions increased gradually with
significant differentiation between inoculated and non-inoculated prior stabilizing 0.010
mole/L after twenty-five days. This was directly related to the relative rate of acid
consumption caused by the rate of dissolution for acid-consuming leached by-products of
sample under test conditions. In the Batch test hydrogen ion concentrations declined on day
1 and remain constant until day 15 to 20, suggesting an accumulation of hydroxide ions
during this period in which minimal pH decreases were observed. This was attributed to the
dissolution of fast weathering minerals with acid consuming abilities. Thereafter, an
exponential increase in the hydrogen ions was observed on both inoculated and non-
inoculated flaks, indicating an accumulation of hydrogen ions reaching a similar

concentration of H" observed in the Semi-continuous Biokinetic test.
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Figure 6-2: Net accumulation of H" as a function of time for inoculated and non-inoculated
flasks under Semi-continuous and Batch Biokinetic tests conditions

For both set of tests in this waste sample, inoculation affected the extent of pH increase

through the generation of acidity following iron precipitation and sulfide mineral oxidation.
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This is particularly evident for the tests performed in this sample, where the acidity
generated through microbial action reacts with the acid neutralising components, resulting in
a lower solution pH value. The differences between inoculated and non-inoculated tests may

be further observed in the redox potential data for both tests

Figure 6-3, where the oxidation of soluble ferrous iron by the iron-oxidising micro-organisms
within the inoculum results in a high solution potential to be reached over a shorter time
period. Following an initial decrease in redox potential for all tests, a result of the increase in
solution pH and the removal of soluble ferric iron by precipitation, the rates of increase
differed between the inoculated and non-inoculated tests. Inoculated tests reached a
potential of ~650 mV after approximately 8 days and 33 days for Semi-continuous and Batch
test, as compared to the non-inoculated flasks which reached a similar value after
approximately 13 days and 36 days for the same tests respectively. The lag phase period of
9 and 33 days for the non-inoculated in the Semi-continuous and Batch Biokinetic test
indicated periodic requirements by which the native microbial community must adapt to the
test conditions, further, the growth of cell numbers in the new environment might have been
stunted, as it differed from the environment in which the samples were obtained. A maximum

of approximately 700 mV was attained by all tests by day 36 of the experiments.
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Figure 6-3: Redox potential profile under Semi-continuous and Batch Biokinetic test for gold-
bearing sample. Error bars present standard deviation n=3 (where n represent number of
flasks)

79



The increases in redox potential were mirrored by the changes in the ratio of ferrous iron to
ferric iron with time across all test performed on both tests. The differing behaviour in soluble
iron between the two tests was a result, primarily, of the increase in solution pH observed in
the Semi-continuous and Batch Biokinetic tests. This increase resulted in a longer lag period
prior to the dominance of the rate of microbial ferrous iron oxidation relative to the rate of
chemical leaching of the Fe-bearing minerals in the Batch test. Substantial differences were
also observed between the inoculated and non-inoculated tests performed on the Semi-
continuous test. A greater concentration of ferrous iron attained within the inoculated flasks
(=370 mg/L) relative to the non-inoculated tests (~200 mg/L) over the initial six days Figure

6-4, corresponding to redox potential values below 450 mV. The decline in ferrous iron
concentration on day 5 in inoculated test samples was due to the activity of iron oxidising
microbes as previously described, e.g. L. ferriphilum. This also corresponded to an increase
in planktonic cell concentration in the solution drawn from the tests. A subsequent decline in
ferrous iron concentration to below 10 mg/L was observed after 16 days for non-inoculated

samples (see Figure 6-4).

The increase in total iron was dominated by ferric iron species up to a maximum value of
approximately 480 mg/L by day 14. A plateau in the total iron concentration was observed
for the non-inoculated tests over the same time, indicating the rate of removal of total iron
was approximately that of the rate of deportment from the waste sample. The total iron
concentration increased to a maximum concentration of approximately 350 mg/L by day 18.
The decreases in the total iron concentration after day 20 for both inoculated and non-
inoculated flasks in the Semi-continuous tests were a result of the removal of the soluble iron
as part of the Semi-continuous method, and this may also suggest complete dissolution of
iron bearing minerals within the mineral waste. A lag period of 5 days in the ferrous iron for
Batch test was observed with the inoculated and non-inoculated flasks and this coincides
with increase in the solution pH due to dissolution of acid neutralising minerals. Thereafter
an exponential phase in the ferrous reaching similar concentrations below 250 mg/L
suggested complete oxidation of iron species, prior subsequent decrease at day 28 and 30
for the inoculated and non-inoculated flask respectively. The gradual increase in the total
iron for the inoculated and non-inoculated flasks indicated leaching of iron species within the

mineral waste.
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Figure 6-4: Ferrous iron concentration generated over time from the gold-bearing waste rock
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Batch Biokinetic test for gold-bearing waste rock
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A direct relationship between the initial sulphate concentrations and the solution pH’s was
observed, with greater sulphate concentrations observed for tests with lower pH values
(inoculated flask). In the two sets of test, the rate of sulphide oxidation was affected directly
by the concentration of ferric iron within the Biokinetic solutions. Over the initial six days,
similar sulphate concentrations were observed for the inoculated and non-inoculated Semi-
continuous test. An increase in the rate of change of the sulphate concentrations was
observed at a time point corresponding to the increase in redox potential values for both
inoculated and non-inoculated flaks on Semi-continuous and Batch Biokinetic tests. Under
the elevated relative ferric iron concentrations, providing an increase in oxidant source, a
similar rate of sulphate increase was perceived for both inoculated and non-inoculated
flasks. Similar to the total iron concentrations, a decrease in sulphate concentrations was
observed in the later stage of the tests in the Semi-continuous test, with the rate of removal
of the sulphate within the flasks higher than the rate of supply from the oxidation of the
sulphide minerals. This was also through for both inoculated and non-inoculated test in the
Batch system ran for 90 days, presented in chapter 5, suggesting the removal of the
oxidation by-products due to solution sampling. This suggests depletion of available sulphur
or precipitation that was observed at the early stages of the test coated the mineral and
inhibits oxidation of the remaining sulphide in the mineral. Fluctuation thereafter suggested
dissolution of different forms of sulphur species within the mineral such pyrrhotite, as their
dissolution rate, thus their availability in the leachates, would have been different. After day
30, sulphate concentration remained constant at ~2000 mg/L, suggesting the complete

reaction of sulphide species with the waste rock used.
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Figure 6-6: Sulphate profile for Semi-continuous and Batch Biokinetic test for gold-bearing
sample. Dotted lines indicate ABS solution at pH 2.
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6.4 Microbial speciation conducted at different stages of the experimental run for
sample 1

The microbial speciation was conducted on the inoculum prior to commencement of the
Semi-continuous Biokinetic test experiments, and during an operation in which sample
collection occurred on days 5, 20, 25 and 30. The inoculum comprised an equal proportion
of A. caldus and L. ferriphilum and a small portion of universal archaea. On day 5, only the
A. caldus was predominant in the non-inoculated samples (see Figure 6-7(a)) and L.
ferriphilum was absent, possibly due to unfavourable pH above 3.5 on day 5 (see Figure 6-
7(b). Both A. caldus and L. ferriphilum species had an increased cell concentration on day
20. These observations corresponded with a decline in pH to a value close to 2, a point at
which the rate of Fe?* oxidation to Fe*" was high, as indicated by an increase in the redox
potential ~650 mV by day 20. This was followed by a gradual decrease in cell numbers of
A.caldus on day 25 and day 30, correlating with a decrease in sulphate concentration, while
the L. ferriphilum concentration remained unaltered due to ideal pH conditions and nutrient

availability provided during replenishment of the removed supernatant.

The inoculated sample was mainly composed of A. caldus and a minute contributory portion
of L. ferriphilum on day 5. The small concentration of L. ferriphilum corresponded with high
pH (see Figure 6-7(b)). A significant increase in cell concentration for both A. caldus and L.
ferriphilum was observed on day 10. These observations corresponded with similar
increases in redox potential above 650 mV on day 10, suggesting a high rate of oxidation of
Fe” to Fe*" Furthermore, sulphate concentrations increased at this stage, suggesting
dissolution of acid generating by-products facilitated by the accumulation of H* iron (see
Figure 6-7). Similar observations between inoculated and non-inoculated samples were with
insignificant differences between the compositions of the cells inoculated in comparison with

inherent micro-organisms from the mineral.
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Figure 6-7: Microbial speciation determine in the non-inoculated (A) and inoculated (B) as a
function of progressive leaching in terms of copy numbers with error bars showing standard
deviation where n=3

6.4.1 Biokinetic test: comparing data provided by Semi-continuous and Batch tests
for the gold-bearing sample

The Semi-continuous Biokinetic tests allowed for the removal of oxidation products with time,
preventing the formation of a chemical equilibrium and allowing the oxidation reactions to
occur to completion unlike in the Batch Biokinetic test where the oxidation products are
retained in the solution. The daily replacement of 10% of the solution with fresh ABS solution
at pH 2.0 within each flask allowed for downward control of the solution pH to levels more
favourable for the acidophilic micro-organisms. The piece-wise control of solution pH
resulted in a decrease in the lag period prior to oxidative conditions within the flask
experiments, with approximately half the time required to attain 700 mV as compared to the
Batch Biokinetic flask experiments in this sample. Furthermore, this decrease in lag time was
comparable to that experienced within the pH-controlled experiments in chapter 5, where the
daily control of the pH was performed through the drop-wise addition of H,SO,4. The severity
of the decrease in solution pH in the pH-controlled experiment, however, did not allow for a
reliable indication on the extent of pH increase under ARD generating conditions, as is the

case in the Semi-continuous Biokinetic tests.
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Replacement of 10 % of the solution volume simulated a Semi-continuous, flow-through
system to better represent a typical ARD generating environment within a waste deposit.
The removal of test solution enabled the removal of oxidation products which may limit the
chemical reactions, and provide a non-ideal environment for the micro-organisms within the
tests, such as potentially toxic elements released from mineral dissolution and oxidation. For
the tests performed on the gold-bearing sample, this was achieved through the lowering of
the pH conditions within the Semi-continuous Biokinetic tests through the addition of ABS
solution at pH 2.0, which negatively affected the inoculum within the Batch Biokinetic tests
performed on the gold-bearing sample. Such removal, however, includes the removal of
soluble reactant species used in oxidation reactions, and as nutrient sources by the iron and
sulphur-oxidising micro-organisms, and may negatively affect the performance of the
microbial populations within the Biokinetic tests when performed on other waste samples. In
particular, negative consequences may occur under circumstances where the chemical
leaching rate is slower than the rate of removal of the soluble species. This was observed
after 15 and 20 days for the inoculated and non-inoculated tests, and suggests a shift in the
primary source of the iron and sulphur elucidated from the waste sample from sulphide

minerals to slow-dissolving iron-oxyhydroxides.

6.5 Semi-continuous and Batch Biokinetic test results for copper-bearing sample

A pH increase of approximately pH 2.4 and 2.70 in the inoculated test was observed in the
initial four and thirteen days for the Semi-continuous and Batch tests performed on the
copper-bearing sample Figure 6-8. This is attributed to the leaching of readily weathered
minerals with significant neutralising potential. The steady decrease in solution pH with time,
as observed from the profile for gold waste rock, was due to the addition of acidified ABS
solution at pH 2.0, and the generation of acidity following sulphide mineral oxidation. For
non-inoculated samples, such an increase was slightly above that observed for inoculated
test experiments. A slight increase was observed in the copper-bearing sample due to low
ANC content, unlike gold-bearing waste rock sample, which showed a high ANC. A pH of
approximately pH 2.0 was attained after 20 days for all tests. A significant decline in the
hydrogen ion concentration for the inoculated samples correlated with increase in pH in the
two sets test. Thereafter, a gradual increase in the hydrogen ions from day 5 and 10 was
observed in both tests suggesting accumulation of hydrogen iron due to dissolution of

sulphide-containing minerals such pyrite, chalcopyrite and galena Figure 6-9.
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Figure 6-9: Net accumulation of H" as a function of time for inoculated and non-inoculated
flasks under Semi-continuous and Batch Biokinetic tests conditions for copper-bearing waste
rock

The redox potential of Semi-continuous and Batch tests for both inoculated and non-
inoculated samples declined on the first day due to neutralisation of rapidly dissolved
weathering minerals which consume acid Figure 6-10. The redox potential of the solution
increased slowly from day 3 and 4 for inoculated flasks in the Semi-continuous and Batch

Biokinetic tests respectively. A further rapid increase of redox potential from 410 mV was
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observed on day 3 and 8 because of the growth of microbial community oxidising ferrous to
ferric iron. These redox potential levels in the non-inoculated controls suggested the
presence and activity of the indigenous microbial community of iron oxidising micro-
organisms, but the absence of a ferrous iron scavenger such as L. ferriphilum until late in the
test. Thereafter, the redox potential of inoculated and non-inoculated samples remained
stable throughout the rest of experimental run, indicating the oxidative environment in the
Biokinetic flasks due to the presence of elevated ferric iron concentrations.
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Figure 6-10: Redox potential of inoculated and non-inoculated Biokinetic samples over time for

copper-bearing sample

The ferrous iron measured in the leachate is accumulated from the mineral as a result of Fe-
bearing minerals such as pyrite, galena and chalcopyrite. A difference in the increase of
ferrous concentration for both inoculated and non-inoculated samples was observed
between the two tests. The subsequent decrease of ferrous iron was observed on day 2 and
4 for inoculated in the Semi-continuous and Batch Biokinetic tests respectively. The mineral
oxidation was catalysed by the microbial community as this correlated with an increase in
redox potential above 650 mV. A lag period of 5 days prior to the decrease, and a plateau
below 10 mg/L in ferrous iron concentration for the non-inoculated samples, showed the
required period of adaptation for the natural microbial community adaptation phase. This
was followed by another 6 days of a steady decline and plateau under 20 mg/L on day 10
and 12 for non-inoculated Semi-continuous and Batch Biokinetic test respectively. The
ferrous iron concentration in the Batch test was higher (100 mg/L) than the non-inoculated
Semi-continuous test 60 mg/L due to the build-up of the accumulated iron products leached

from the mineral. The total iron concentration was similar for both sets of tests for the first
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days of the experiments. The total iron of inoculated increased progressively, reaching a
maximum concentration of 153 and 120 mg/L in the Semi-continuous and Batch test
respectively, while this was also similar for the non-inoculated tests until day 31. Thereafter a
gradual decline showed that the oxidation by-products might have been removed or depleted

in the non-inoculated tests.
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Figure 6-11: Ferrous iron concentration for copper-bearing sample
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Figure 6-12: Total iron concentration for copper bearing sample
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There was insignificant difference observed in the sulphate concentrations throughout the
duration of the tests performed on the copper-bearing sample Figure 6-13. Here, the
sulphate concentration oscillated around a mean of approximately 2000 mg/L. The
deviations observed in the total iron profiles was absent for the sulphate concentrations due
to the high concentrations in the acidic test environments, and the inherent accuracy of the
turbidimetric sulphate measurements. The constant concentrations attained over the final
five days of the experiment suggested a constant rate of sulphide oxidation, similar to that of
the rate of removal of the oxidation products by solution sampling. Conversely, the sulphate
concentration in the Batch for both inoculated and non-inoculated tests fluctuated around
2000 mg/L and 2500 mg/L for the first twenty-five days prior the gradual increase in the
inoculated test above 3000 mg/L. The increase in sulphate concentration indicated oxidation
of sulphide mineral such as pyrite and chalcopyrite.
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Figure 6-13: Sulphate concentration for copper-bearing sample

Since the inoculum was dominated by L. ferriphilum and a small quantity of A. caldus, the
non-inoculated test samples obtained on day 5 were mostly composed of A. caldus and
small portions of L. ferriphilum. A nearly equal distribution of A. caldus and L. ferriphilum was
observed on day 5 and this corresponded with an increase in the redox potential above 650
mV, suggesting a high conversion rate of Fe?* to Fe** governed by biological reactions of the
micro-organisms embedded in the water rock used for the tests. This also correlated with a
gradual decline of ferrous iron below 5 mg/L. The inoculated Semi-continuous Biokinetic
tests indicated a nearly equal proportion of A. caldus and L. Ferriphilum. The ferrous iron

concentration decreased during this period, suggesting high microbial activity. On day 15,
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both species increased, suggesting sufficient substrate availability for microbial growth.
However, on day 30, both species declined, although the A. caldus was still present in high
cell concentrations compared to L. ferriphilum while archaea started appearing in the test
solution. Some leached waste species were definitely in decline in residual rock in test
flasks, culminating in a decrease in some microbial species. An alternative argument would
thus suggest that an inhibition by-product with higher inhibition capabilities started to leach
into the solution, limiting the growth of a vulnerable micro-organisms while promoting the
proliferation of another.
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Figure 6-14: Microbial speciation determine of non-inoculated(A) and inoculated (B) samples
as a function of progressive in terms of cell numbers

6.6 Comparison of speciation data on day 5 and 30 for sample 1 and sample 2

On day 5, the composition of A. caldus was significantly different, with a smaller portion in
sample 1, and higher numbers in sample 2 in the non-inoculated samples. Both microbial
species declined on day 30 for sample 1 while they increased in sample 2. This was
associated with the different mineralogical characteristic observed in the solution chemistry
of the Biokinetic tests. This suggested a negative impact of high ANC, which in turn may
have affected the effectiveness of microbial species and delayed the rate of ARD generation.
Under inoculated semi-continuous Biokinetic test conditions on day 5, L. ferriphilum was
present in small amounts due to the high pH values close to 4 while A. caldus dominated as

it has a wide optimum range of pH up to 4.5. Sample 1 and sample 2 showed an insignificant
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shift in microbial species speciation. However, universal archaea and other bacteria started

appearing as the test progressed beyond day 30.

6.7 Summary of the results for gold-bearing and copper-bearing samples under
Semi-continuous and Batch Biokinetic test.

The composition of the waste samples used in the Biokinetic tests directly affected the
results obtained. In particular, the acid neutralising capacity of the wastes affected the
solution pH, with consequences for the rates of both chemical and biological ARD
generation. The type of sulphide minerals within the wastes affected the nature of the test
results as these constituent the sole supply of nutrients to the micro-organisms. The
presence of easily soluble sulphides, which undergo dissolution under acidic conditions,
results in the development of oxidative conditions earlier through the supply of nutrients to

the microbial communities.

The similarities in community composition and dynamics between the inoculated and non-
inoculated tests shows the growth of the indigenous micro-organisms under the favourable
conditions. The elevated pH conditions with the tests performed on the gold bearing sample
resulted in a lag in the increase in cell numbers. For the inoculated tests, however, the
decrease in pH due to the daily replacement of ABS solution at pH 2.0, allowed for growth of
the microbial populations over the initial 5 days of the experiment. This was in contrast to the
Batch Biokinetic tests, where the prolonged elevated pH conditions had a detrimental effect
on the inoculated micro-organisms. The initial dominance of At. caldus was observed in both
inoculated and non-inoculated Biokinetic flasks, and was due to the readily available
reduced sulphur species present initially due to the acid solubilisation of acid-soluble
sulphide minerals. The presence of the reduced sulphur species, and their oxidation, may be
inferred from the elevated sulphate concentrations for both sets of experiments above that of
the ABS feed solution. The initial dominance of At. caldus over L. ferriphilum is in agreement
with Hao et al. (2010), where dominance of an At. caldus and Sulfobacillus thermotolerans
mixture was followed by a dominance of L. ferriphilum at a later stage of bio-oxidation of a
gold-bearing sulphide ore. This progression was attributed to the initial availability of
inorganic sulphur species, with the lower pH and high redox potential conditions observed in

the latter stages more favourable for L. ferriphilum.
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7 CONCLUDING REMARKS AND RECOMMENDATIONS

In this thesis, three different experimental approaches were used to characterise ARD
potential of waste rocks, using standard ARD characterisation tests, biokinetic tests under
pH controlled and non-controlled conditions, as well as a semi-continuous test. The primary
findings of the study addressed the research questions listed in chapter 1 with
recommendations for future research being presented in this chapter.

Accurate, informative and cost-effective ARD characterisation tools are necessary to
develop mitigation measures for mining waste rock decomposed in the environment.
Considering this, the overarching objective of this research was to use Biokinetic tests and
ARD geochemical characterisation tests as a tool to aid the interpretation of the potential for
ARD generation using two different waste rock samples of different neutralising capacity.
The quantitative data obtained from the entire sets of tests were combined to contribute to
the standardisation of Biokinetic test and to contribute to a greater understanding of the
potential for ARD formation from these wastes. The potential for ARD generation from the
gold-bearing and copper-bearing waste rocks was characterised using standard methods at
the laboratory-scale, which involved static ARD characterisation tests; acid-base accounting
(ABA); net acid generation (NAG); mineralogical assessment; and batch and semi-

continuous Biokinetic tests.

7.1 Summary

7.1.1 Static test results for ARD characterisation of waste rock samples

The effect of acid consuming minerals (calcite, magnetite and other slow weathering
minerals, including plagioclase-albite and acid generating minerals (pyrite, pyrrhotite and
chalcopyrite) were identified from the waste rocks using mineralogical techniques. The
minerals present in the waste rocks were leached under ARD characterisation tests. Static
tests such as acid ABA and NAG tests were conducted to determine the behaviour of these
samples under chemical conditions. The ABA tests indicated that Sample 1 with net acid
producing a potential of 17.20 kg H,SO,/ton was classified as moderately acid-forming, while
sample 2 was found to have a higher acid forming potential, namely an ABA value of 92.3 kg
H,SO,/ton. However, these tests may overestimate the ARD potential due to the use of
inorganic acids, with minimal information providing for the effect of microbial activity as well

as relative rates of ARD generation in the environment.
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7.1.2 Effect of inoculum size on Batch Biokinetic tests

The overall results of the Biokinetic test indicated that acid-consuming minerals, notably
calcite, dissolved at a faster rate and increased the pH of the leachate beyond the optimum
pH for Fe? and S-oxidising micro-organisms. This was observed by measuring redox
potential to track the rate of ferrous oxidation to ferric iron. Under non-controlled pH, no
effect of inoculum size on biokinetic tests for sample 1 was observed except for the higher
inoculum size of 10 used. This was due to the dissolution of minerals with a significant
buffering capacity, which resulted in the precipitation of ferric iron at pH above 3.5. These
caused long microbial lag phase periods and slowed the mineral leaching by the microbial
community, while at 10 inoculum cell concentration there was a short lag due to the high
initial cell count. However, under controlled pH conditions, an increase of inoculum size on
biokinetic tests accelerated the rate of acid generation.The neutralization potential provided
by acid consuming minerals was suppressed, which created ideal environmental conditions
for the microbial consortium to accelerate the rate of ferrous to ferric iron oxidation. The
ferrous to ferric oxidation occurred sequentially, starting from the samples with highest
inoculum cell concentration, which indicates the influence of inoculum size. It can therefore,
be concluded that there was an effect of inoculum size on batch biokinetic tests when the
mineral had a low content of ANC. The sample with high ANC increased the pH, ultimately
creating an unfavourable environment for the microbial consortium used as inoculum.

However, there is a need to understand the characteristics of the material being studied.

7.1.3 Microbial community used as inoculum on Batch Biokinetic test

The DNA extracted from the samples were isolated as described in chapter 3, and the gPCR
was also conducted to speciate the microbial species present on day 45 and day 90 for the
pH controlled tests, while it was only performed on day 90 for the non-controlled pH Batch
Biokinetic test. The data of microbial speciation performed for sample 1 at the end of the
experiment showed microbial community differentiation. This was mainly due to the high
ANC content which increased the pH beyond the optimum pH for the inoculated consortium.
However, there were species found which might have come from the waste samples
themselves. The speciation data at mid-leach (day 45) indicated a representative of the
microbial consortia dominated by A. caldus and L. ferriphilum for different inoculum sizes
and for non-inoculated samples. This could have been due to the starvation of test consortia
and dominant archaea species such as A. cupricumulans, which also oxidises iron. Based

on the two different results obtained under pH controlled and non-controlled conditions at the
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end of the experiment, a semi-continuous Biokinetic test was conducted to complement the
data generated in Batch Biokinetic tests for better characterisation of ARD under microbial
mediated conditions. One set was inoculated while the other was non-inoculated. The non-
inoculated samples in both samples demonstrated delayed acidification due to the lack of
inoculum. The instance at which redox potential increased correlated with the dominance of
Fe and S-oxidising micro-organisms in the inoculum used. This data indicated that the
removal of the supernatant containing dissolved ANC allowed the representative consortia to
perform optimally such that the rate at which acid neutralisation and acid generating
reactions occurring at a faster rate could be clearly observed from the test.

7.1.4 Semi-continuous Biokinetic test

The daily replacement of 10% of the solution with fresh ABS solution at pH 2.0 within each
flask allowed for downward control of the solution pH to levels more favourable for the
acidophilic micro-organisms to facilitate the rate of ARD generation in the ARD simulated
system. The piece-wise control of solution pH resulted in a decrease in the lag period prior to
oxidative conditions within the flask experiments, with approximately half the time required to
attain 700 mV as compared to the Batch Biokinetic flask experiments performed on sample
1. Furthermore, this decrease in lag time was comparable to that experienced within the pH-
controlled experiments presented in chapter 5, where the daily control of the pH was
performed through the drop-wise addition of H,SO,. The severity of the decrease in solution
pH in the pH-controlled experiment, however, did not allow for a reliable indication on the
extent of pH increase under ARD generating conditions, as is the case in the Semi-
continuous Biokinetic tests. The removal and replacement of 10% (v/v) with fresh ABS
solution at pH 2.0 allowed for the control of the pH conditions, proving more favourable
conditions for the mixed-microbial inoculum. In addition, the reduction in pH with time is less
severe as compared to the addition of concentrated H,SO,, allowing for information to be
gained on the extent of initial pH increase for the waste samples. Although the rate of
removal of lixiviates and microbial nutrients did not negatively affect the Biokinetic tests
performed in this study, the potential remains for negative consequences of solution removal
in cases where the replenishment of lixiviates and nutrients is slower than the rate of their

removal.

The relative composition of the microbial communities between the two waste samples
remained unaffected by the difference in sample composition for the wastes used in this
study. The microbial activity within the non-inoculated flasks was likely due to the daily
sampling of the tests, and may not reliably reflect the composition of the indigenous micro-

organisms within each waste sample. The use of a well-defined, mixed iron- and sulphur-
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oxidising inoculum, however, provides a minimum time-frame for investigating microbial ARD
generation. Tests conditions may not be suitable for pure abiotic Biokinetic tests, with the

relevance of such conditions remaining questionable as compared to a waste deposit on site

7.2 Addressing the key questions

7.2.1 What are the effects of controlled pH and non-controlled pH on the Biokinetic
test? Does this affect the quality of data or ease of interpretation?

Hypothesis I:  An increase in the initial cell concentration of consortia in the Biokinetic test
can enhance or accelerate the onset of the rate of acid generation in the test, until the
established microbial community more rapidly regenerates the ferric iron and acid than it is
consumed during mineral leaching. Above this concentration, no further impact of inoculum

concentration can be observed.

The rate of ARD generation was expected to increase sequentially in the order related to
inoculum size due to the concentration of the microbial community to initiate both pH-
controlled and non-controlled Biokinetic tests. In the non-controlled pH Biokinetic tests, this
was true for the 10'° inoculum test, and there was minimal difference associated with other
inoculum sizes used. This was due to the high ANC content of the mineral which buffered
the pH above optimum pH of Fe and S oxidising micro-organisms. At pH above 3.5, iron
forms a precipitate which ultimately limits the regeneration of iron recycling, which in turn
leaches the mineral. To address the challenge of a high ANC content in sample 1, pH
controlled Biokinetic tests were conducted. In the experiment, dilute sulphuric acid was
added in order to suppress the ANC influence. This was also to reduce the precipitation of
ferric iron such that it remained in the solution to leach minerals in the waste rocks. The pH
reduction also created ideal conditions for the inoculum to catalyse the ferrous oxidation to
ferric iron. On completion of the exponential phase for redox potential increments, sufficient
ferric iron was generated and there was an observable effect of different inoculum sizes. The
results from sample 1 under pH controlled conditions and sample 2 for non-controlled pH

indicated that the increase in inoculum size accelerated the rate of ARD generation.

7.2.2 Will there be any effect of inoculum size on biokinetic tests? If so, is the effect
different under pH controlled or uncontrolled conditions?

Hypothesis 1I: By controlling the pH of the biokinetic test at pH 2 or below, ferric iron

precipitation is minimised, favouring mineral leaching. Furthermore, a favourable
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environment is maintained for the iron and sulphur oxidising micro-organisms such that the
acid generating reactions can proceed in an accelerated manner, allowing for a

representative but accelerated test.

The influence of inoculum size presented by 107, 10® 10° and 10% at 6 % w/v of 150 pm for
the characterisation of waste rocks under Biokinetic tests conditions was investigated. This
test was conducted to determine the standard initial cell concentrations which accelerate the
rate of ARD generation in the Biokinetic tests. Under non-controlled pH Biokinetic tests, the
pH increased to pH 5.5 due to the dissolution of the acid-consuming minerals. In the
controlled pH Biokinetic test, the increase in pH was corrected to pH 2.0 through the addition
of a standardised sulphuric acid solution. This limited the precipitation of ferric iron and
created ideal conditions for different inoculum sizes to accelerate the rate of ARD
generation. The ferric iron concentration was 2000 mg/L compared to 675 mg/L of that
observed in the non-controlled pH biokinetic tests. This was supported by redox potential
profiles which measured the ratio of ferrous oxidation to ferric iron, which in turn leached the
mineral. This was illustrated by the high acid consumption rates which were found to be
15.18, 13.77, 13.80, 13.30 and 11.77 for non-inoculated reference tests respectively.

Hypothesis Ill: By using a semi-continuous operational strategy for the biokinetic test, acid
neutralising capacity will be reduced, allowing regions of neutralisation and acid generation
to be clearly observed, and thus allowing the flooding conditions to be more representative

of field conditions.

The kinetics of acid generation and neutralisation reactions were investigated using the
Semi-continuous Biokinetic test. The test was performed by conducting an experiment with
one set inoculated with a mixed culture of Fe and S oxidising microorganisms and other
being non-inoculated. The supernatant removed during sampling was used for microbial
speciation. The data generated indicated a significant increase in pH due to the potential of
acid neutralising capacity. The removal of the supernatant containing the dissolved
component with neutralisation potential allowed the acid generating reaction to occur at a
faster rate. The speciation data also showed that the microbial species were responsible for

accelerating the rate of ARD generation.

97



7.3 Conclusions
7.3.1 Effects of inoculum size on biokinetic test for ARD generation potential

7.3.1.1 Non-controlled pH biokinetic test

Biokinetic tests were conducted under Batch and Semi-continuous/ draw and fill conditions.
This was done to simulate long-term weathering of waste rocks in a disposal environment.
Shake flasks simulating long-term weathering in a disposal environment were inoculated
with various inoculum sizes of mixed cultures of iron and sulphur-oxidizing microorganisms.
The Batch Biokinetic test was carried out under three different conditions: pH controlled non-
inoculated, pH controlled inoculated, and pH non-controlled non-inoculated, tests. According
to the results obtained from the batch Biokinetic test for sample 1 (with high ANC) under
non-controlled pH conditions, there was minimal effect of inoculum size on Biokinetic tests
except for the 10 cell concentration tests. These results suggested ineffectiveness of the
Fe and S-oxidising micro-orgasms used, as the inoculum pH was beyond the optimum range
for these particular micro-organisms. The microbial speciation data also indicated a
significant change in the microbial compositions dominated by archaea originating from the
waste rock. Similar experiments were conducted using a different waste rock with a low ANC
content. The results generated indicated an effect of the inoculum size on Biokinetic test
profile. It was therefore concluded that there was an effect of inoculum size on Biokinetic
tests when using low ANC content waste rock. However, there is a need to understand the

mineral characteristics prior to conducting such a test.

For copper-bearing (sample 2) under non-controlled pH conditions, an effect of inoculum
size was observed. Therefore, it can be concluded that there was an effect of inoculum size
on Batch-based Biokinetic tests. However, there is a need to understand the characteristics
of the material. For example, the gold-bearing waste rock had a high concentration of
neutralising acid capacity which counteracted the increase in the pH, ultimately creating an
unfavourable environment for microbial consortium used as inoculum. It was also noted that
the microbial diversity used changes as leaching progresses due to depletion of the
substrate, with the mineral itself being associated with containing both iron and sulphur

oxidising organisms which accelerate the rate of ARD generation in the mine dumps.

7.3.1.2 Controlled pH

Under pH-controlled conditions, an effect of inoculum size was observed and the microbial

speciation data at mid-leach indicated an equal distribution of iron and sulphur oxidising
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organisms. However, the speciation data at the end of the experiment showed a significant
shift in the microbial community as a result of substrate depletion and dominance of the
native microbial community. This showed that the microbial community present in the test
towards the end of the experiment does not necessarily indicate the micro-organisms that
regenerated the reactant for leaching. This is because oxidation of ferrous iron to ferric iron
mineral occurred in the early stages of the test, and the inoculum could have been starved

as ferrous iron was depleted and native microbes become dominant in the system.

7.3.1.3 Semi-continuous Biokinetic tests

A Semi-continuous Biokinetic test was conducted by inoculating one set of experiments with
an equal proportion of Fe and S oxidising micro-organisms, while the other set was not
inoculated. During the test, 10% of the supernatant was removed and replaced with an equal
volume of fresh ABS at pH 2. This study has demonstrated that the Semi-continuous
Biokinetic test was a suitable method for removal of the easily soluble minerals with
neutralising capacity, such that the acid generation reactions occurred at a faster rate.
Furthermore, the addition of fresh media maintained ideal conditions for the micro-organisms
to proliferate and accelerate the generation of reactants which leach the mineral. Therefore,
the Semi-continuous Biokinetic test should be used to complement and confirm the Batch
Biokinetic test to gain further insights into the relative rates of acid generation and acid
neutralisation under microbial mediated conditions, in particular for a sample with high ANC

content.

7.4 Recommendations

Based on the conclusions from this study the following recommendations are proposed:
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7.4.1

7.4.2

7.4.3

7.4.4

The addition of a detailed mineralogical assessment of the metals dissociated under
ANC, NAG, and Batch Biokinetic tests, including a draw and fill test, must be
individually optimised to gain insight into the mineral mobility under different test
conditions. Some of the minerals might be classified as non-acid forming and
ignored, while they contain a high concentration of toxic metals above environmental
standards and cause a detrimental effect on the ecosystem. Also, comparison of the
results generated from the aforementioned tests with long-term kinetic tests, i.e.
humidity cell and column leach, will provide a better prediction of ARD generation
such that mitigation measures can be put in place. It will be of great importance to do
analyse residues and do Fe and S balance to gain insight of how much each mineral
leached under different test conditions for better characterisation of ARD potential.

As indicated in chapter 5, the importance of removing ANC in the system such that
the rate of ARD can be accelerated in a reduced time-frame is paramount. Based on
these observations, the data generated in the previous chapter, such as the redox
plateau above 650 mV, indicated there was not much difference between inoculated
and non-inoculated tests observed as a result of slow weathering waste rock.
Therefore, reducing the duration of the Batch Biokinetic test from 90 days to 45 is
advised. This will reduce the labour and many samples can be characterised to

determine their relative rate of acid generation.

The removal and replacement of the supernatant for Semi-continuous/draw and fill
Biokinetic tests may cause a decline in the microbial community under high ANC
conditions because leachates have an influence on cell deactivation, which may
cause ineffectiveness of the micro-organisms used. It is therefore recommended to
re-inoculate the flasks when pH is close to 2 in the Semi-continuous test and Batch

Biokinetic tests.

It has been observed that the waste rocks are composed of a diversity of microbial
community which enhances the ARD generation in mine waste. Therefore, there is a
necessity to perform speciation data in the early stages of the Batch and Semi-
continuous Biokinetic test such that the micro-organisms associated with the waste
rock which result in an increase in redox potential might better correlate the

performance of the tests with changes in pH and microbial profile.
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7.4.5 The use of Semi-continuous Biokinetic tests is, however, promising. In particular,
refinement of the test method with respect to the volume removed and the frequency
of removal may provide an easy option for waste samples with slower relative rates
of mineral dissolution. A detailed knowledge of the sample mineralogy and chemistry,
however, would be critical in the effective design of Semi-continuous Biokinetic tests
for waste samples of interest, and in the fundamental understanding of microbial-
mediated ARD generation obtained from the conducted test. Also varying the ratios
of Fe and S-oxidisers within the inoculum for Biokinetic test is advised as they adapt
and function at rate under different pH conditions to inform inoculation strategies
within Biokinetic test.
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APPENDIX A : ARD Characterisation tests
Acid neutralization capacity tests

Table A 1: Fizz Ratings" and associated acid quantities and concentrations to be used in the
ANC determination

HCI

Reaction Fizz rating | Molarity (M) Volume (ml) NaOH molarity (M)
No reaction 0 0.5 4 0.1
Slight reaction 1 0.5 8 0.1
Moderate reaction 2 0.5 20 0.5
Strong reaction 3 0.5 40 0.5
Very strong rxn 4 1 40 0.5

5* 1 60 0.5

*5 is used for very high ANC material (> 400 kgH,SO,/t) e.g. limestone

The standard ANC test was modified from the methodology developed by Sobek et. Al
(1978).

1. 2 gram of -75um fraction dry sample was accurately weighed and transferred into
clean 250ml dry Erlenmeyer flasks.

2. A certain amount of Hydrochloric acid was added into the sample based on fizz
rating.

3. 20 ml of deionized water was also added constantly in each sample using measuring
cylinder.

4. Flasks were weighed in an electronic balance and the mass was recorded. Four
blank flasks containing deionized water and appropriate amount of HCI| were
prepared for each fizz rating.

5. The flasks were heated in a hot plate at 90°C for a maximum of two hours until
reaction stops.

6. This was indicated by non-evolution of gas bubbles and particles settled evenly at the
bottom of the flask.

7. During heating deionised water was added occasionally to avoid dryness of the
sample.

8. Upon the completion of the reaction, flasks were cooled at room temperature and

deionised water was added to make up to their original weighs before heating.
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9. The pH of the ANC solution was measured to determine if sample was correctly fizz
rated and this was confirmed by pH between 0.8 to 1.5.

10. Those samples that had pH above 1.5 were fizz rated low and were changed into the
next higher fizz, and samples that had pH were 0.8 were repeated on lower fizz
because too much acid was added.

11. Samples were filtered to avoid any oxidation that could result from pyrite on solid
residue.

12. The clear liquid was then back titrated into two end points of pH 5 and 7 using 0.5
molar concentration of NaOH.

13. Two drops of 30% H,O, were added at pH 5 to precipitate ferrous iron into ferric iron.

14. Samples were further titrated to pH 7 and the amount of NaOH used was recorded.

15. The amount of HCI consumed was converted into Kg H,SO,/t using formula below.

Calculation of ANC

ANC [Volume gop * Mg — Volumey on * C] + 49
| =

H'Jsrzmp!s

Volumeyer in prank

VGE‘H‘J'J‘]E;.'.-RGH titrated in blank

Where:
Y = (Vol. of HCI added) - (Vol. of NaOH titrated x B)
B = (Vol. of HCI in blank) / (Vol. of NaOH titrated in blank)
MHCI = Molarity of HCls
wt = Sample weight in grams
C = Conversion factor
C =49.0 (to calculate kg H,SO,/ton)

C =5.0 (to calculate % CaCO3 equivalent)

Net Acid Generation test

1. The net acid Generation (NAG) is a static test that was used to provides direct

empirical estimate of the overall sample reactivity.
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10.

This method was also employed in this study to determine the semi-soluble acid
minerals such as sulphate and other potential acid generating sulphur bearing
minerals.

NAG testing was carried out in accordance with the method described in Sobek et
al., 1978).

250 ml of 15% H,0, was added into an Erlenmeyer flask containing 2.5g of
pulverised sample less than -75 um fraction.

The H,0O, was allowed to react with the sample overnight, and the following day the
NAG solution was gently heated in a hot plate to 90°C for a maximum of 2 hours.
Deionised water was added continuously to avoid dryness of the flasks.

The heating was done to remove excess H,O, and also to facilitate the release of
inherent neutralizing capacity such as carbonate buffering.

The solution was then allowed to cool at room temperature for a maximum of two
hours.

Evaporation was accounted by addition of deionised water to make up the flasks into
their pre-weighed volumes and this was followed by measuring and recording the
NAG pH. The test also reports the NAG value, measured in equivalent kilograms of
sulphuric acid (H,SO,) per tonne.

The above method was adapted for the test samples in order to trfffack the pH

change through the latter portion of the test

Table A. 1. Composition of autotrophic basal salt media

Chemical compound Mass (g)
(NH4),S0, 7.5
Na,S0,.10H,0 7.5
KCI 2.5
MgS0,.7H,0 25
KH,PO, 25
Ca(NO3),.4H,0 2.5
1. Add 80ml of deionised water and 1ml of trace elements top up the solution to 1 litre.

2.
3.

Sterilize the solution in an autoclave.
Dilute the 50x stock solution to make 1x ABS solution.
Adjust the pH of ABS using concentrated H,SO, to pH 2
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APPENDIX B : Inoculum preparation

1.

Co-culture equal volumes of mesophilic mixed culture dominated by Leptospirilum
ferriphilum (iron oxidiser) with Acidthiobacillus caldus (sulphur oxidiser).

Grow the microbial consortium in 0 K media supplemented with 3% pyrite in a 1litre
shake flasks.

Incubate the flask at 37°C shaking platform at 140rpm.

Conduct cell count using counting chamber and a light microscope at 100X with use
of oil immersion.

Scat cells after 7 days by removing 10% of supernatant and replacing it with equal
volumes of 0 K media

At cell concentration of 10, remove an aliquot of 100 ml, filter it and wash with
citrate buffer to remove any residual iron and protons prior inoculations.

Suspend cells in filter disc into 10ul of ABS (pH 2) repeat cell counts.

Measure initial redox potential and pH of the inoculum

Calculate the suitable volume from the inoculum prior inoculation.
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APPENDIX C : Batch biokinetic tests

Procedure

© g > w NP

Weigh mass of an empty flask in an electronic balance and zero the machine.

Add 7.5g of an ore sample 100% passed -150 microns.

Add 150ml of 1X ABS solution pH 2 into 250ml Erlenmeyer shake flasks.

Introduce calculated cell concentration into respective flasks.

Weigh and record the initial mass of each flask before placing in an orbital shaker.
Place the shake flask in an orbital shaker at 37 °C agitating at 150rpm for minimum
of 90 days.

Sampling

NB: This was done daily for the first two weeks and every second day thereafter

1.

Weigh flasks and topped up with acidified water pH 2 for (pH controlled flasks using
burette) and deionised water for uncontrolled pH) to their original initial weights to
compensate for evaporation.

Allow the flasks to settle down and pipette 100ul and store in Eppendorf tubes for
metal analysis.

Record redox potential, pH and perform iron assay using 1-10 phenanthroline
method.

Analyse sulphates by turbidity test with use of barium chloride for pH uncontrolled
sample (10° and control with uncontrolled pH).

On day 45 sacrifice one flask from each inoculum size and perfume microbial
speciation and mineralogical assessment on the residue. Mineralogy will be done on
the residue on completion of the experiment.

Measure the absorbance with Helios UV-Vis spectrophotometer at a wavelength of
510 nm and insert into standard calibration curve to determine the concentrations of
ferrous and iron total. Determine the difference between the two calculate ferric iron.
Insert the measured absorbance in the sulphate standard equation to determine the
concentration.

The values obtained under each condition will be averaged and the standard
deviation will be calculated. The averaged values for all the measured parameters

(pH, Fe®" Fe total and redox potential) will be plotted on a set of axes.
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Ferrous iron and total iron concentration

= 1000ppm of standard ferrous iron solution was used.

= 250g of ammonium acetate buffer was dissolved in 700ml of concentrated
glacial acetic acid.

= 1-10 phenanthroline indicator was prepared by dissolving 2127,708 mg in
100ml of deionised water in a 1000ml volumetric flask and topped up with
deionised water to make a 1-10 phenanthroline indicator.

» The standard curve of ferrous iron concentration was prepared by adding
2mL ammonium acetate, 2mL 1-10 phenanthroline indicator in 3.125, 6.26,
12.5, 25 and 50ppm of ferrous standard in test tubes. To this 2 scoops of

hydroxylamine were added for total iron. Results generated are presented in

below.
Fe Calibration
y=0.0214x+0.0115
1.2 R2=0.9999
® 4
— 1 N -
E
<08 -
(%]
]
5 > =
S 04 -
2 ® 4
0.2 - o
¢
0 T T T T T 1
0 10 20 30 40 50 60
Concetration (ppm)
# FeCalibration  «eeeeeee Linear (Fe Calibration)

Figure C 1: Fe calibration curve

Prepare conditioning reagent as follows
= Dissolve 75 g NaCl in 30 of HCI (32%), 50 mL glycerol, and 100 mL of
ethanol in 300mL of deionise water.

= Smash/grind barium chloride between 20 to 30 finer.
» Standard sulphate solution of 100mg/L is prepared by diluting 10.4 mL titrasol

of 0.02 n H,SO, in 100 mL of deionised water or dissolve 0.1479 g of Na,SO,

in 1 L deionised water.
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Test procedure
= Add 5 mL of the diluted sample to a test tube.
= Add 0.25 mL of conditioning reagent and a scoop of finer barium chloride.
= Vortex for 1 minute.
» Read absorbance at 420 nm.
= The absorbance values were inserted into a sulphate standard curve to
calculate the sulphate concentration.

Sulphate standard curve = 0.0097x- 0.0064

0.45 - R? =0.9956
0.4 - .
0.35 - &
03 -
0.25 -
0 - >
0.15 - P
0.1 - P
0.05 1 ¢

0 0 T T T T ]

0 10 20 30 40 50

Concentration (mg/l)

Absorbances at (420nm)

Figure C 2: Sulphate calibration curve
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APPENDIX D : Draw and Fill Biokinetic test

Procedure

1. Add 7.5g of the ore sample to the flasks

2. Add 150 ml deionised water to a 250 ml Erlenmeyer flasks in the morning and incubate
at 37 °C (150rpm).

Record the mass of each flask before placing in an orbital shaker.
In the afternoon remove flasks from the orbital shaker and allow the solids to settle
down.

5. Withdraw 15ml of the supernatant and replace it with equal volume of deionised water
Prior to withdrawal of the supernatant, measure pH and redox potential and stored 2ml
for metal analysis and store in Eppendorf tubes.

Sterilize the ABS solution in an autoclave.

8. Adjust the pH of ABS media using concentrated H,SO, to pH 2.

Sampling

1. Sample every day, by removing 10% (15mL) of the supernatant using
syringe and replace with equal volume of ABS at pH 2.
Pellet cells every fifth day for microbial speciation.

Replace flasks on shaking incubator.
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APPENDIX E : Microbial Speciation

Washing of cells from biokinetic tests

© ® N o gk wDd PR

e N
w N B O

14.
15.

Allow the flask to settle down for 2 hours.

Label 5x2ml Eppendorf tubes for each flask.

Pipette 2ml of the liquid from each flask into each tube.

Centrifuge at 13000rpm for 10 minutes.

Remove supernatant and add another 2ml of the liquid from the flask into the same tube.
Centrifuge at 13000rpm for 10 minutes.

Add 1ml of 10mMcitrate buffer to each tube and flick each tubes to wash cells.
Centrifuge at 13000rpm for 10 minutes.

Repeat steps 7 and 8.

. Add 1ml TE buffer, flick gentle to wash the pellets.

. Centrifuge at 13000rpm for 10 minutes, remove supernatant.

. Repeat 10 and 11.

. Add 200ul TE buffer to each tube, re-suspend gently and combine the 5 tubes from each

flask into 1 tube.
Centrifuge at 13000rpm for 10 minutes.
Remove the supernatant and store the pellet at -20°C.
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APPENDIX F : Experimental results

ARD characterisation

Table F 1: Summery of ARD characterisation tests results obtained from ANC and NAG test

Waste Sulphur MPA ANC NAPP ARD
Sample Grade [kg [kg [kg NAG Classificati
[%6] H,SO,/ton] H.SO4/ton] H,SO4/ton] PH on
25+ Potentially
Samplel | 2.3+0.0 70.2+£0.7 53.2+1.8 17.0+1.9 ) )
0.0 | acid forming
2.63 Potentially
Sample2 | 3.15+0.1 96.3+1.7 3.39+0.2 929+1.7
+ 0.0 | acid forming
Table F 2: Measured pH and standard deviation for non-controlled pH batch Biokinetic test
sample 1
Non- 1007 1078 1079 10710
inoculated
Day pH | Stdev pH Stde pH Stde pH Stde | Stdev
v % v
0 2.45 022 | 251 0.17 2.55 0.15| 252 0.08 pH Stde
v
1 3.94 0.09 | 4.83 0.77 4,74 0.47 | 4.09 0.56 2.58 0.02
4 491 0.14 | 4.70 0.03 4.78 0.09 | 4.43 0.36 0.13
5 5.45 0.21 | 4.39 0.26 4.74 0.11 | 4.42 0.42 4.01 0.21
6 5.21 0.11 | 4.22 0.16 451 0.15| 4.25 0.29 3.98 0.48
7 5.11 0.04 | 3.90 0.44 4.26 0.21| 4.16 0.20 3.82 0.03
8 5.14 0.14 | 381 0.01 3.93 0.02 | 3.96 0.04 3.75 0.02
9 5.06 0.10 | 3.69 0.13 3.73 0.05 | 3.77 0.12 3.69 0.22
10 4.36 0.52 | 3.66 0.11 3.68 0.03 | 3.67 0.12 3.67 0.23
11 431 048 | 3.71 0.13 3.70 0.03 | 3.78 0.16 3.63 0.24
12 4.32 0.40 | 3.67 0.11 3.68 0.03 | 3.79 0.15 3.64 0.13
13 4.05 0.66 | 3.70 0.09 3.67 0.05| 3.75 0.15 3.61 0.13
14 3.96 0.65 | 3.70 0.10 3.66 0.02 | 3.66 0.10 3.63 0.14
15 3.99 0.37 | 3.25 0.10 3.72 0.01| 3.72 0.10 3.47 0.04
16 3.93 0.37 | 3.43 0.10 3.82 0.02 | 3.81 0.11 3.11 0.04
17 3.96 0.35 | 3.48 0.10 3.83 0.05| 3.85 0.11 2.41 0.05
18 3.87 0.23 | 3.39 0.10 3.78 0.05 | 3.77 0.07 2.28 0.04
19 4.03 0.54 | 3.49 0.49 3.77 0.04 | 3.78 0.08 2.19 0.05
20 3.76 0.63 | 3.55 0.47 3.80 0.06 | 3.83 0.06 2.17 0.06
21 3.05 0.13 | 3.83 0.49 3.68 0.13 | 3.79 0.06 2.15 0.05
22 2.89 0.21| 352 0.43 3.58 0.15 | 3.77 0.06 2.12 0.06
23 3.09 0.07 | 2.85 0.37 3.43 0.13 | 3.34 0.44 2.12 0.05
24 2.81 0.32| 251 0.43 3.41 0.10 | 3.08 0.79 2.07 0.07
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25 2.81 0.26 | 2.30 0.40 3.37 0.09 | 3.08 0.78 2.07 0.08
26 2.76 0.28 | 2.20 0.38 3.21 0.08 | 2.88 0.56 2.08 0.08
27 2.64 0.23 | 219 0.39 2.98 0.02 | 257 0.16 2.08 0.07
28 2.63 0.23 | 2.20 0.41 2.72 0.12 | 252 0.20 2.11 0.07
30 2.32 0.09 2.09 | 0.43 231 | 0.11| 2.29 0.17 | 2.14 0.07
32 2.27 0.10 2.06 | 0.35 227 | 0.19| 2.26 0.17 2.05 | 0.08
34 2.20 0.13 2.07 | 0.28 221 | 0.45| 222 0.15 2.07 | 0.12
36 2.19 0.08 2.06 | 0.27 2.13 | 0.08| 2.13 0.08 2.07 | 0.17
38 2.20 0.09 2.08 | 0.30 2.14 | 0.08| 2.15 0.08 2.07 | 0.77
40 2.20 0.10 2.09 | 0.37 2.16 | 0.07 | 2.18 0.08 2.09 | 0.03
42 2.22 0.09 213 | 0.44 2.18 | 0.07 | 2.19 0.05 2.11 | 0.26
44 2.19 0.08 2.13 | 0.46 2.16 | 0.06 | 2.16 0.04 2.16 | 0.16
46 2.16 0.07 212 | 0.46 213 | 0.05| 214 0.04 2.16 | 0.44
48 2.08 0.06 2.05 | 0.08 2.06 | 0.04 | 2.07 0.03 2.15| 0.01
50 2.14 0.06 214 | 0.12 212 | 0.04| 214 0.02 2.08 | 0.13
52 2.06 0.07 210 | 0.17 2.07 | 0.04| 210 0.02 218 | 0.11
54 1.99 0.07 2.06 | 0.77 2.02 | 0.03| 2.06 0.02 2.14 | 0.13
56 2.01 0.07 2.07 | 0.03 2.04| 0.02| 2.07 0.02 210 | 0.11
58 2.03 0.07 2.08 | 0.26 2.06 | 0.02 | 2.09 0.02 2.11 | 0.09
60 2.05 0.07 2.09 | 0.16 2.07| 0.01| 210 0.02 212 | 0.10
62 2.07 0.07 210 | 0.44 209 | 0.01| 212 0.01 2.12 | 0.10
64 2.08 0.06 212 | 0.01 211 | 0.01| 215 0.06 2.13 | 0.10
66 2.07 0.06 211 0.13 210| 0.01| 212 0.03 2.16 | 0.10
68 2.05 0.06 210 | 0.11 2.09| 0.01| 2.09 0.00 2.16 | 0.10
70 2.05 0.03 211 0.13 2.07 | 0.02| 2.07 0.00 2.15| 0.49
72 2.05 0.03 2.13 | 0.08 2.09 | 0.02| 2.09 0.01 2.16 | 0.47
74 2.07 0.03 217 | 0.12 210| 0.03| 212 0.01 2.16 | 0.49
76 2.05 0.03 214 | 0.17 2.08 | 0.04 | 2.08 0.00 219 | 043
78 2.05 0.03 2.14 | 0.77 2.07 | 0.03| 2.09 0.01 2.15 | 0.37
81 2.05 0.02 2.15| 0.03 2.09| 0.02| 210 0.01 2.16 | 0.43
83 2.07 0.02 2.15 | 0.26 2.10| 0.03| 2.10 0.00 2.16 | 0.40
85 2.09 0.02 2.19 | 0.16 213 | 0.03| 212 0.00 2.18 | 0.38
88 2.07 0.02 2.18 | 0.44 211 | 0.04| 212 0.01 220 | 0.23
90 2.06 0.02 221 | 0.01 2.13 | 0.04 | 213 0.02 219 | 0.35
Table F 3: Redox potential measured and standard deviation

Non-inoculated 1077 10"8 10n9 10M0

Day Redox | Stdev | Redo | Stdev | Redo | Stdev | Redox | Stdev | Redox | Stde

X X

0 424 6 440 13 422 6 424 7| 424 1

1 302 5 260 82 250 33 294 36| 295 89

4 223 19 226 10 220 8 241 23| 258 58

5 214 12 234 15 227 11 244 23| 258 36

6 219 11 241 12 238 14 247 23 | 255 54
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74 695 4 692 23 700 4 696 1 685 4
76 691 11 683 26 671 26 685 6| 684 26
78 688 6 686 29 695 5 693 0| 684 5
81 663 50 681 50 686 5 685 5 682 5
83 677 13 678 54 680 8 690 1| 680 8
85 683 8 675 54 677 10 685 1 675 10
88 681 3 679 57 687 5 693 4| 681 5
90 676 5 670 52 682 5 684 5 672 5
Table F 4: Ferrous iron measured and standard deviation
Non-inoculated 1017 1018 10"9 10”710
Day | [Fe*] | Stdev | [Fe®] | Stdev | [Fe*] | Stdev | [Fe*] | Stdev | [Fe®] | Stdev
0 14.399 0.138 6.603 1.225 13.763 0.994 15.513 0.861 13.286 0.276
1 40.016 2.714 41.687 34.331 56.563 2.894 64.757 7.830 75.815 37.205
4 14.161 24,527 | 123.389 | 14.851 | 105.489 2.578 105.012 | 12.345 | 437.947 0.138
5 42.243 7.267 162.768 | 20.902 | 130.231 0.066 145.823 | 27.198 | 351.631 2.714
6 43.198 6.089 | 200.318 | 43.889 | 150.438 | 20.051 | 162.609 | 33.253 | 373.588 | 24.527
7 51.392 6.068 231.504 | 57.146 | 182.021 | 30.318 | 171.440 | 38.294 | 389.419 7.267
8 66.985 | 43.914 | 294.352 | 65.542 | 249.403 | 44.201 | 200.636 | 59.868 | 432.617 | 6.089
9 86.794 | 50.341 | 378.361 | 44.153 | 344.789 | 30.383 | 316.229 | 19.636 | 334.368 6.068
10 | 129.117 | 30.023 | 412.251 | 60.007 | 365.951 | 34.694 | 331.424 | 26.615 | 383.453 | 43.914
11 | 142.482 | 27.934 | 424.264 | 82.065 | 362.132 | 67.677 | 328.958 | 27.571 | 401.114 | 50.341
12 | 157.677 | 21.618 | 354.654 | 63.413 | 363.246 | 59.450 | 298.329 | 39.280 | 538.186 | 30.023
13 | 188.703 | 20.902 | 435.959 | 24.302 | 405.489 | 40.511 | 350.756 | 34.157 | 280.907 | 27.934
14 | 228.958 | 43.889 | 438.663 | 19.914 | 433.890 | 33.857 | 388.425 | 25.145 | 285.919 | 21.618
15 | 242.641 | 57.146 | 468.894 | 35.943 | 442.562 | 38.867 | 401.074 | 32.233 | 322.673 | 176.483
16 | 240.732 | 65.542 | 449.006 | 37.128 | 213.206 | 18.239 | 377.088 | 41.853 1.193 181.633
17 | 239.936 | 44.153 | 456.165 | 20.210 | 429.594 | 30.590 | 378.520 | 29.702 1.193 194.583
18 | 250.915 | 60.007 | 483.930 | 50.589 | 453.620 | 41.077 | 425.776 | 21.601 10.740 | 191.291
19 | 286.794 | 82.065 | 503.182 | 48.888 | 492.045 | 39.692 | 426.014 | 10.126 28.640 | 195.246
20 | 246.937 | 63.413 | 538.186 | 35.554 | 478.918 | 40.990 | 435.800 | 8.776 0.477 | 198.381
21 | 202.705 | 133.986 | 570.883 | 62.008 | 497.693 | 43.498 | 436.754 | 11.476 14.797 | 185.743
22 | 169.610 | 142.936 | 586.158 | 53.959 | 492.761 | 50.642 | 441.050 | 24.302 5.728 208.121
23 | 243.119 | 80.029 | 404.296 | 27.583 | 487.033 | 49.084 | 382.339 | 47.253 6.683 211.410
24 | 193.954 | 160.489 | 115.990 | 66.815 | 508.831 | 70.722 | 216.229 | 276.092 8.115 188.059
25 | 165.314 | 145.338 0.477 60.859 | 502.466 | 86.245 | 204.296 | 288.243 5.251 215.412
26 | 323.628 | 281.469 | 42.959 16.817 | 476.929 | 80.186 | 367.303 | 512.020 | 17.661 | 263.781
27 94.670 | 161.906 1.193 53.583 | 431.185 | 101.973 5.967 1.688 17.900 | 254.374
28 78.361 | 133.659 4.773 50.657 | 144.391 | 152.936 1.193 0.000 1.193 187.065
30 24.662 26.852 26.253 | 35.640 65.235 59.908 7.757 2.531 8.353 160.897
32 11.456 3.789 26.730 | 59.139 11.774 6.006 12.649 9.113 16.706 | 157.773
34 0.252 6.890 0.706 56.296 0.426 0.000 0.374 0.844 0.637 154.197
36 8.353 12.401 | 10.740 | 52.664 1.193 0.000 31.026 0.016 8.353 | 172.095
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38 19.491 5.213 11.933 | 59.752 | 17.900 6.229 26.253 5.063 17.900 | 169.361
40 30.628 14,237 | 13.126 | 172.286 | 34.606 | 12.459 | 21.480 | 28.689 | 27.446 | 156.922
42 16.706 17.659 | 25.060 | 176.261 | 15.115 | 13.727 2.387 24567 | 45.346 | 183.014
44 10.143 10.888 | 13.723 | 178.744 | 11.734 | 12.577 1.790 0.844 29.236 | 157.280
46 3.580 4.134 2.387 53.558 8.353 12.401 1.193 0.000 13.126 | 207.152
48 21.480 16.054 1.193 58.834 8.751 6.785 15.513 5.063 15.513 | 201.796
50 1.193 0.000 1.193 67.214 9.944 7.579 1.193 0.000 7.160 27.378
52 3.978 4.823 2.387 66.454 6.961 1.378 5.967 6.750 13.126 | 25.895
54 6.762 9.645 3.580 66.534 3.978 4.823 10.740 | 13.501 19.093 18.395
56 6.862 7.757 4.475 69.551 4574 3.534 9.696 10.337 15.513 4.823

58 6.961 5.886 5.370 63.877 5.171 2.259 8.652 7.172 11.933 9.645

60 7.060 4.061 6.265 49.031 5.768 1.048 7.607 4.008 8.353 7.757

62 7.160 7.160 7.160 60.270 6.364 1.048 6.563 3.519 4.773 5.886

64 3.182 3.182 3.580 67.598 5.569 0.689 2.983 0.844 3.580 4.061

66 6.364 6.364 5.967 69.390 | 10.342 3.646 4,773 3.375 7.757 7.160

68 9.547 9.547 8.353 53.568 | 15.115 3.646 6.563 7.594 11.933 3.182

70 7.955 7.955 25.060 | 52.237 | 10.740 7.672 8.950 0.844 11.933 6.364

72 10.342 19.093 | 10.740 | 51.845 1.591 7.672 2.387 1.688 1.193 9.547

74 2.784 2.784 4,773 60.934 7.160 3.157 12.530 2.531 4,773 7.955

76 8.751 8.751 1.193 53.848 1.193 0.689 1.193 0.000 1.193 19.093
78 3.580 14.320 4,773 43.841 | 15.115 | 10.762 10.143 2.531 7.160 2.784

81 14.320 14.320 | 14.320 | 57.753 | 16.706 8.605 16.110 9.282 16.706 8.751

83 2.387 5.967 14.320 | 50.517 | 15.115 9.719 17.303 | 17.720 | 10.740 14.320
85 5.967 5.967 5.967 35.525 7.160 0.006 3.580 0.000 1.193 14.320
88 12.331 12.331 | 20.286 | 22.840 | 16.309 6.890 24.463 9.282 27.446 5.967
Table F 5: Total iron measured and standard deviation for sample

Non-inoculated 10n7 10"8 109 10010

Day | [Fe™ Stdev | [Fe™ Stdev | [Fe™ Stdev | [Fe™ Stdev | [Fe™ Stdev
0 13.604 6.024 2.864 1.654 13.206 4.568 9.467 2.139 7.080 2.552
1 39.459 3.478 40.095 34.340 | 54.654 2.711 63.564 6.188 77.247 42.033
4 12.888 22.322 | 114.797 | 0.138 98.568 3.423 112.411 | 2.128 414,558 | 17.551
5 44.232 5.370 168.496 | 2.714 133.811 16.449 | 151.790 | 26.427 | 356.722 | 0.138
6 46.142 6.156 202.784 | 24.527 153.302 19.583 | 164.916 | 33.140 | 394.590 | 2.714
7 56.563 6.068 236.356 | 7.267 191.249 | 34.030 | 180.111 | 39.863 | 397.454 | 24.527
8 70.167 44273 | 301.114 | 6.089 254.336 | 42.763 | 207.001 | 58.151 | 441.766 | 7.267
9 80.589 44217 | 363.723 | 6.068 329.435 | 31.169 | 300.477 17.746 | 204.057 | 6.089
10 122912 | 28.785 | 392.363 | 43.914 | 349.642 | 35.105 | 317.741 | 25.211 | 286.814 | 6.068
11 149.324 | 28.370 | 422.514 | 50.341 | 367.940 | 74.456 | 331.185 | 26.595 | 307.876 | 43.914
12 159.348 | 21.533 | 431.583 | 30.023 | 361.177 | 63.052 | 319.173 | 49.682 | 321.599 | 50.341
13 189.737 | 20.407 | 439.857 | 27.934 | 406.444 | 41.073 | 351.472 | 34.523 | 289.976 | 30.023
14 237.550 | 40.580 | 449.722 | 21.618 | 450.915 | 25.732 | 400.000 | 38.140 | 291.647 | 27.934
15 242,482 | 54.936 | 470.883 | 37.717 | 444.630 | 39.295 | 403.938 | 32.908 | 336.993 | 21.618
16 227.526 | 61.288 | 472.872 | 38,533 | 224.901 | 39.295 | 397.136 | 41.178 | 489.260 | 186.875
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17 248.210 | 52.072 | 479.236 | 21.729 | 452.029 | 36.921 | 401.671 | 35.440 | 521.480 | 209.249
18 251.949 | 60.349 | 489.021 | 49.712 | 456.484 | 43.621 | 429.952 | 23.458 | 523.866 | 204.334
19 287.987 | 81.008 | 533.811 | 47.735 | 500.000 | 32.484 | 450.477 | 4.219 671.838 | 207.141
20 251.074 | 66.982 | 559.905 | 34.104 | 486.714 | 35574 | 448.449 | 4.219 671.122 | 199.127
21 225.776 | 114.380 | 575.656 | 63.178 | 496.420 | 44.668 | 433.652 | 17.889 | 697.375 | 187.153
22 201.114 | 125.784 | 597.136 | 55.004 | 496.738 | 52.439 | 445.823 | 10.463 | 550.835 | 211.101
23 245.823 | 63.175 | 443.914 | 25563 | 462.053 | 46.651 | 377.566 | 23.626 | 553.699 | 215.088
24 225.139 | 107.171 | 374.224 | 62.311 | 485.760 | 67.116 | 317.422 | 166.060 | 629.117 | 192.877
25 241.687 | 75.370 | 449.642 | 54.781 | 529.992 | 90.808 | 344.630 | 123.533 | 706.444 | 216.002
26 508.035 | 139.291 | 525.060 | 23.931 | 496.897 | 82.748 | 644.391 | 174.836 | 763.723 | 72.736
27 223.150 | 102.347 | 547.733 | 50.877 | 488.067 | 107.060 | 258.353 | 54.847 | 714.797 | 122.520
28 256.563 | 46.047 | 594.272 | 48.336 | 398.170 | 60.805 | 219.570 | 27.002 | 678.998 | 6.497
30 221.559 | 68.190 | 584.726 | 36.356 | 400.159 | 95.423 | 300.716 | 96.194 | 631.265 | 6.497
32 256.165 | 36.805 | 732.220 | 58.032 | 436.277 | 134.898 | 387.112 | 128.933 | 712.172 | 7.510
34 | 300.318 | 28.473 | 842.482 | 52.489 | 508.751 | 167.670 | 445.704 | 145.978 | 760.143 | 10.126
36 297.136 | 47.553 | 818.616 | 40.232 | 526.253 | 197.713 | 405.728 | 28.689 | 724.344 | 10.126
38 318.616 | 31.278 | 799.523 | 55.455 | 544.153 | 196.362 | 463.604 | 74.255 | 717.184 | 2.025
40 | 340.095 | 22.767 | 780.430 | 53.561 | 562.053 | 195.475 | 521.480 | 119.820 | 710.024 | 14.345
42 346.858 | 29.481 | 920.048 | 51.509 | 589.101 | 190.857 | 541.169 | 151.041 | 708.831 | 14.345
44 | 333.731 | 20.377 | 832.339 | 58.280 | 593.477 | 171.565 | 552.506 | 134.165 | 683.771 | 11.307
46 320.605 | 15.891 | 744.630 | 59.018 | 597.852 | 153.577 | 563.842 | 117.289 | 658.711 | 26.327
48 395.784 | 18.729 | 712.411 | 55.254 | 659.507 | 181.840 | 618.735 | 103.788 | 643.198 | 22.837
50 | 328.958 | 36.456 | 708.831 | 65.165 | 640.016 | 148.300 | 589.499 | 81.005 | 619.332 | 27.367
52 330.748 | 28.642 | 710.621 | 62.172 | 640.811 | 140.982 | 601.432 | 91.131 | 597.852 | 24.879
54 | 332.538 | 22.777 | 712.411 | 60.831 | 641.607 | 135.883 | 613.365 | 101.256 | 576.372 | 21.095
56 336.913 | 27.222 | 635.740 | 68.501 | 642.104 | 108.610 | 617.393 | 84.169 | 564.737 | 33.759
58 341.289 | 31.836 | 559.069 | 64.245 | 642.601 | 81.768 | 621.420 | 67.082 | 553.103 | 47.092
60 | 345.664 | 36.555 | 482.399 |53.972 | 643.099 |55.981 |625.447 |49.995 |541.468 | 114.913
62 350.040 | 41.343 | 405.728 | 61.797 | 643.596 | 33.759 | 629.475 | 32.908 | 529.833 | 276.909
64 | 385.839 | 0.027 584.726 | 62.095 | 636.436 | 47.092 | 613.962 | 48.097 | 500.000 | 75.560
66 376.889 | 47.976 | 565.036 | 58.317 | 754.972 | 114.913 | 609.189 | 83.536 | 484.487 | 22.526
68 367.940 | 65.863 | 545.346 | 55.150 | 873.508 | 276.909 | 604.415 | 118.976 | 468.974 | 35.527
70 | 375.099 | 72.157 | 627.685 | 54.292 | 669.849 | 75.560 | 628.878 | 118.976 | 514.320 | 48.340
72 383.850 | 100.921 | 535.800 | 53.758 | 593.477 | 22.526 |587.112 | 42.190 | 467.780 | 31.625
74 | 357.200 | 86.195 | 531.026 | 62.023 | 575.577 | 35.527 |595.465 | 20.251 | 485.680 | 40.096
76 293.158 | 85.963 | 424.821 | 57.820 | 513.126 | 48.340 | 550.716 | 9.282 342.482 | 59.094
78 330.151 | 78.108 | 448.687 | 54.228 |540.971 | 31.625 | 539.379 | 8.438 398.568 | 70.000
81 349.642 | 96.644 | 489.260 | 55.606 | 536.993 | 40.096 | 546.539 | 45565 | 359.189 | 48.868
83 348.449 | 85.877 | 491.647 | 49.976 |536.595 |59.094 | 563.842 | 26.158 | 546.539 | 59.054
85 | 341.289 | 85.877 |434.368 | 18.228 | 505.967 | 70.000 |512.530 | 4.219 363.962 | 23.098
88 330.549 | 101.277 | 412.888 | 20.542 | 498.807 | 48.868 | 653.938 | 141.759 | 354.415 | 33.450
90 | 334.5267 | 84.459 | 366.3484 | 27.0017 | 471.3604 | 59.0541 | 494.0334 | 10.1256 | 348.4487 | 21.213
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Table F 6: Sulphate measured and standard deviation

Non-inoculated 1007 1078 1079 10710
Day | [SO,”] Stdev | [SO.*] Stdev | [SO,7] Stdev | [SO47] Stdev | [SO,”] Stdev
0 719.271 | 62.701 | 907.813 | 240.381 | 990.104 | 385.796 | 808.854 | 133.521 | 847.396 | 66.316
1 1056.250 | 41.340 | 1389.063 | 308.649 | 1257.292 | 209.260 | 1462.500 | 141.895 | 1275.521 | 285.335
4 1456.848 | 5.756 | 2965.625 | 164.623 | 1578.125 | 212.132 | 1609.375 | 135.564 | 1033.594 | 125.953
5 | 853.646 | 35642 | 1939.583 | 0.138 | 1818.750 | 150.228 | 1950.000 | 99.363 | 2330.208 | 150.228
6 1734.375 | 32.626 | 2079.167 | 2.714 | 2018.750 | 66.144 | 2015.625 | 88.609 | 2357.292 | 66.144
7 1865.625 | 32.626 | 2160.417 | 24.527 | 1912.500 | 99.853 | 2035.417 | 130.516 | 2662.500 | 99.853
8 1565.625 | 263.076 | 2189.583 | 7.267 | 2029.167 | 242.391 | 1958.333 | 42.197 | 2378.125 | 242.391
9 1734.375 | 32.626 | 2079.167 | 2.714 | 2018.750 | 66.144 | 2015.625 | 88.609 | 2357.292 | 66.144
10 | 1513.542 | 153.804 | 1912.500 | 6.068 | 1784.375 | 105.002 | 1606.250 | 36.039 | 1778.125 | 105.002
11 | 1734.375 | 273.219 | 2172.917 | 43.914 | 2215.625 | 91.590 | 2010.417 | 70.318 | 2329.167 | 91.590
12 | 1550.000 | 194.956 | 2210.417 | 50.341 | 2083.333 | 87.964 | 1873.958 | 368.171 | 2454.167 | 87.964
13 | 2045.833 | 104.785 | 2341.667 | 30.023 | 2595.833 | 126.566 | 2290.625 | 275.692 | 2810.417 | 126.566
14 | 2244.792 | 223.221 | 2529.167 | 27.934 | 2265.625 | 136.609 | 2307.813 | 37.565 | 2540.625 | 136.609
15 | 2123.958 | 92.773 | 2313.542 | 21.618 | 2284.375 | 156.531 | 2125.000 | 88.388 | 2428.125 | 156.531
16 | 1541.667 | 219.114 | 1864.583 | 184.622 | 1736.458 | 96.892 | 1571.875 | 145.841 | 2515.625 | 96.892
17 | 1734.375 | 32.626 | 2079.167 | 2.714 | 2018.750 | 66.144 | 2015.625 | 88.609 | 2357.292 | 66.144
18 | 2266.667 | 232.730 | 2675.000 | 95.828 | 2655.208 | 107.089 | 2660.938 | 19.887 | 3503.125 | 316.942
19 | 2430.208 | 248.085 | 2382.292 | 145.952 | 2481.250 | 219.352 | 2523.438 | 130.373 | 3971.875 | 459.379
20 | 2253.125 | 90.409 | 2726.563 | 144.259 | 2652.083 | 163.886 | 2285.938 | 236.439 | 3521.875 | 515.107
21 | 1934.375 | 10.825 | 2968.750 | 145.651 | 2464.583 | 85.086 | 2201.563 | 121.534 | 3731.250 | 441.134
22 | 1986.458 | 337.621 | 3634.375 | 101.406 | 2570.833 | 61.264 | 2478.125 | 79.550 | 4428.125 | 383.909
23 | 1388.542 | 164.540 | 1643.750 | 72.439 | 1687.500 | 186.115 | 1607.813 | 90.598 | 3093.750 | 237.972
24 | 1387.500 | 94.580 | 2109.375 | 82.107 | 1738.542 | 109.702 | 1448.438 | 6.629 | 3409.375 | 306.521
25 | 2041.667 | 187.717 | 3059.375 | 99.437 | 2319.792 | 318.341 | 2485.938 | 298.311 | 3443.750 | 324.827
26 | 4028.125 | 209.072 | 3171.875 | 0.090 | 4050.000 | 430.786 | 4109.375 | 154.680 | 3631.250 | 321.463
27 | 2084.375 | 103.125 | 3250.000 | 86.532 | 2067.708 | 494.188 | 1996.875 | 4.419 | 3962.500 | 305.132
28 | 2189.583 | 203.253 | 3400.000 | 23.123 | 2317.708 | 189.812 | 2275.000 | 464.039 | 3878.125 | 265.098
30 | 1770.833 | 240.530 | 3431.250 | 2.210 | 2181.250 | 384.654 | 1979.688 | 497.184 | 3471.875 | 192.245
32 | 1933.333 | 393.952 | 3478.045 | 138.032 | 2303.125 | 424.966 | 2190.625 | 605.460 | 3937.500 | 319.897
34 | 1692.708 | 171.579 | 2593.750 | 189.992 | 1809.896 | 314.479 | 1773.438 | 563.476 | 2507.813 | 485.536
36 | 2687.500 | 497.091 | 4062.500 | 68.916 | 2361.458 | 355.005 | 3206.250 | 813.173 | 4284.375 | 576.190
38 | 2673.958 | 560.309 | 4175.000 | 30.352 | 2860.417 | 453.917 | 3200.000 | 815.383 | 4089.063 | 194.964
40 | 2660.417 | 718.861 | 4287.500 | 92.492 | 3359.375 | 553.954 | 3193.750 | 817.592 | 3893.750 | 276.599
42 | 3081.250 | 221.479 | 4203.125 | 153.391 | 3659.375 | 681.959 | 3581.250 | 234.229 | 4203.125 | 385.711
44 | 2960.938 | 250.366 | 4175.000 | 174.170 | 3411.979 | 375.392 | 3464.063 | 282.843 | 4040.625 | 527.980
46 | 2840.625 | 294.281 | 4146.875 | 149.424 | 3164.583 | 302.856 | 3346.875 | 95.017 | 3878.125 | 645.184
48 | 2965.625 | 184.136 | 3900.000 | 90.697 | 3482.292 | 469.763 | 3354.688 | 643.025 | 3234.375 | 761.866
50 | 3325.000 | 112.283 | 3525.000 | 273.546 | 3061.458 | 173.721 | 3195.313 | 254.116 | 3603.125 | 620.895
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52 | 3247.917 | 87.519 | 3506.250 | 231.847 | 3322.917 | 287.017 | 3250.000 | 134.792 | 3343.750 | 587.145
54 | 3170.833 | 67.194 | 3487.500 | 147.052 | 3584.375 | 400.329 | 3304.688 | 134.792 | 3084.375 | 112.283
56 | 3212.240 | 59.878 | 3497.656 | 127.488 | 3642.188 | 344.272 | 3364.453 | 255.774 | 3039.844 | 87.519
58 | 3253.646 | 65.780 | 3507.813 | 247.586 | 3700.000 | 288.314 | 3424.219 | 376.755 | 2995.313 | 67.194
60 | 3295.052 | 82.096 | 3517.969 | 283.331 | 3757.813 | 177.080 | 3483.984 | 497.737 | 2950.781 | 59.878
62 | 3336.458 | 104.036 | 3528.125 | 248.478 | 3815.625 | 232.529 | 3543.750 | 618.718 | 2906.250 | 65.780
64 | 3353.125 | 30.136 | 3603.125 | 360.749 | 3905.208 | 117.524 | 3817.188 | 19.887 | 3496.875 | 82.096
66 | 3322.396 | 82.032 | 3575.000 | 287.200 | 3821.354 | 129.615 | 3753.906 | 54.138 | 3354.688 | 104.036
68 | 3291.667 | 136.299 | 3546.875 | 76.056 | 3737.500 | 142.213 | 3690.625 | 128.163 | 3212.500 | 30.136
70 | 3405.208 | 195.315 | 3609.375 | 106.066 | 3386.458 | 718.018 | 3745.313 | 50.823 | 3331.250 | 82.032
72 | 3201.042 | 89.286 | 3656.250 | 98.980 | 3537.500 | 533.534 | 3257.813 | 541.379 | 3318.750 | 136.299
74 | 3295.833 | 194.287 | 3175.000 | 86.342 | 3662.500 | 81.908 | 3793.750 | 57.452 | 3175.000 | 195.315
76 | 4229.167 | 82.765 | 3421.875 | 76.549 | 3538.542 | 462.736 | 3770.313 | 209.922 | 2834.375 | 89.286
78 | 3528.125 | 100.146 | 3075.000 | 209.922 | 3815.625 | 126.823 | 3620.313 | 218.761 | 3200.000 | 194.287
81 2803.125 | 81.250 | 2431.250 | 157.091 | 2909.375 | 145.338 | 3409.375 | 366.812 | 2450.000 | 89.012
83 | 3554.167 | 206.872 | 3321.875 | 154.753 | 3385.417 | 620.652 | 3840.625 | 366.812 | 3028.125 | 100.146
85 | 3314.583 | 152.753 | 3125.000 | 36.039 | 3487.500 | 18.750 | 3531.250 | 26.517 | 2909.375 | 81.250
88 | 3180.208 | 319.077 | 2815.625 | 373.255 | 3453.125 | 139.614 | 3253.125 | 22.097 | 2771.875 | 206.872
90 | 3279.167 | 122.727 | 2943.750 | 479.507 | 3295.833 | 98.094 | 3368.750 | 287.262 | 2825.000 | 152.753

Table F 7: Avaragel6sRNA copy number for non-controlled pH Biokinetic test per 10ng of DNA
for sample 1 end of experiment (day 90)

UniBact caldus
Inoculum 6.12E+05 9.96E+04 1.25E+06 3.10E+03 6.32E+03
Bl 2.88E+05 5.39E+04 2.25E+05 4.00E+05 5.92E+02
B2 3.00E+05 1.16E+05 1.60E+05 7.11E+04 7.35E+02
B3 6.57E+05 1.70E+05 4.33E+05 9.64E+04 1.15E+03
B4 4.05E+05 3.27E+03 4.54E+05 1.60E+06 6.70E+02
B5 1.99E+05 4.45E+03 3.96E+05 4.41E+05 7.19E+02
B6 3.56E+05 5.76E+04 2.10E+05 7.37E+05 1.21E+03
B7 6.85E+05 1.78E+05 7.11E+05 4.41E+05 1.14E+03
B9 3.67E+05 1.15E+04 3.64E+05 3.71E+06 1.16E+03
B10 4.69E+05 3.70E+03 9.85E+04 3.89E+04 1.64E+03
B18 4.40E+04 6.18E+02 1.62E+04 2.71E+04 8.88E+02
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Table F 8: pH measured and standard deviation for sample 1

Non- o077 1078 1079 10710
inoculated
Day | pH Stdev | pH Stdev | pH Stdev | pH Stdev | pH
Std

0| 2.00 2.00 2.00 2.00 2.00

1/318| 019|285 | 0.02|3.07| 0.06|3.18| 0.12| 3.25 0.05

2244 | 010|244 | 002|240 | 0.03|298| 1.10| 243 0.08

3/236| 021]232| 003|222| 006|229 0.07| 240 0.24
41217| 004|216 | 0.04| 214 | 004|220 | 0.04| 229 0.12

5|213| 0.03|208| 003|206 | 0.02|226| 0.10| 225 0.18

6212 | 003 |223| 023|244 | 003|219 0.06| 170 0.75

7|1207| 0.02|600| 244|600 | 241 |216| 216 | 1.86 1.99

81202| 002|241| 003|212| 003|209 011 | 1.86 0.13

9|/179| 0.03|205| 036|173 | 0.03|195| 0.33| 1.63 0.08
10207 001|193 | 019|186 | 0.09|195| 0.01| 1.81 0.10
11 /220 | 017|190 | 017|184 | 0.09|198| 0.08| 1.80 0.10
12/ 225| 003 |181| 0.09|180| 0.09|195| 0.10| 1.78 0.10
131233 026 |178| 0.07|175| 0.07|189| 0.05| 1.77 0.08
14 1209 | 0.08|180| 0.06| 176| 0.06| 189 | 0.04| 1.79 0.08
15/195| 003|179 | 0.06|1.75| 0.06|187 | 0.04| 1.79 0.09
16 | 1.83| 0.05|1.72| 0.07| 169 | 007|182 | 0.02| 174 0.08
18 /1.78| 0.05|171| 0.08| 169 | 0.08|182| 0.02| 1.75 0.06
20| 182 | 0.06|1.74| 004 |2172| 004|179 001| 175 0.06
22 |175| 005|172 0.06|171| 0.06|180| 0.02| 1.77 0.05
24 | 172 | 0.06|170| 006|169 | 006|179 | 0.03| 1.78 0.06
26 | 166 | 004|165 | 0.07|164| 0.06| 174 | 0.02| 1.70 0.06
28166 | 005|165| 0.06|165| 0.06| 173 | 0.04| 1.72 0.06
30| 168| 005|168| 007|168 | 005|178, 0.03| 1.74 0.04
32|/168| 005|164 | 001|166 | 0.06|1.76| 0.02| 1.74 0.06
36 |168| 006 |166| 005|164 | 005|175 0.04| 174 0.06
38|167| 003|167 | 006 |165| 0.06|1.76| 0.04| 1.74 0.04
40 | 166 | 0.04 | 167 | 005| 165| 0.05|1.74| 0.03| 1.73 0.06
43 | 166 | 0.06|166| 004|163 | 004|172 | 0.03| 170 0.04
45| 165| 0.06|167| 005|166 | 005|175 0.02| 173 0.04
47 | 164 | 004|166 | 005| 1.65| 0.05|1.75| 0.02| 1.72 0.04
50 | 1.67 | 004|166 | 003|168 0.04|174| 0.02| 171 0.03
52 |165| 004|164 | 003|167| 004|171 | 0.02| 1.69 0.01
541169 | 004|169 | 004|172 0.05|177| 0.02| 1.76 0.02
571167 | 004|166 | 0.04|167| 003|172 0.01| 170 0.01
59 170 | 004|169 | 004 |172| 003|175| 0.01| 175 0.01
61163 | 004|163 | 0.04|166| 0.02]|169| 0.02| 1.70 0.02
64 |170| 006|167 | 0.04|170| 0.02| 172 | 0.02| 1.73 0.01
67 171| 005|173 | 0.06|1.73| 0.01|173| 0.04| 1.77 0.02
70|/166| 004|169 | 000 172| 0.01|169| 0.02| 1.72 0.00
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73168 | 004|169 | 006 |172| 001|171 002| 175 0.00
76 168 | 004|168 | 006  1.70| 0.01|169 | 0.02| 174 0.01
79170 | 004|171 006 | 173| 0.00|171| 0.01| 1.77 0.01
82|172| 004 |173| 005|173| 000|172 | 002 | 1.77 0.02
86169 | 004|171 | 006|173 001 |171| 0.03| 1.78 0.02

Table F 9: Redox potential measured and standard deviation for sample 1

Non- 1007 1078 1079 10710
inoculated
Day | Redox | Stdev | Redox | Stdev | Redox | Stdev | Redox | Stdev | Redox | stdev
0
1 359 5 355 4 310 56 310 45 334 58
2 342 20 335 2 332 14 319 86 471 49
3 334 7 326 6 344 4 392 46 512 45
4 336 8 331 3 361 4 445 92 544 20
5 335 8 347 1 416 17 452 113 558 13
6 336 6 383 3 527 19 496 120 600 67
7 343 0 489 0 549 0 500 620
8 337 8 552 13 620 53 574 80 627 12
9 344 12 617 47 644 43 585 5 676 43
10 356 26 655 31 614 66 628 48 658 54
11 424 98 697 18 680 56 626 78 699 29
12 507 68 666 52 665 14 666 45 666 45
13 554 72 632 69 715 3 619 44 726 4
14 725 4 726 13 735 2 666 89 698 36
15 722 8 710 22 681 76 670 98 703 50
16 731 4 734 722 23 696 62 716 22
18 687 34 707 700 27 715 3 718 3
20 732 6 704 32 706 59 687 54 732 5
22 693 4 729 18 740 3 698 58 710 35
24 746 3 744 3 745 3 743 3 736 4
26 747 5 739 2 739 3 740 1 735 3
28 741 8 739 6 740 4 738 6 731 6
30 738 15 740 6 742 3 745 736 3
32 735 7 736 5 734 2 726 29 739 4
36 744 4 742 7 739 4 744 5 737 3
38 734 5 741 7 742 3 728 18 724 8
40 751 3 744 7 734 15 744 6 736 7
43 751 4 745 9 740 3 734 10 737 5
45 728 6 727 6 727 4 720 9 721 3
47 712 11 717 5 720 3 720 3 723 2
50 729 13 728 3 729 2 729 4 726 6
52 727 18 731 6 727 1 727 1 728 5
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54 715 7 717 3 718 1 719 2 716 4

57 727 1 719 1 723 1 722 4 722 2

59 713 6 713 4 716 1 718 3 714 1

61 728 1 722 2 726 3 713 13 720 0

64 725 3 723 2 725 1 717 18 718 1

67 719 3 717 1 713 6 716 3 713 1

70 715 4 716 6 718 1 722 6 715 2

73 725 0 722 3 720 1 723 2 715 2

76 721 3 715 5 716 5 717 5 709 5

79 713 6 715 5 710 1 702 7 707 6

82 717 4 717 2 715 2 718 0 713 1

86 710 3 714 2 707 2 706 1 702 1

90 713 9 716 4 716 1 716 1 710 2
Table F 10: Ferrous iron measured and standard deviation for sample

Non-inoculated 10n7 1078 10n9 10010

Day |Fe* Stdev | Fe* Stdev | Fe* Stdev | Fe* Stdev | Fe®' stdev
0 273.628 | 12.969 | 43.898 | 0.511 48.075 | 1.580 | 43.161 | 1.397 6.470 0.751
1 409.255 | 38.639 | 267.322 | 2.736 269.943 | 2.650 | 177.232 | 121.751 | 201.966 | 115.543
2 481.736 | 50.009 | 410.483 | 3.336 416.052 | 19.937 | 281.491 | 31.582 | 143.571 | 242.289
3 556.511 | 65.399 | 478.624 | 5.200 464.373 | 39.523 | 164.783 | 0.198 1.802 3.121
4 665.029 | 70.839 | 565.930 | 26.272 | 407.043 | 56.462 | 174.038 | 240.411 | 13.104 | 0.709
5 4,372 97.798 | 613.432 | 43.648 | 37.265 | 26.243 | 26.003 | 24.984 | 21.294 | 3.546
6 796.069 | 743.653 | 19.641 | 189.599 | 8.888 56.921 | 60.100 | 48.321 | 29.946 | 30.303
7 857.903 | 124.782 | 69.206 | 80.618 | 17.199 | 12.826 | 68.387 | 113.171 | 11.876 | 3.949
8 827.191 | 130.397 | 34.398 | 22.351 | 25.389 | 8.362 | 27.437 | 3.753 36.036 | 32.834
9 639.640 | 155.323 | 23.342 | 16.252 | 12.285 | 2.457 | 21.294 | 26.272 | 8.190 2.837
10 322.686 | 524.789 | 22.113 | 1.229 32.760 | 60.033 | 18.428 | 1.229 17.609 | 3.546
11 61.835 | 277.903 | 42.998 | 24.662 | 70.025 | 52.164 | 33.579 | 11.415 | 17.609 | 11.415
12 23.751 | 60.613 | 55.692 | 41.919 |50.778 | 48.215 | 13.923 | 3.753 8.190 3.092
13 32.351 | 18.886 | 70.025 | 87.275 | 34.398 | 38.790 | 11.876 | 0.709 12.285 | 5.355
14 15.971 | 0.262 145.373 | 109.690 | 28.256 | 16.065 | 22.523 | 6.766 20.885 | 3.250
15 10.496 | 9.828 1.229 28.665 | 30.524 | 11.466 | 0.110 6.143 3.686
17 16.380 | 16.380 | 10.647 | 3.753 11.876 | 6.183 | 10.238 | 3.949 20.885 | 19.190
19 35.627 | 24.199 | 18.837 | 3.753 18.428 | 3.250 | 17.609 | 9.302 18.837 | 5.674
21 13.104 1.419 17.609 3.092 14.333 1.419 14.333 4.314 10.647 1.877
23 24,161 | 15.360 | 18.837 | 3.949 23.342 | 6.143 | 16.790 | 2.557 49.550 | 48.682
25 15.971 7.473 14.742 2.128 13.104 2.557 14.742 2.457 23.751 15.604
27 13.923 | 11.415 | 14.742 | 4.429 20.066 | 13.476 | 22.932 | 18.482 | 8.190 1.419
29 17.199 | 3.686 25.389 | 6.766 19.656 | 0.000 | 23.342 | 5.630 16.790 | 5.540
31 18.837 | 4.651 22.932 | 8.887 21.294 | 1.877 | 23.342 | 5.355 23.751 | 2.557
35 2.867 1.877 1.229 1.229 4.505 3.949 | 2.048 0.709 11.466 | 3.092
37 20.475 | 6.766 21.294 | 5.540 22.005 | 5.329 |23.342 | 3.250 14.742 | 2.128
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39 12.695 | 1.877 14.333 | 3.546 15.892 | 4.890 | 15.152 | 1.877 15.971 | 3.250
42 22.523 | 3.753 50.369 | 48.955 | 17.522 | 3.735 | 25.799 | 3.250 18.837 | 4.314
44 4.095 7.093 0.410 0.709 22.005 | 7.436 | 9.828 10.496 | 0.819 1.419
46 32.351 | 16.589 | 33.170 | 10.919 | 44.825 | 11.025 | 37.674 | 11.932 | 27.846 | 3.753
49 32.510 | 20.043 | 42.998 | 27.798 | 22.005 |5.187 | 25.184 | 6.081 17.199 | 5.212
51 19.656 | 13.899 | 19.656 | 1.737 18949 | 2593 | 15971 | 1.737 26.413 | 19.980
53 12.899 | 11.293 | 14.742 | 0.000 15.892 | 5.187 | 41.155 | 40.828 | 10.442 | 7.818
56 34.398 | 29.535 | 12.899 | 2.606 15.892 | 13.831 | 15,971 | 1.737 11.057 | 3.475
58 28.870 | 40.828 | 23.955 | 25.194 | 4.279 0.864 | 10.442 | 11.293 | 2.455 3.472
60 31.327 | 16.505 | 3.070 4.342 0.000 0.000 | 7.371 6.949 6.755 0.870
63 17.813 | 9.555 12.900 | 4.342 17.726 | 6.051 | 27.641 | 0.869 10.445 | 0.870
66 22.113 | 15636 | 15971 | 12.162 | 15.281 | 4.322 | 19.042 | 2.606 19.656 | 10.424
69 14.128 | 0.869 9.214 0.869 12.225 | 0.000 | 7.985 2.606 19.656 | 3.475
72 14.128 | 0.869 12.899 | 0.869 22.616 | 7.780 | 24.570 | 0.000 20.270 | 2.606
75 25.184 | 0.869 30.713 | 17.374 | 28.729 | 0.864 | 18.428 | 5.212 25.799 | 1.737
78 20.270 | 6.081 12.285 | 158.100 | 19.560 | 3.458 | 20.270 | 0.869 20.885 | 0.000
81 15.356 | 9.555 13.514 | 1.737 18.337 | 3.458 | 17.199 | 13.899 | 27.641 | 21.717
85 14.128 | 2.606 20.270 | 11.293 | 53.178 | 63.104 | 14.128 | 7.818 17.813 | 2.606
89 26.413 | 2.606 28.256 | 1.737 4.890 1.729 | 17.199 | 5.212 22.113 | 6.949
Table F 11: Total iron measured and standard deviation for sample 1

Non-inoculated 1007 1078 1079 10710
Day | Fe'™ Stdev | Fe'® Stdev | Fe'™ Stdev | Fe'™ Stdev | Fe'™ stdev
0.00 64.62 | 13.21 53.07 1.23 56.35 2.63 52.01 5.04 23.18 3.86
1.00 276.33 | 37.67 | 270.52 3.07 | 273.22 2.14 | 186.08 | 126.54 | 271.58 58.02
2.00 520.88 | 257.80 | 544.80 | 231.67 | 549.30 | 220.27 | 455.77 | 250.61 | 661.26 | 252.72
3.00 741.44 | 450.86 | 730.96 | 431.95 | 709.17 | 371.00 | 707.04 | 488.18 | 1205.41 | 490.01
4.00 571.25 | 71.73 | 58149 | 6153 | 572.89 93.61 | 724.41 | 222.66 | 958.64 | 685.88
5.00 681.41 | 96.83 | 680.59 | 37.28 | 895.99 19.05 | 967.24 | 366.46 | 1467.65 | 170.71
6.00 66.57 | 748.98 | 144.32 | 904.18 12.21 | 1452.50 12.39 | 1193.69 6.74 | 1597.46
7.00 814.50 | 115.63 | 1542.59 | 187.02 | 1814.50 70.13 | 1320.23 | 507.56 | 1694.51 34.75
8.00 893.53 | 115.85 | 1838.25 | 70.08 | 1926.70 33.20 | 1580.67 | 507.56 | 1708.03 | 144.44
9.00 847.26 | 123.04 | 1858.31 | 88.33 | 1852.58 8.06 | 1681.41 | 326.27 | 1610.97 91.48
10.00 | 934.48 | 116.12 | 1902.54 | 76.88 | 1911.55 60.03 | 1817.77 | 191.03 | 1656.02 | 108.38
11.00 | 1120.39 | 42.40 | 1896.81 | 85.01 | 1935.71 13.81 | 1710.07 | 120.77 | 1710.07 | 120.77
12.00 | 1628.58 | 98.28 | 1901.31 | 115.68 | 1969.29 28.57 | 1860.77 | 100.41 | 1692.47 | 110.92
13.00 | 1762.90 | 296.10 | 1904.18 | 69.61 | 1914.82 4.65 | 1873.46 72.86 | 1746.93 | 104.85
14.00 | 1873.87 | 321.73 | 1966.83 | 85.01 | 1971.74 29.36 | 1887.80 | 123.90 | 1757.17 | 143.62
15.00 | 1781.74 | 319.51 | 1855.45 | 74.05 | 1885.75 34.20 | 1815.32 | 135.08 | 1683.05 | 122.87
17.00 | 1841.93 | 316.01 | 1895.99 | 95.45 | 1931.20 31.94 | 1841.11 42.92 | 1788.29 | 124.05
19.00 | 1863.23 | 301.98 | 1914.41 | 113.30 | 1938.17 61.11 | 1859.54 39.74 | 1748.98 | 129.09
21.00 | 1866.50 | 330.20 | 1965.19 55.95 | 1970.11 79.86 | 1873.05 25.57 | 1791.15 119.34
23.00 | 2032.76 | 530.13 | 1971.33 | 73.61 | 1985.67 68.36 | 1918.92 62.85 | 1791.56 | 126.97
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25.00 | 1872.24 | 365.79 | 1975.02 | 64.15 | 1988.94 45.29 | 1907.04 26.95 | 1794.02 | 112.42
27.00 | 1833.74 | 393.43 | 1936.12 | 75.69 | 1975.43 68.10 | 1964.37 92.68 | 1785.83 96.11
29.00 | 1884.93 | 389.76 | 2043.00 | 152.31 | 2065.93 36.70 | 1941.44 20.72 | 1810.81 | 103.61
31.00 | 1855.04 | 430.67 | 1991.81 | 60.19 | 1987.31 76.92 | 1998.77 48.40 | 1836.61 76.20
35.00 | 1884.93 | 455.24 | 1994.68 | 58.84 | 2088.04 29.70 | 1959.87 15.84 | 1825.14 11.01
37.00 | 1858.31 | 412.83 | 2021.29 | 133.32 | 2040.13 58.54 | 1944.72 73.78 | 1803.85 78.44
39.00 | 1836.61 | 380.34 | 2067.98 | 74.57 | 2140.46 88.37 | 2001.64 85.35 | 2035.63 87.79
42.00 | 1924.65 | 449.71 | 1987.71 | 115.42 | 2087.63 | 101.37 | 1975.02 27.26 | 2001.64 | 124.91
44.00 | 1961.10 | 488.99 | 2047.50 | 76.53 | 2135.95 55.90 | 2098.28 | 152.91 | 2031.53 | 160.67
46.00 | 1879.20 | 422.42 | 1946.36 | 101.23 | 2081.49 22.83 | 1988.12 78.03 | 1858.72 60.83
49.00 | 1761.06 | 515.13 | 1997.54 | 57.33 | 2133.29 | 185.03 | 2044.23 | 173.74 | 1759.21 1.74
51.00 | 1807.13 | 529.90 | 2046.68 | 36.48 | 2046.68 36.48 | 2113.02 | 187.64 | 1960.07 | 212.83
53.00 | 1779.48 | 492.54 | 1967.44 | 46.04 | 2094.59 93.82 | 2105.04 2.61 | 1914.00 45.17
56.00 | 1778.26 | 365.71 | 2006.14 | 29.54 | 2062.04 52.99 | 2138.21 | 152.02 | 1856.88 73.84
58.00 | 1886.36 | 695.81 | 2047.91 3.48 | 2030.12 26.93 | 1971.74 34.75 | 2129.61 37.36
60.00 | 1781.33 | 510.78 | 2006.14 | 69.49 | 2156.64 | 212.83 | 2016.58 47.78 | 2089.07 | 178.08
63.00 | 1760.44 | 496.89 | 2003.08 | 33.88 | 2008.08 42.53 | 2005.53 7.82 | 1861.80 80.79
66.00 | 1769.04 | 489.94 | 2027.64 | 125.96 | 2083.54 26.06 | 2059.58 | 125.96 | 1929.98 86.87
69.00 | 1781.94 | 469.96 | 1903.56 2.61 | 2051.60 13.90 | 1989.56 58.20 | 1925.06 15.64
72.00 | 1820.64 | 399.59 | 2058.97 | 130.30 | 2163.39 81.66 | 2017.81 25.19 | 1867.32 59.07
75.00 | 1808.35 | 550.74 | 2056.51 | 138.99 | 2050.98 11.29 | 2141.28 | 180.69 | 1915.23 85.13
78.00 | 1764.13 | 481.25 | 2116.71 | 158.10 | 2101.35 18.24 | 2013.51 8.69 | 1933.66 5.21
81.00 | 1754.30 | 528.16 | 1992.01 | 49.51 | 2054.67 18.24 | 1961.92 90.34 | 1862.41 17.37
85.00 | 1730.96 | 545.53 | 2011.06 | 46.91 | 2080.47 | 132.91 | 2072.48 | 135.51 | 2035.63 | 175.47
89.00 | 1765.97 | 551.61 | 1975.43 | 85.13 | 2080.47 | 132.91 | 1936.12 13.90 | 1851.97 25.19
Table F 12: Avaragel6sRNA copy number for non-controlled pH biokinetic test per 10ng of
DNA for sampl 1 end of experiment (day 45)

UniBact | Atc LH Atf Att LT UniArch | JTC3 JTC1/2
10 1.37E+07 | 2.14E+06 | 5.08E+06 | 0.00E+00 | 4.67E+02 | 1.47E+03 | 3.25E+05 | 1.82E+05 | 5.67E+04
Al 2.44E+06 | 3.05E+04 | 1.65E+05 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.31E+06 | 1.71E+05 | 2.81E+06
A2 1.90E+06 | 7.17E+03 | 2.14E+05 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.58E+06 | 3.36E+05 | 1.00E+06
A3 1.39E+07 | 3.61E+06 | 4.92E+06 | 0.00E+00 | 1.28E+03 | 1.93E+03 | 2.00E+06 | 3.56E+05 | 2.03E+05
B3 1.34E+07 | 5.25E+06 | 3.53E+06 | 0.00E+00 | 2.44E+03 | 1.49E+03 | 1.99E+06 | 2.56E+05 | 6.58E+05
C1 3.29E+06 | 1.59E+04 | 3.70E+05 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.06E+06 | 1.14E+05 | 1.90E+06
C2 1.86E+06 | 2.22E+05 | 4.40E+05 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.62E+06 | 4.28E+05 | 2.88E+06
C3 3.87E+06 | 1.67E+06 | 1.20E+06 | 0.00E+00 | 6.16E+02 | 0.00E+00 | 3.67E+06 | 2.95E+05 | 4.01E+06
D1 1.95E+06 | 2.27E+04 | 3.75E+05 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.83E+06 | 4.29E+05 | 6.49E+06
D3 5.86E+06 | 2.07E+06 | 1.84E+06 | 0.00E+00 | 7.27E+02 | 0.00E+00 | 3.72E+06 | 4.65E+05 | 5.68E+06
El 1.89E+06 | 3.24E+05 | 2.28E+05 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.24E+06 | 8.67E+05 | 6.84E+06
E2 1.98E+06 | 7.14E+03 | 1.71E+05 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.10E+06 | 4.69E+05 | 2.36E+06
E3 8.98E+06 | 4.49E+06 | 1.61E+06 | 0.00E+00 | 1.75E+03 | 0.00E+00 | 1.94E+06 | 5.02E+05 | 9.60E+05
F3 1.59E+07 | 8.74E+06 | 2.87E+06 | 0.00E+00 | 2.45E+03 | 0.00E+00 | 3.56E+05 | 1.52E+02 | 2.83E+06
G3 3.81E+06 | 8.18E+05 | 6.50E+05 | 0.00E+00 | 3.22E+02 | 9.74E+02 | 3.45E+06 | 8.56E+04 | 8.76E+06
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Table F 13: pH measured and standard deviation for sample 2

Non- 1007 1078 1079 10710
inoculated

Day | pH Stdev | pH Stdev | pH Stdev | pH Stdev | pH Stdev
0 |200| 0.01| 2.04 0.01 | 2.04 0.00 | 2.04 0.01| 2.00 | 0.03
1 |230 2.32 2.29 2.29 2.21

2 |236| 0.02| 237 0.05 | 2.33 0.02 | 231 0.02 | 223 | 0.02
3 |250 2.51 2.45 2.39 2.33

4 244 | 0.02| 242 0.03 | 2.35 0.03 | 2.34 0.04 | 226 | 0.04
5 | 246 2.43 2.34 2.35 2.30

6 |250| 0.01| 2.46 0.07 | 2.40 0.00 | 2.37 0.01| 2.34| 0.05
7 | 252 2.44 2.41 2.36 2.33

8 |255| 001| 244 0.01 | 2.44 0.03 | 241 0.01 | 2.38 | 0.06
9 | 256 2.44 2.45 2.41 2.30

10 | 257 | 0.04 | 2.39 0.08 | 2.49 0.03 | 2.45 0.01| 2.37 | 0.05
11 | 2.59 2.48 2.50 2.45 2.38

12 | 260 | 0.02 | 2.49 0.06 | 2.53 0.04 | 2.48 0.01| 2.40 | 0.06
14 | 263 | 0.01| 247 0.09 | 2.55 0.05 | 2.50 0.05| 2.42 | 0.06
16 | 2.46 2.48 2.51 2.46 2.36

17 | 2.52 2.44 2.55 2.51 2.39

18 | 241 2.34 2.51 2.47 2.35

19 | 2.38 2.31 2.51 2.48 2.36

21 | 235| 0.06 | 2.28 0.22 | 251 0.01 | 2.48 0.04 | 234 | 0.04
22 | 236 | 0.07| 2.26 0.22 | 2.52 0.01| 251 0.05| 236 | 0.05
25 [ 226 | 0.08| 222 0.22 | 251 0.03 | 2.44 0.08 | 2.33 | 0.08
29 | 216 | 0.13| 2.17 0.27 | 2.46 0.02 | 2.44 0.08 | 233 | 0.14
33 | 220 | 0.11]| 2.06 031 | 241 0.03 | 2.35 0.07 | 223 | 0.11
38 | 221 | 012 2.02 0.31 | 2.38 0.02 | 2.34 0.07| 221 | 0.10
40 | 2.22 | 0.13 | 2.00 0.21 | 241 0.03 | 2.35 0.07 | 223 | 0.10
46 | 2.14 | 0.13 | 1.99 0.28 | 2.31 0.03 | 2.23 0.11 | 2.13 | 0.10
49 (210 | 0.13 ] 1.99 0.23 | 2.28 0.04 | 2.20 0.13| 211 | 0.11
51 | 210 | 0.13| 1.96 0.24 | 2.28 0.04 | 2.22 0.12 | 212 | 0.12
53 | 2.05| 0.11 | 1.95 0.25 | 2.25 0.04 | 2.18 0.10 | 2.08 | 0.11
56 | 2.08| 0.13| 1.94 0.25 | 2.26 0.05 | 2.18 0.10 | 2.08 | 0.11
60 | 2.06 | 0.12| 1.95 0.23 | 2.22 0.05 | 2.15 0.07 | 2.04 | 0.10
64 | 2.03| 0.11| 1.95 0.23 | 2.22 0.04 | 2.13 0.06 | 2.03 | 0.10
68 [199| 0.11| 1.96 022 | 221 0.03 | 2.11 0.08 | 1.92 | 0.06
72 | 199 | 0.09| 1.93 0.23 | 2.21 0.04 | 2.10 0.08 | 2.00| 0.11
76 | 197 | 0.09| 1.95 0.22 | 2.22 0.05 | 2.11 0.09| 1.99 | 0.10
80 | 1.93| 0.08| 1.95 0.21| 2.19 0.05 | 2.08 0.10 | 1.97 | 0.09
84 | 193 | 0.07| 1.93 0.21 | 2.16 0.06 | 2.06 0.10| 1.95| 0.10
88 [ 192 | 0.08| 1.92 0.00 | 2.16 0.03 | 2.06 0.11| 1.95| 0.09
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Table F 14: Redox potential measured and standard deviation for sample 2

Non- 1007 108 1079 10710
inoculated
Day | Redox | Stdev | Redox | Stdev | Redox Stdev | Redox | Stdev | Redox | Stdev
0 379 9 393 19 386 3 369 10 387 27
1 352 358 362 373 408
2 347 3 350 3 355 3 375 25 441 2
3 347 372 378 388 441
4 343 3 359 12 431 6 397 41 479 24
5 347 412 481 458 507
6 347 2 379 23 544 13 564 5 526 15
7 347 533 555 575 559
8 345 1 560 30 581 9 597 12 557 27
9 352 610 617 614 606
10 364 28 617 4 618 15 608 12 630 14
11 442 628 609 614 627
12 637 15 646 6 632 9 635 4 643 18
14 658 3 659 9 627 13 643 4 653 15
16 657 661 645 647 655
17 653 661 646 651 658
18 659 656 644 626 664
19 667 681 656 654 668
21 669 3 657 5 657 5 659 1 669 7
22 663 5 675 20 655 3 658 4 666 9
25 663 4 683 7 653 4 659 1 670 2
29 648 18 683 21 659 5 670 5 670 12
33 640 22 666 22 644 9 645 18 658 14
38 649 18 669 13 656 11 668 2 668 9
40 658 13 681 2 662 8 669 6 673 1
46 674 16 668 16 650 4 668 8 682 7
49 675 15 673 11 661 14 664 8 684 8
51 675 14 677 20 656 21 663 12 679 5
53 682 14 666 23 655 23 662 9 679 3
56 670 32 662 28 662 28 662 9 680 3
60 688 13 674 26 649 16 666 7 684 13
64 688 11 662 21 635 2 669 13
68 693 10 669 22 642 8 645 24 670 27
72 698 4 674 21 640 13 654 18 676 19
76 694 5 663 14 646 9 657 16 677 17
80 695 8 668 13 656 4 660 17 683 14
84 683 8 650 13 641 6 657 15 673 16
88 691 5 664 6 659 3 663 10 681 15
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Table F 15: Ferrous iron measured and standard deviation

i'\r']%'l'ulate d 1017 10°8 1079 10710
Day | [Fe*] | Stdev | [Fe*] Stdev | [Fe*] | Stdev | [Fe*] Stdev | [Fe*] | Stdev
0 9.86 8.12 4.53 0.48 5.01 0.72 6.92 1.45 14.24 | 1.10
1 50.91 48.13 43.75 40.57 19.09
2 77.96 | 3.84 81.54 15.34 65.23 | 3.00 58.07 18.54 | 39.78 | 42.30
3 73.99 74.38 70.01 27.05 42.56
4 89.50 | 15.51 78.36 11.09 46.14 | 30.76 49.32 2.76 35.00 | 60.63
5 86.71 50.12 7.56 0.00 40.97
6 0.00 | 0.00 0.80 0.69 8.75 7.95 6.76 6.79 37.39 | 62.71
7 97.85 6.76 7.96 10.50 42.16
8 89.10 | 1.82 2.78 3.84 0.00 0.00 20.68 35.83 | 27.05 | 36.08
9 91.09 5.97 7.16 6.76 13.52
10 77.57 | 27.96 1.19 2.07 3.98 6.89 1.19 1.19 1.19 1.19
11 33.02 1551 0.80 1.19 0.80
12 2.39 3.16 7.56 9.04 11.14 | 17.22 1.19 0.00 1.99 1.38
14 36.60 | 46.91 11.93 4.13 6.36 1.82 4.38 2.48 5.17 4.82
16 4.38 1.99 5.97 9.15 0.00
17 0.00 7.56 6.36 9.15 17.10
18 1.63 20.68 3.98 0.00 1.99
19 0.00 0.00 0.00 0.00 0.00
21 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25 2.78 4.82 1.99 3.44 0.00 0.00 5.17 8.96 5.57 9.65
29 6.76 11.71 10.34 2.48 8.35 7.45 16.71 7.95 5.17 5.38
33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
38 0.00 | 0.00 7.96 1.82 0.00 0.00 0.00 0.00 0.00 0.00
40 2.78 4.82 5.17 6.99 0.00 0.00 0.40 0.69 1.19 2.07
46 0.00 | 0.00 2.78 4.82 0.00 0.00 0.00 0.00 0.00 0.00
49 16.31 | 5.38 1.99 2.48 3.98 0.69 13.92 1.82 0.00 0.00
51 0.00 | 0.00 8.75 6.89 0.00 0.00 0.00 0.00 2.78 2.48
53 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
56 4.77 8.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
60 15.91 | 11.28 10.34 4.82 5.57 1.82 1.59 2.76 17.10 | 1.38
64 3.58 3.16 9.94 3.84 2.78 0.69 1.99 3.44 18.30 | 3.65
68 5.57 1.38 19.09 2.39 11.93 | 1.19 21.08 16.29 | 6.36 2.48
72 6.48 4.63 5.97 2.07 13.92 | 0.69 7.56 4.52 5.17 1.82
76 9.55 1.19 3.18 551 9.15 0.69 15.53 0.00 0.00 0.00
80 12.33 | 2.76 0.00 0.00 9.15 0.69 5.97 1.19 0.00 0.00
84 0.00 0.00 0.00 0.00 0.00 0.00 1.19 2.07 0.00 0.00
88 1.19 1.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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APPENDIX G : Draw and fill biokinetic test results for sample 1

Table G 1: pH measured and standard deviation

Non-inoculated Inoculated
Day pH Stdev [H] pH Stdev [H
0 3.05 0.58 0.001 3.47 0.06 0.000
1 5.80 0.47 0.000 5.77 0.18 0.000
1 3.28 0.04 0.001 3.31 0.05 0.000
2 5.00 0.09 0.000 4.63 0.07 0.000
2 3.15 0.12 0.001 3.17 0.04 0.001
3 4.84 0.16 0.000 4.29 0.06 0.000
3 3.13 0.04 0.001 3.05 0.01 0.001
4 3.91 0.30 0.000 3.74 0.06 0.000
4 2.97 0.04 0.001 2.95 0.01 0.001
5 3.42 0.04 0.000 3.38 0.02 0.000
5 2.93 0.01 0.001 2.54 0.01 0.003
6 3.42 0.05 0.000 2.83 0.01 0.001
6 2.96 0.01 0.001 2.65 0.02 0.002
7 3.24 0.03 0.001 2.92 0.19 0.001
7 2.90 0.02 0.001 2.76 0.12 0.002
8 2.69 0.14 0.002 2.32 0.01 0.005
8 2.67 0.14 0.002 2.35 0.01 0.004
9 2.64 0.15 0.002 241 0.05 0.004
9 2.64 0.08 0.002 2.36 0.04 0.004
10 2.71 0.08 0.002 2.29 0.10 0.005
10 2.54 0.05 0.003 2.26 0.09 0.006
11 2.61 0.03 0.002 2.16 0.14 0.007
11 2.47 0.03 0.003 2.14 0.13 0.007
12 2.85 0.09 0.001 2.20 0.13 0.006
12 2.67 0.07 0.002 2.18 0.12 0.007
13 2.53 0.01 0.003 2.09 0.10 0.008
13 2.45 0.01 0.004 2.13 0.07 0.007
14 2.57 0.04 0.003 2.12 0.07 0.008
14 2.50 0.03 0.003 2.11 0.06 0.008
15 2.40 0.07 0.004 2.04 0.05 0.009
15 2.33 0.05 0.005 2.11 0.05 0.008
16 2.32 0.06 0.005 2.02 0.03 0.009
16 2.29 0.05 0.005 2.02 0.03 0.010
17 2.26 0.06 0.005 2.03 0.03 0.009
17 2.21 0.05 0.006 2.02 0.02 0.010
18 2.23 0.07 0.006 2.00 0.02 0.010
18 2.20 0.07 0.006 2.00 0.02 0.010
19 2.17 0.05 0.007 2.00 0.03 0.010
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19 2.14 0.05 0.007 1.99 0.03 0.010
20 2.16 0.04 0.007 2.06 0.03 0.009
20 2.16 0.03 0.007 2.05 0.03 0.009
21 211 0.02 0.008 2.01 0.03 0.010
21 211 0.03 0.008 2.00 0.02 0.010
22 2.08 0.02 0.008 2.01 0.03 0.010
22 2.08 0.02 0.008 2.01 0.02 0.010
23 2.09 0.01 0.008 2.04 0.05 0.009
23 2.09 0.01 0.008 2.03 0.03 0.009
24 2.04 0.01 0.009 1.99 0.02 0.010
24 2.03 0.01 0.009 1.98 0.02 0.010
25 2.07 0.01 0.008 2.03 0.02 0.009
25 2.06 0.01 0.009 2.02 0.02 0.010
26 2.03 0.01 0.009 1.99 0.02 0.010
26 2.02 0.01 0.010 2.00 0.02 0.010
27 2.03 0.01 0.009 2.01 0.03 0.010
27 2.03 0.01 0.009 2.00 0.02 0.010
28 2.02 0.01 0.009 2.01 0.01 0.010
28 2.01 0.01 0.010 2.01 0.01 0.010
29 2.03 0.01 0.009 2.02 0.02 0.010
29 2.03 0.01 0.009 2.02 0.02 0.010
30 2.01 0.03 0.010 2.01 0.02 0.010
30 2.01 0.01 0.010 2.01 0.02 0.010
31 2.03 0.01 0.009 2.02 0.02 0.010
31 2.02 0.01 0.010 2.01 0.02 0.010
32 2.03 0.02 0.009 2.03 0.01 0.009
32 2.01 0.01 0.010 2.02 0.02 0.009
33 2.03 0.01 0.009 2.03 0.01 0.009
33 2.03 0.01 0.009 2.02 0.02 0.009
34 1.98 0.01 0.010 2.00 0.01 0.010
34 1.99 0.01 0.010 1.99 0.01 0.010
35 2.03 0.02 0.009 2.03 0.02 0.009
35 201 0.01 0.010 2.02 0.01 0.010
36 2.03 0.02 0.009 2.04 0.02 0.009
36 2.02 0.01 0.010 2.02 0.02 0.009
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Table G 2: Redox potential measured and standard deviation

Non-inoculated Inoculated
Day Eh Stdev Eh Stdev
0 358 10 356 10
1 234 13 224 2
1 329 6 338 1
2 266 5 280 4
2 357 8 357 1
3 249 6 275 1
3 315 57 329 7
4 263 13 285 1
4 345 3 346 3
5 314 1 318 1
5 323 6 360 7
6 301 2 375 19
6 316 1 374 14
7 301 4 449 27
7 322 4 455 24
8 343 2 667 17
8 333 12 602 49
9 342 21 665 5
9 350 12 630 46
10 365 28 663 7
10 369 14 671 7
11 395 25 670 9
11 391 22 675 9
12 518 62 683 9
12 537 75 682 8
13 660 3 690 8
13 654 4 690 7
14 651 19 689 4
14 655 10 701 5
15 647 23 699 4
15 654 12 699 3
16 658 27 704 3
16 679 9 700 3
17 694 7 711 4
17 685 4 707 4
18 690 1 707 2
18 694 4 704 5
19 694 1 705 4
19 687 2 695 1
20 692 2 704 1
20 700 6 704 2

141



26

707
700
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707
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Table G 3: Ferrous iron measured and standard deviation

Non-inoculated Inoculated
Day [Fe™] Stdev | [Fe”] Stdev
0 0.246 0.246 1.310 0.618
1 3.522 2.461 2.785 2.001
2 21.704 9.055 25.799 2.099
3 67.158 5.888 82.310 6.383
4 106.306 6.413 131.204 7.138
5 149.222 1.580 184.439 4.922
6 183.620 8.740 | 372.973 | 35.764
7 199.345 5.043 339.722 | 75.123
8 205.569 4.404 10.156 | 12.911
9 203.440 | 10.811 12.285 1.772
10 196.560 | 16.112 3.276 0.751
11 190.827 | 22.098 11.957 8.373
12 57.166 | 56.867 8.354 5.538
13 0.000 0.000 5.897 0.000
14 11.138 2.473 13.595 0.751
15 9.992 3.345 7.371 1.772
16 8.845 5.315 6.061 1.580
17 8.354 2.736 4.259 1.023
18 7.207 0.751 6.880 0.491
19 5.242 0.567 6.552 1.023
20 5.242 1.023 14.414 | 11.391
21 6.716 0.284 9.500 1.580
22 5.733 0.567 12.776 | 12.344
23 1.147 1.023 3.931 0.983
24 0.000 0.000 0.000 0.000
25 5.569 0.284 4.586 0.284
26 1.802 0.284 2.948 3.838
27 5.569 0.751 4914 0.000
28 5.897 0.491 4.259 0.567
29 6.880 0.491 4.750 0.284
30 5.242 2.322 1.802 1.023
31 5.733 1.023 3.440 0.851
32 8.681 4.002 5.242 1.860
33 4.750 0.284 2.785 0.284
34 2.948 1.772 3.112 0.751
35 5.569 0.284 3.931 0.491
36 9.337 0.491 3.604 1.419
37
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Table G 4: Total measured and standard deviation

Non-inoculated Inoculated
Day [Fe'™ Stdev | [Fe'®] Stdev
0 11.057 0.246 12.367 0.751
1 5.405 1.300 6.061 1.212
2 19.656 8.145 24.488 2.581
3 64.619 7.383 80.016 8.061
4 118.919 | 12.077 143.325 7.294
5 152.007 4,947 152.498 5.674
6 198.853 | 10.428 386.077 | 41.969
7| 201.638 4.179 | 406.388 | 43.269
8 198.034 2.142 319.247 | 35.321
9 194.595 8.859 332.351 | 47.811
10 197.052 | 12.077 371.335 | 52.260
11 198.690 | 16.374 | 422.768 | 28.987
12 221.458 | 31.787 470.925 | 43.528
13 208.845 | 10.977 463.063 | 27.046
14 | 263.391 | 27.505 | 454.382 | 38.654
15 296.478 | 63.191 365.766 | 49.273
16 340.213 | 44.407 421.130 | 59.259
17 348.731 | 28.016 383.456 | 64.623
18 339.885 9.758 371.499 | 43.419
19 338.084 | 19.278 354.791 | 37.566
20 317.117 | 19.860 | 332.678 | 32.477
21 306.634 | 20.015 | 311.712 | 28.714
22 298.608 | 20.167 285.012 | 24.614
23 238.493 | 23.450 211.138 | 22.755
24 | 274.038 | 14.049 242.097 | 15.956
25 275.348 | 12.570 233.579 | 13.745
26 257.166 | 14.447 217.363 | 14.117
27 247.830 | 11.807 209.009 7.294
28 232.760 | 11.838 182.473 0.751
29 224,734 | 10.781 177.396 3.069
30 200.983 | 10.665 161.671 1.772
31 192.629 1.300 153.972 2.879
32 177.559 9.405 140.704 3.272
33 170.516 7.239 131.859 5.821
34 153.645 4,432 121.048 | 14.329
35 158.395 3.451 128.092 | 10.428
36 155.774 7.272 118.264 7.127
37
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Table G 5: Sulphate measured and standard deviation

Non- Inoculated
inoculated
Day SO, Stdev | SO~ Stdev

0

1 1133.333 31.920 1160.417 | 102.714

2 1247.917 84.568 1273.958 90.373

3 1414.583 18.311 1483.333 26.578
4 1131.250 29.811 1205.208 38.570

5 1542.708 88.902 1477.083 28.868

6 1472.917 | 340.185 2206.250 3.125

7 1878.125 61.476 2563.542 | 185.045

8 1934.375 | 118.132 2721.875 | 256.479

9 1654.167 | 155.194 2794.792 | 196.188
10 1887.500 | 192.917 2811.458 | 253.536
11 2333.333 | 131.114 3345.833 | 412.752
12 2236.458 | 117.607 3476.042 | 423.600
13 2510.417 44,451 3728.125 | 368.432
14 2759.375 | 149.511 3636.458 | 397.678
15 2811.458 | 215.655 3638.542 | 351.008
16 2880.208 | 179.744 3592.708 | 233.359
17 2830.208 78.146 3428.125 | 140.729
18 | 3109.375 | 95.043 3490.625 | 265.827
19 2873.958 14.091 3181.250 | 144.867
20 2951.042 98.442 3132.292 | 156.417
21 2519.792 20.807 2834.375 | 180.278
22 2913.542 77.455 3018.750 | 239.037
23 2566.667 49.047 2773.958 | 115.512
24 2418.750 | 162.380 2858.333 | 125.481
25 2239.583 | 31.612 2280.208 | 102.333
26 1705.208 53.247 1671.875 | 132.693
27 2033.333 3.608 2071.875 | 36.039
28 2689.583 | 159.232 2554.167 78.208
29 2351.042 43.787 2220.833 53.247
30 2611.458 91.126 2638.542 90.265
31 2740.625 29.811 2606.250 80.344
32 2219.792 40.785 2183.333 | 117.607
33 2145.833 63.763 2138.542 73.243
34 2141.667 17.770 2034.375 12.500
35 2251.042 11.831 2198.958 | 113.938
36 2357.292 34.422 2164.583 31.458
37
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APPENDIX H : Draw and fill Biokinetic test results for sample 2

Table H 1: pH measured and standard deviation

Non-inoculated Inoculated
Day pH Stdev [H7 | pH Stdev [H]
0 2.03 0.01 0.01 2.04 0.01 0.01
1 2.23 0.02 0.01 2.18 0.01 0.01
1 2.20 0.01 0.01 2.16 0.01 0.01
2 2.30 0.01 0.01 2.22 0.01 0.01
2 2.24 0.01 0.01 2.18 0.01 0.01
3 2.35 0.01 0.00 2.25 0.00 0.01
3 231 0.01 0.00 2.22 0.01 0.01
4 2.35 0.01 0.00 2.24 0.02 0.01
4 2.28 0.01 0.01 2.20 0.01 0.01
5 2.33 0.01 0.00 2.23 0.01 0.01
5 2.27 0.01 0.01 2.18 0.02 0.01
6 231 0.01 0.00 2.21 0.02 0.01
6 2.26 0.00 0.01 2.17 0.02 0.01
7 2.33 0.01 0.00 2.23 0.01 0.01
7 2.29 0.01 0.01 2.19 0.01 0.01
8 2.26 0.01 0.01 2.16 0.02 0.01
8 2.21 0.01 0.01 2.12 0.01 0.01
9 2.23 0.01 0.01 2.18 0.02 0.01
9 2.23 0.01 0.01 2.16 0.02 0.01
10 2.26 0.01 0.01 2.29 0.10 0.01
10 2.23 0.01 0.01 2.26 0.09 0.01
11 2.26 0.00 0.01 2.19 0.02 0.01
11 2.23 0.01 0.01 2.16 0.02 0.01
12 2.20 0.01 0.01 2.14 0.01 0.01
12 2.18 0.01 0.01 2.13 0.02 0.01
13 2.19 0.01 0.01 2.13 0.02 0.01
13 2.16 0.01 0.01 211 0.02 0.01
14 2.18 0.01 0.01 2.13 0.02 0.01
14 2.15 0.00 0.01 2.10 0.02 0.01
15 2.18 0.01 0.01 2.12 0.01 0.01
15 2.15 0.01 0.01 211 0.02 0.01
16 2.17 0.01 0.01 2.12 0.02 0.01
16 2.15 0.01 0.01 2.10 0.01 0.01
17 2.10 0.01 0.01 2.05 0.01 0.01
17 2.09 0.00 0.01 2.05 0.02 0.01
18 2.10 0.00 0.01 2.03 0.01 0.01
18 2.07 0.00 0.01 2.03 0.01 0.01
19 2.13 0.01 0.01 2.09 0.02 0.01
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19 2.10 0.01 0.01 2.06 0.01 0.01
20 211 0.00 0.01 2.10 0.01 0.01
20 211 0.00 0.01 2.07 0.01 0.01
21 2.13 0.00 0.01 2.09 0.01 0.01
21 2.10 0.00 0.01 2.07 0.01 0.01
22 2.15 0.01 0.01 211 0.01 0.01
22 2.13 0.00 0.01 2.10 0.01 0.01
23 2.06 0.02 0.01 2.09 0.03 0.01
23 2.06 0.01 0.01 2.02 0.01 0.01
24 2.09 0.02 0.01 2.06 0.02 0.01
24 2.07 0.02 0.01 2.04 0.02 0.01
25 2.10 0.01 0.01 2.07 0.03 0.01
25 2.08 0.01 0.01 2.06 0.03 0.01
26 2.04 0.02 0.01 2.05 0.02 0.01
26 2.03 0.01 0.01 2.02 0.02 0.01
27 2.10 0.05 0.01 2.07 0.03 0.01
27 2.02 0.01 0.01 2.02 0.01 0.01
28 2.05 0.01 0.01 2.04 0.02 0.01
28 2.02 0.00 0.01 2.02 0.01 0.01
29 2.04 0.01 0.01 2.03 0.01 0.01
29 2.02 0.01 0.01 2.01 0.01 0.01
30 2.02 0.01 0.01 2.01 0.01 0.01
30 2.00 0.01 0.01 1.99 0.01 0.01
31 2.03 0.01 0.01 2.02 0.02 0.01
31 2.02 0.01 0.01 2.01 0.02 0.01
32 2.03 0.02 0.01 2.03 0.01 0.01
32 2.01 0.01 0.01 2.02 0.02 0.01
33 2.03 0.01 0.01 2.03 0.01 0.01
33 2.03 0.01 0.01 2.02 0.02 0.01
34 1.98 0.01 0.01 2.00 0.01 0.01
34 1.99 0.01 0.01 1.99 0.01 0.01
35 2.03 0.02 0.01 2.03 0.02 0.01
35 201 0.01 0.01 2.02 0.01 0.01
36 2.03 0.02 0.01 2.04 0.02 0.01
36 2.02 0.01 0.01 2.02 0.02 0.01
37 1.00 1.00
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Table H 2: Redox potential measured and standard deviation

Non- Inoculated
inoculated
Day Eh Stdev | Eh Stdev
0 4| 439 5
1 347 1| 422 18
1 343 1| 417 16
2 350 1| 423 13
2 346 1] 421 13
3 364 1| 555 7
3 356 1| 541 14
4 365 1| 593 26
4 355 0| 583 14
5 363 1| 604 20
5 360 2| 655 1
6 346 1| 634 6
6 349 1| 644 5
7 349 1| 625 3
7 356 3| 636 5
8 373 18 | 630 7
8 380 23 | 641 16
9 402 20 | 631 5
9 412 19 | 2553 | 3300
10 472 67 | 663 7
10 543 85| 671 7
11 564 76 | 653 3
11 574 81| 673 2
12 640 9| 660 3
12 644 19| 674 2
13 628 2| 640 2
13 655 3| 664 3
14 628 7| 635 6
14 654 2| 661 2
15 647 4| 654 1
15 666 1| 668 4
16 655 1| 659 2
16 661 1| 665 3
17 646 1| 655 4
17 671 2| 675 1
18 678 6| 683 2
18 677 1| 680 1
19 662 3| 670 2
19 674 2| 669 4
20 663 1| 675 1
20 673 1| 675 2
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Table H 3: Ferrous iron measured and standard deviation

Non-inoculated Inoculated
Day [Fe™] Stdev [Fe™] Stdev

0 4.341 0.375 7.043 0.567

1 54.300 1.950 28.911 10.823

2 65.029 3.972 30.139 8.740

3 67.486 4.773 0.983 0.491

4 67.649 2.046 0.655 0.284

5 68.141 2.046 2.948 0.491

6 69.943 3.622 3.112 0.284

7 64.537 0.284 0.819 0.751

8 61.916 5.538 4.750 0.284

9 48.485 12.570 1.638 0.751
10 22.441 17.727 3.276 0.751
11 8.190 6.105 2.457 0.851
12 1.310 0.284 1.802 0.284
13 0.983 0.491 4.423 0.491
14 2.457 0.851 2.785 0.751
15 4.423 0.491 4.750 1.237
16 3.604 0.751 1.474 0.851
17 7.862 1.300 5.242 0.284
18 2.129 1.580 1.638 0.284
19 2.293 0.751 0.983 0.491
20 2.129 1.237 1.638 0.751
21 3.604 1.023 2.621 0.284
22 2.129 0.751 0.819 0.284
23 3.767 1.419 4.095 1.023
24 0.819 0.567 0.819 0.284
25 1.802 0.284 0.655 0.284
26 4.750 0.751 4,914 0.491
27 1.966 0.983 2.621 0.284
28 4.750 1.023 2.785 0.284
29 2.293 1.135 4.750 0.751
30 0.983 0.491 0.033 0.057
31 5.733 1.023 3.440 0.851
32 8.681 4.002 5.242 1.860
33 4.750 0.284 2.785 0.284
34 2.948 1.772 3.112 0.751
35 5.569 0.284 3.931 0.491
36 9.337 0.491 3.604 1.419

150



Table H 4: Total iron measured and standard deviation

Non-inoculated Inoculated
Day [Fe'™ Stdev | [Fe'] Stdev

0 6.962 0.511 12.531 1.300

1 53.399 1.560 36.691 5.899

2 69.615 3.345 43.243 7.436

3 73.710 3.405 22.932 2.322

4 74.201 3.900 25.389 2.706

5 71.253 2.736 32.596 3.817

6 69.124 0.284 40.950 7.522

7 65.684 2.216 41.769 | 11.916

8 69.943 3.486 57.166 | 10.241

9 54.382 9.224 59.787 7.059
10 36.691 | 10.194 59.787 7.059
11 27.682 1.986 69.124 6.005
12 40.459 6.885 74.038 5.413
13 40.131 6.599 74.529 3.753
14 53.071 6.274 78.624 5.958
15 59.623 5.863 76.986 5.115
16 66.830 6.138 77.969 4.670
17 75.348 4.645 84.848 3.721
18 73.055 4.237 84.521 3.838
19 84.848 2.522 98.116 1.237
20 83.374 6.413 90.090 7.634
21 85.012 5.667 88.616 7.898
22 85.504 6.611 88.943 9.180
23 67.158 0.751 76.167 8.886
24 62.735 0.284 70.106 6.690
25 71.744 9.414 79.443 7.554
26 89.435 | 15.702 84.193 7.898
27 99.263 | 14.469 | 107.125 4.688
28 85.995 3.222 87.469 4.840
29 85.012 9.008 84.521 4.504
30 83.538 | 10.642 85.504 7.723
31| 192.629 1.300 | 153.972 2.879
32 177.559 9.405 140.704 3.272
33| 170.516 7.239 | 131.859 5.821
34 | 153.645 4.432 | 121.048 | 14.329
35| 158.395 3.451 | 128.092 | 10.428
36 | 155.774 7.272 | 118.264 7.127
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Table H 5: Sulphate measured and standard deviation

Non-inoculated Inoculated
Day SO, Stdev | SO, Stdev
0
1| 1570.833 | 91.447 | 2331.250 | 425.241
2| 2276.042 | 69.900 | 1273.958 | 90.373
3 | 1869.792 10.045 | 2311.458 | 158.802
4 | 1377.083 | 545.089 | 1875.000 | 81.729
51 1639.583 | 57.820 | 1851.042 | 82.817
6 | 1655.208 | 83.639 | 1809.375 | 60.354
7 | 1635.417 | 60.944 | 1905.208 | 239.105
8 | 1678.125 | 76.355 | 1976.042 | 129.389
9 | 2038.542 | 64.069 | 2348.958 | 18.311
10 | 1937.500 | 36.039 | 2811.458 | 253.536
11 | 1721.875 | 145.640 | 2047.917 78.458
12 | 1935.417 | 38.822 | 2308.333 | 66.316
13 | 2108.333 | 25.259 | 2328.125 | 94.837
14 | 2294.792 | 49.047 | 2672.917 | 32.526
15 | 2347.917 | 34.564 | 2729.167 | 57.820
16 | 1782.292 | 268.502 | 2152.083 | 55.581
17 | 2011.458 | 105.389 | 2339.583 | 25.452
18 | 2244.792 | 104.036 | 2289.583 | 71.421
19 | 1954.167 | 150.043 | 2243.750 | 132.288
20 | 1677.083 | 44.231 | 1957.292 | 91.073
21 | 2326.042 | 86.396 | 2487.500 | 38.017
22 | 2187.500 | 11.267 | 2257.292 | 64.221
23 | 2256.250 | 61.555 | 2267.708 | 58.072
24 | 2015.625 | 42.962 | 2239.583 | 55.581
25| 1951.042 | 113.980 | 2208.333 | 41.615
26 | 1742.708 | 52.042 | 2179.167 | 34.845
27 | 2765.625 | 92.544 | 2836.458 | 58.990
28 | 2486.458 | 66.021 | 2384.375 | 96.268
29 | 2898.958 | 88.186 | 2581.250 | 162.860
30 | 2250.000 | 86.996 | 2239.583 | 179.445
31 | 2740.625 | 29.811 | 2606.250 | 80.344
32 | 2219.792 | 40.785 | 2183.333 | 117.607
33 | 2145.833 | 63.763 | 2138.542 | 73.243
34 | 2141.667 17.770 | 2034.375 | 12.500
35 | 2251.042 11.831 | 2198.958 | 113.938
36 | 2357.292 | 34.422 | 2164.583 | 31.458
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