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ABSTRACT
Permeable reactive barriers (PRBs) can successfully treat acidic groundwater generated
in acid sulphate soil terrains, but the bio-geochemical clogging of reactive granular
assembly hinders their effectiveness. The chemical clogging of the porous media has been
analysed extensively in previous studies, but they did not include the component of
biological clogging. This doctoral study offers comprehensive research into the coupled
chemical and biological clogging of a PRB. Laboratory experiments, field investigations,
a novel mathematical model and a numerical model were used to simulate the combined
effect of geochemistry, microbiology, and geo-hydraulics in PRBs installed in acidic
terrains.
Limestone (97 % CaCO3) aggregates were tested in laboratory column experiments to
understand how they can remove the acidity and toxic metals from contaminated
groundwater. A laboratory column mimics the one-dimensional subsurface flow through
the centreline of a real-life PRB. Limestone maintained a near-neutral pH in groundwater
during bicarbonate buffering while removing metal from the flow by encouraging the
formation of Al and Fe precipitates in the alkaline environment. Unlike the individual
impact from chemical clogging, the bio-geochemical armouring and clogging inside the
granular limestone assembly were significant. The results showed that the
nonhomogenous bio-geochemical clogging towards the outlet reduced the hydraulic
conductivity at the inlet by 80%, but without iron oxidising bacteria (Acidothiobacillus
ferrooxidans), this reduction was only 60%. Unlike the waste materials used in previous
studies, fresh limestone offered a more consistent reactivity in a predictable manner,
making the chemical treatment economical and environmentally friendly, apart from
facilitating the numerical simulations to be more reliable.
i

A pilot-scale PRB was installed in acid sulphate soil at a location 100 km south of Sydney,
Australia in 2006 because the groundwater at this site was reportedly polluted by leaching
acidity, Al and Fe due to pyrite oxidation. Acid neutralising and contaminant removal
from groundwater by this PRB has been monitored since its installation. Past UOW
researchers collected data during the first nine years (2006-2015), while this study
includes data collected during the last four years (2016-2019). A comprehensive analysis
of these data over the past 13 years helped to identify the long-term treatment patterns of
the field-scale granular concrete assembly. The quality of the effluent generated by the
PRB continuously met the standards set by regulatory agencies, even though the water
quality at the PRB upgrade was inconsistent due to the changes in weather conditions.
Signs of armouring and clogging of the aggregates at the inlet was noted during this study
and confirmed by laboratory observations
An innovative numerical approach was developed to simulate the performance and
longevity of a PRB that will be affected by bio-geochemical clogging; this novel
computational model affirmed the treatability and reactivity of limestone. Based on the
model predictions, a new PRB was designed for the acidic terrain at the Shoalhaven site;
this proposed PRB will have a life span of about 16 years based on its ability to remove
acidity, Fe and Al. The model introduced in this study can be extended to evaluate the
behaviour of any other granular structure, given the accurate chemical and biological
reactions incorporated into the model via specific finite-difference software codes such
as MODFLOW and RT3D.
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Introduction
1.1 General background
Groundwater acidity resulting from pyrite (FeS2) oxidation in Acid Sulphate Soil (ASS)
terrains is a catastrophic environmental issue in many coastal regions around the world.
Low lying acidic coastal belts are often exposed to the atmosphere due to lowering of the
phreatic surface in dry seasons and artificial draining due to the development of
infrastructure and agriculture. This leads to the oxidation of shallow layers of pyrite and
the production of sulfuric acid in the soil which reduces the pH below three and increases
the solubility of the toxic heavy metals (White et al. 1997) often encountered in pyritic
floodplains (Indraratna et al. 2001) and mining environments (Benner et al. 1999). In
Australia, since the early 1960s, the problematic nature of acid sulphate soil has been
addressed by many researchers due to the substantial environmental and socio-economic
complications which arose when acidic soil leached into the water bodies (Bigham &
Nordstrom 2000).
As sulphuric acid mixes with groundwater the high concentrations of heavy metals such
as Iron (Fe), Zinc (Zn), Aluminium (Al), Nickel (Ni) and Manganese (Mn)
(Claff et al. 2011) pose severe challenges for floodplain management due to their
detrimental effects on agriculture and aquaculture such as damage to river ecosystems,
retarded plant growth and fish diseases (Sammut et al. 1996), as well as acidic damage to
steel and concrete infrastructure (Groeger et al. 2008). At present, acid sulphate soils have
affected more than 260000 hectares of land in NSW, of which almost 150000 hectares is
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used for agricultural production, causing over more than several million dollars of damage
per year (DPIE 2019).
Several solutions have been tried to control the generation of acidic groundwater and
mitigate its adverse impacts, particularly concentrations of dissolved heavy metals
(Evangelou & Zhang 1995; Indraratna et al. 2005; Indraratna et al. 2017; Indraratna et al.
2001; Mulligan et al. 2001). The UOW ASS research team trialled different approaches
over the last two decades in the pyritic terrain in the Shoalhaven area at Bomaderry
(340 49` S, 1500 39`E), Southeastern NSW (Blunden and Indraratna 2000; Glamore and
Indraratna 2004; Indraratna et al. 2017; Medawela et al. 2018). The principle approach
trialled in the Shoalhaven floodplain, with some success, was to maintain the groundwater
table at a level that would hinder the oxidation of the shallow pyrite layer by keeping it
submerged. This was carried out by manipulating the water table using fixed level
(V-notch) weirs and self-regulating (tilting) weirs. Modified two-way flood gates allowed
tidal buffering, i.e. transportation of alkaline ions in seawater, such as CO3- and HCO3by tides throughout the estuaries (Indraratna et al. 2009). While these methods raised the
groundwater level enough to impede acid production in pyritic floodplains, they also
increased the risk of flooding and could not remove heavy metal contaminants. Chemical
ground treatment by injecting lime-fly ash (Indraratna et al. 2006) was also trialled
successfully as a localised treatment, but it promoted excess lime leaching to the adjoining
waterways. Thus, finding an alternative solution for acid sulphate soil remediation
without elevating the risk of flooding or affecting the soil chemical environment was an
absolute necessity.
A Permeable Reactive Barrier (PRB) was installed in the Shoalhaven floodplain using
recycled concrete aggregates as an alkaline fill (Golab et al. 2006a). A PRB is an in-situ
2

engineered geostructure which intercepts and filters a contaminant plume; typically, it is
a trench constructed as a subsurface treatment zone filled with granular material
(Gavaskar 1999). Based on the batch tests and short term column experiments
(Regmi et al. 2011), a prototype PRB was installed in 2006. The ideal location of the PRB
was determined based on computational modelling of the site`s groundwater hydraulics
to maximise the catchment area (Golab et al. 2006a). The findings from previous projects
demonstrated that a PRB did not raise the groundwater level, while its alkaline aggregates
directly neutralised the acidic groundwater flowing through it and reduced the amount of
dissolved Al and Fe concentrations of effluent water to acceptable levels
(Indraratna et al. 2009).
However, despite better treatability, PRB technology also has some restraints that hinder
its full potential, mainly the clogging of the reactive porous matrix which reduces the
longevity of the barrier (Indraratna et al. 2014b; Li & Benson 2005). An engineered
method should be developed to evaluate this internal depletion of the reactive media
inside the PRB, so that better criteria are available to predict the longevity of the PRB
during its design phase ensuring economical and environmentally-safe design.

1.2 Scope of the study
In most of the research into Permeable Reactive Barriers, the significant uncertainties
currently being addressed are the longevity and enduring capacity of the system
(Gu et al. 1999; Pathirage 2014; Scherer et al. 2000). Even though several studies have
suggested lifetimes for PRBs filled with various reactive materials based on laboratory
experiments and small field investigations (Gillham & O'Hannesin 1994; Indraratna et al.
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2014b; Regmi et al. 2009), more attention is needed to predict actual field degradation,
especially during the design stage of large scale industrial applications.
Despite the satisfactory performance of PRBs in recent field applications
(Banasiak & Indraratna 2012; Regmi et al. 2009; Wilkin et al. 2003), there are still many
limitations which reduce the efficiency of the barrier due to physical, chemical, and
biological processes such as sorption of solutes, radioactive decay, dissolution of NAPLs
(Non-Aqueous Phase Liquids), precipitation or dissolution of minerals, and biological
reactions that occur in the reactive materials inside the PRB and influent groundwater
(Berlin et al. 2015; Thullner 2001). Among these limitations, clogging and armouring of
PRB reactive media due to precipitation of minerals is the primary deterrent discussed in
several past studies, and indeed is still being researched (Li et al. 2006a). These are critical
influences on the durability of PRBs because occlusion in the void spaces and material
coating can significantly alter hydraulic properties of the subsurface porous medium,
especially its porosity, hydraulic conductivity, and dispersivity (Berlin et al. 2015;
Indraratna et al. 2014b; Rice 1974; Scherer et al. 2000; Thullner 2001).
While the chemical clogging of PRBs in acid sulphate soils has been studied extensively
by Indraratna et al. (2014b), Pathirage (2014) and Pathirage and Indraratna (2015), they
ignored the biological clogging component in their geochemical model developed to
assess the life span of a PRB. Bacterial activities in acidic terrains are critical because
acidophilic bacteria groups found in acidic soil catalyse the pyritic oxidation
(Nordstrom 1982) which is generally a slow chemical reaction when driven only by
atmospheric oxygen. The accelerated oxidation of iron due to this bacterial involvement
increases the amount of precipitates in the granular assembly, which causes the pores to
clog faster. However, the continuous supply of nutrients by a contaminated groundwater
4

plume

(e.g. Fe2+) stimulates bacterial growth within the PRB and causes the additional

biomass to clog the pore space (Dupin & McCarty 2000). These two principal biotic
activities are likely to enhance the precipitation rates and reduce the pore volume, which
then impacts on the acid neutralising capacity of the PRB. Several researchers have
emphasised the role that bacteria plays in reducing the hydraulic conductivity of granular
structures (Cooke et al. 2005; Rowe et al. 2002; Taylor & Jaffé 1990a, 1990b; Taylor et
al. 1990). Therefore, the evaluation of the biological clogging of porous media is
significant in geotechnical/geo-environmental engineering disciplines such as PRBs.
In this study, bacterial activities and their contribution to clogging the porous media have
been analysed in-depth. The macroscopic properties of porous media such as porosity and
hydraulic conductivity reductions were observed experimentally and numerically in an
engineered way to quantify biological clogging. Furthermore, the hybrid influence of
chemical and biological clogging was interpreted through a novel computational
approach in this research.

1.3 Research problem and significance of the study
Indraratna et al. (2014b) developed a time-dependent porous flow model to evaluate the
retention of particles in porous media due to chemical precipitation, but this model had
to be extended to include biological clogging in order to predict the longevity of a PRB.
If the bio-clogging component is not tended, the predictions made on performance and
the life span of a PRB would be erroneous and thus lead to environmental and economic
issues.
Laboratory experiments are needed to identify the mechanism of biological clogging and
how it helps to accelerate the formation of chemical precipitates. The results of long term
5

column experiments were used to identify a novel PRB material (limestone), and also
help to calibrate the newly developed analytical model for the hydraulic head at that point
on the porous media which is continuously in contact with a contaminated plume. The
analytical model was used to evaluate the kinetic rate coefficients of chemical and
biological reactions that occurred in the laboratory scale; they were then scaled up to field
scale using dimensional analysis. These up-scaled reaction kinetics were then applied in
a coupled MODFLOW and RT3D user-defined reaction module via FORTRAN
subroutines to predict the performance and longevity of a PRB.
During the design stage of a new PRB, the above numerical approach was used to foresee
the quality of effluent water and overall clogging inside a particular granular assembly.
The optimum PRB dimensions were determined based on model results. A significant
outcome of the current study led to the recent installation of a new pilot-scale PRB in the
Shoalhaven floodplain, NSW. In this new PRB, limestone was introduced as a novel
alkaline material because the long term laboratory experiments confirmed its efficiency
in the treatment of acidic water.
This study is significant because the novel bio-geochemical model will help practising
engineers and scientists who deal with acid sulphate soils, especially in coastal areas of
Australia, to minimise any adverse environmental impacts. Furthermore, by introducing
the relevant chemical and biological reaction, the model can be modified to evaluate the
clogging of porous media in different applications such as blocked drains and the clogging
of other filter media.
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1.4 Research Aims and Objectives
The main aim of the study is to develop a rational model to describe and predict the
geo-hydraulic behaviour of a granular assembly by capturing the chemical and biological
mechanisms of clogging. The objectives are as follows:
1. Understand the process of biological clogging in granular media based on
laboratory column experiments.
2. Develop an advanced bio-geochemical computational model that will represent
time-dependent clogging and the coupling of geo-hydraulic, geochemical, and
biological processes.
3. Propose a design criterion for evaluating the effectiveness and longevity of PRB
based on the analytical and numerical models.
4. Analyse the performance of an existing PRB using real-time monitoring and the
systematic testing of specimens obtained from the field over time.

1.5 Expected practical outcomes
•

Suggest a better reactive material for PRBs in acid sulphate soil terrains that
would release its alkalinity for an extended period despite any excessive
chemical and biological clogging in the porous matrix.

•

A numerical model with accompanying software that practising engineers can
use as a PRB design tool and also evaluate the performance of PRBs for
industrial applications.

•

Design a new pilot-scale PRB using the novel numerical approach established
in this study, and also use the proposed reactive material in PRB construction
in the field.
7

1.6 Thesis outline
This dissertation is organised in seven chapters, as follows.
Chapter 1 is an introduction to the thesis and a general background of the study. It includes
a problem statement, the originality and objectives of this research, and gives an outline
of the structure of this dissertation.
Chapter 2 reviews the general background information available for acid sulphate soils,
including their formation and distribution. It describes the biologically catalysed pyrite
oxidation, which causes environmental and infrastructure failure. Moreover, Chapter 2
describes the negative impacts of groundwater acidity and soil-water management
strategies practised in low-lying acid sulphate soil floodplains in Australia. Permeable
Reactive Barrier (PRB) technology, which is now proven to be an appropriate remedial
measure is discussed in detail. Chapter 2 also describes the study site where previous
UOW researchers trialled several remedial measures for managing the groundwater
acidity. Investigations of the soil and groundwater chemistry at the study site and the
procedure for constructing a pilot-scale PRB are explained. This chapter also explores the
microbial transport mechanisms in porous media, including previous laboratory and field
investigations of the biotic involvement in varying the subsurface geo-hydraulic
properties. It includes a discussion on categorising bio-clogging mechanisms
incorporated in numerous mathematical expressions developed in past studies.
Chapter 3 outlines the extensive experimental program used in the current study to
calibrate the novel analytical model. Long term laboratory column experiments are
needed to investigate the potential of limestone as a new material in a real-life PRB. This
chapter presents the results of column tests which simulated the flow of groundwater
8

along the centreline of a field PRB in terms of acid neutralising by limestone and its
contaminant removal properties. Biochemical clogging inside a granular limestone
assembly was analysed based on experimental evidence, and this led to assess the
reductions in hydraulic conductivity and porosity in a porous matrix.
Chapter 4 describes the recent extension of the existing PRB using the new reactive media
identified in the column experiments. Moreover, Chapter 4 outlines the comprehensive
monitoring program carried out at the PRB site over the past 13 years. The quality of upgradient water, the treatment patterns of the waste concrete granular assembly, and the
quality of downgradient water are discussed in detail. Variations in the pH, concentrations
of toxic heavy metals and bacteria, as well as rainfall data and depth of the water table
are plotted based on the data obtained from observation wells, data loggers, and
piezometers. The characteristics of the PRB effluent were analysed to ensure they meet
local standards.
Chapter 5 elucidates the mathematical model formulation which involves the
development of a novel bio-geochemical algorithm and mathematical expressions for
time varied porosity, hydraulic conductivity, and a one-dimensional analytical solution to
the conventional flow equation which describes transient flow through porous media.
This chapter also describes the adoption of upscaling methods to convert laboratory rate
kinetics to the field scale needed when designing a real-life PRB.
Chapter 6 explicates the use of MODFLOW and RT3D software codes in analysing the
quality of PRB effluent water and determining its longevity. Modified FORTRAN
subroutines introduce the bio-geochemical algorithm into the finite difference model
domain. This chapter explains how the up-scaled kinetic rate coefficients are incorporated
9

in a user-defined reaction module and how to determine the optimum lifespan of a PRB,
including the correct time for rejuvenating the inlet materials. This chapter also compares
previous numerical models and the current model to identify the significance of the
innovative bio-geochemical reactive transport model.
Chapter 7 concludes the comprehensive research work presented in all the above chapters
of this dissertation. It then provides recommendations for future research which will fill
the gaps in the analysis of complete clogging mechanisms in PRBs. This chapter
highlights the innovations and achievements made while analysing the bio-geochemical
clogging of PRBs, and how to extend the research outcomes to related geotechnical and
geo-environmental problems.
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Literature Review
2.1 Introduction
Acid Sulphate Soil (ASS) occurs sporadically in coastal plains all over the world. Acidic
soils have a low pH and consist of sulfidic materials; mostly pyrite (FeS2).

The

acidification of land due to pyrite oxidation is a major geo-environmental problem. This
chapter provides background information on the formation of pyritic sediments and the
chemical and biological oxidation mechanism which contaminates the soil and water.
Acid sulphate soils have harmed the natural and human-made environment, thus
encouraging methods of neutralising the acidity of land and water, while removing toxic
metal cations. Permeable Reactive Barriers (PRBs) are one of the more promising
technologies other than traditional approaches, and this chapter reviews PRB
configurations and past applications, reactive materials and longevity. It also presents
details of a pilot-scale PRB installed in the lower Shoalhaven floodplain in Southeastern
NSW. The soil properties and groundwater characteristics of the study site are explained.
The growth kinetics of a particular group of iron oxidising bacteria (Acidothiobacillus
ferroxidans) is outlined in this chapter because this bacterial strain has been identified as
a catalyst in the pyrite oxidation process, and because it contributes to the clogging of
porous granular media in PRBs apart from the accumulation of solid particles and mineral
precipitates. The role of bacteria in PRB clogging is a new research area, whereas
biological clogging in other waterlogged soils and aquifer materials has been studied for
decades (Baveye et al. 1998), albeit the focus was mainly on wastewater treatment units
(Dupin & McCarty 2000). While PRB clogging mechanisms were quantified from a
chemical perspective previously, the biological effects should be combined in the analysis
11

so that the total reduction in porosity in PRB reactive material can be interpreted
accurately. The current study is a thorough examination and computation of the role of
Iron Oxidising Bacteria (IOB) in clogging of PRBs. This chapter reviews biological
clogging mechanisms in granular media. It includes the primary approaches used to
incorporate biological clogging in mathematical models and the governing equations
developed by previous researchers for synthetic porous media.

2.2

Acid Sulphate Soils

Natural soils which contain iron sulphides, i.e. inorganic sulphur compounds
(most commonly Pyrite - FeS2) that are in an oxidisable or partially oxidised state are
more prone to oxidise when they open to the atmosphere. Sulphides oxidise to form
sulphuric acid (H2SO4), and hence the soil acidity increases with a pH as low as 3.5, and
then it leaches into the subsurface and nearby waterways and causes devastating
environmental failures (Indraratna et al. 2017; Mosley et al. 2014; Sammut et al. 1996;
White et al. 1997). Acid Sulphate Soil (ASS) is the common name given to these oxidised
soils or sediments.
ASS was first found in drained inland polders in the Netherlands and then observed
worldwide since the 17th century (Van Beers 1962). According to Dent (1986), Holocene
age sulphidic sediments were formed in estuarine lowlands about 18000 years ago,
following the major rise in the sea level. Acid sulphate soils have been observed in coastal
regions (Dent 1986; Dent & Pons 1995; Indraratna et al. 2002; Nystrand et al. 2016; Pons
1973; Wong et al. 2010) and acid mine drainage locations (Bigham et al. 1996; Brady et
al. 1986; Kim 2015; Lin et al. 2007) mostly in Finland, Sweden, Australia, China,
Southeast Asia, and Africa. There are about 15 million ha of acid sulphate soils
12

worldwide, of which almost 10 million ha is found in the tropical regions
(Andriesse & Van Mensvoort 2006). In Australia, about 5.8 million ha of ASS occurred
mostly in low-lying estuaries and embayments (Fitzpatrick et al. 2010) along the eastern,
northern, and western coasts (Walker 1972; White et al. 1997). The primary iron sulphide
in coastal Australia is Pyrite (FeS2), whereas other sulphidic minerals such as FeS, Fe2S4,
and organic sulphides also exist at minor concentrations (Bush & Sullivan 1997).
Researchers previously assumed that acid sulphate soil in Australia was primarily
restricted to the coastal ecosystems, but further research led to the discovery of ASS in
inland water bodies including creeks, rivers, drainage channels, lakes and in wetlands
(Schweizer et al. 2011). The distribution of ASS in Australia and NSW is shown in
Figures 2.1 and 2.2.
Deposits of ASS generally consist of two different layers, the Actual Acid Sulphate Soil
(AASS) layer and the Potential Acid Sulphate Soil (PASS) layer. AASS is the upper layer
of soil or sediments in which the oxidation of iron sulphides produces sulphuric acid. This
layer is developed when the Acid Neutralisation Capacity (ANC) of soil exceeds the
quantity of sulphuric acid produced, to the extent whereby the soil pH drops below 4
(Fanning 2002; Pons et al. 1982). Although the composition of iron sulphides or other
sulfidic minerals in the PASS layer are similar to the AASS, those sulphidic materials in
PASS have not undergone the oxidation reactions; thus this layer of soil or the sediment
poses no danger to the environment (Lin & Melville 1993). In general, actual and
potential ASS are found in the same soil profile, with the AASS overlying the PASS. The
term Acid Sulphate Soils (ASS) is generally applied to both these soil layers
(Pons et al. 1982).
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Figure 2.1: Distribution of Acid Sulphate Soils (ASS) in Australia (ASRIS 2013)

Figure 2.2: Distribution of ASS in NSW (White et al. 1997)
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2.3

Formation of Acid Sulphate Soils
Pyrite formation

Acid sulphate soils develop as a result of draining the dominant sulphides such as pyrite
(cubic FeS2) and pyrrhotite, or other ferrous sulphide phases such as chalcopyrite,
arsenopyrite, greigite, and mackinawite, which are the most abundant Fe sulphide
minerals in nature (Bigham & Nordstrom 2000). Figure 2.3 describes the process of ASS
formation. The formation of sulphides in coastal environments requires four conditions;
a source of sulphate, a supply of decomposable organic matter, an adequate supply of
iron-rich sediments, and generally anaerobic conditions together with reducing microbes
(White et al. 1997). These conditions occur in wave-protected mangroves and salt
marshes, mud basins and estuary floodplains, outer barrier tidal lakes, saltwater lakes,
coastal flood plains, estuaries, saline wetlands and other areas that can accumulate organic
debris and anaerobic sediments (Lin & Melville 1993; Sammut et al. 1996). Seawater is
the source of sulphate because the flooding of shallow lands by brackish water encourages
an abundant supply of dissolved SO42-. Sulphate deposits are reduced by the
microbiological activities in the presence of decaying organic matter, to form sulphides
in the soils (Glamore & Indraratna 2001). When drainage brings oxygen, the sulphidic
minerals oxidise to form sulphuric acid.
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(a)

(b)

(c)

Figure 2.3: Formation and accumulation of ASS
(Schweizer et al. 2011)
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Iron in coastal clays is generally found in the form of iron oxides (Fe2O3 -Hematite),
oxyhydroxides (FeOOH- Goethite) and hydroxides (Blunden & Indraratna 2000). The
growth of reducing microbes (Sulphate Reducing Bacteria-SRB) is enhanced in the
submerged areas due to regular tidal inundation, excess rainfall, and extended water
retention times. In marshy lands and tidal swamps, bacterial activity leads to the formation
of pyrite (FeS2), as the SO42- (Equation 2.1) and Fe2O3 (Equation 2.2) are reduced by the
decomposable organic matter (Dent 1986; Bohn 1989; Dent & Pons 1995). SRBs use
sulphate (SO42), instead of oxygen in respiration.
𝑆𝑆𝑆𝑆𝑆𝑆

2−
−
𝑆𝑆𝑆𝑆4(𝑎𝑎𝑎𝑎)
+ 2𝐶𝐶𝐶𝐶2 𝑂𝑂(𝑠𝑠) �⎯� 𝐻𝐻2 𝑆𝑆 + 2𝐻𝐻𝐻𝐻𝐻𝐻3(𝑎𝑎𝑎𝑎)
1
2

𝑆𝑆𝑆𝑆𝑆𝑆

2−
𝐹𝐹𝐹𝐹2 𝑂𝑂3(𝑠𝑠) + 4𝑆𝑆𝑆𝑆4(𝑎𝑎𝑎𝑎)
+ 8𝐶𝐶𝐶𝐶2 𝑂𝑂 + 𝑂𝑂2 �⎯� 𝐹𝐹𝐹𝐹𝐹𝐹2(𝑠𝑠) + 8𝐻𝐻𝐻𝐻𝐻𝐻3− + 4𝐻𝐻2 𝑂𝑂

(2.1)

(2.2)

In Equation 2.2, 𝐻𝐻𝐻𝐻𝐻𝐻3− remains soluble and is often leached out from the soil by tidal

flushing. Low concentrations of 𝑂𝑂2 are added by tidal flushing to complete the pyritising
of 𝑆𝑆𝑆𝑆42− . 𝑂𝑂2 also can remove 𝐻𝐻𝐻𝐻𝐻𝐻3− in the soil and thus maintain acidic conditions

required for the formation of pyrite (Pons et al. 1982). The 𝐻𝐻2 𝑆𝑆 formed in Equation 2.1
reacts with metal ions such as iron oxides and oxyhydroxides, and produce several

sulphides such as mackinawite (FeS), greigite (Fe3S4) and pyrite (FeS2), which is the most
abundant iron sulphide on the earth’s surface (Equations 2.3). This process occurs under
anaerobic conditions (Rickard & Luther 2007).
𝑆𝑆𝑆𝑆𝑆𝑆

3𝐻𝐻2 𝑆𝑆 + 2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑠𝑠) �⎯� 𝐹𝐹𝐹𝐹𝐹𝐹(𝑠𝑠) + 𝐹𝐹𝐹𝐹𝐹𝐹2(𝑠𝑠) + 4𝐻𝐻2 𝑂𝑂(𝑙𝑙)

(2.3)
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In the presence of moisture, ion sulphides that are formed in Equations 2.2 and 2.3 are
further oxidised and make the soil and water more acidic, as explained in the next section.
Figures 2.4(a) and (b) are SEM images of the unoxidised and oxidised structure of FeS2.

(a)

(b)

Figure 2.4: Scanning Electron Micrograph (SEM) of (a) unoxidised pyrite
structure (b) oxidised pyrite sample (Paulsen et al. 2004)
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Pyrite oxidation by atmospheric oxygen
Pyrite (FeS2) is a chemically inert material when submerged under the water table, so it
will not harm the environment unless disturbed. Pyrite tends to oxidise when the
groundwater table is lowered during droughts, and the soil terrains are drained for
agricultural and infrastructure development. For instance, pyrite layers are exposed to the
atmosphere by surface drains and flood gates that used in low-lying coasts to prevent the
land from flooding (Indraratna et al. 1999; Sammut et al. 2010; White et al. 1997). Pyrite
oxidation is a combination of several chemical and biological reactions such as oxidationreduction reactions, hydrolysis, complex ion formation, as well as solubility control and
kinetic effects. Due to its complexity, some aspects of pyrite oxidation are still not clearly
understood, and some questions remained unsolved. According to Nordstrom (1982), the
overall process describing pyrite oxidation does not generally take place in one step; the
entire process takes several steps. The first step in the breakdown of metal sulphide in an
aqueous solution is the dissolution of the metal and the oxidation of sulphide to neutral
sulphur. Breakdown of pyrite in an aqueous environment when the pH ≤ 3 is (acidic
environments) is given by Equation 2.4 (Nordstrom 1982).
2+
0
𝐹𝐹𝐹𝐹𝐹𝐹2(𝑠𝑠) → 𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 𝑆𝑆(𝑠𝑠)
+ 2𝑒𝑒 −

(2.4)

In neutral to basic solutions, the breakdown process is given by Equation 2.5.
0
𝐹𝐹𝐹𝐹𝐹𝐹2(𝑠𝑠) + 2𝐻𝐻2 𝑂𝑂(𝑙𝑙) → 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3(𝑠𝑠) + 𝑆𝑆(𝑠𝑠)
+ 3𝐻𝐻 + + 3𝑒𝑒 −

(2.5)

For the oxidation of pyrite, the oxidising agent in water is dissolved oxygen, because the
only other likely oxidant, Fe3+ is highly insoluble when pH > 3.5. Thus, the reduction of
pyrite proceeds through the following steps.
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When pH > 4,
In lower pH values,

𝑂𝑂2 + 2𝐻𝐻 + + 𝑒𝑒 − → 𝐻𝐻2 𝑂𝑂2

𝑂𝑂2 + 𝑒𝑒 − → 𝑂𝑂2−

(2.6)
(2.7)

Thus, the initial oxidation-reduction reaction of pyrite in water and atmosphere can be
explained by combining Equations 2.4 to 2.7 as,
2+
𝑜𝑜
𝐹𝐹𝐹𝐹𝐹𝐹2(𝑠𝑠) + 𝑂𝑂2 + 2𝐻𝐻 + → 𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 𝑆𝑆2(𝑠𝑠)
+ 𝐻𝐻2 𝑂𝑂2

(2.8)

The resultant products of reaction 2.8 are highly unstable and are either rapidly oxidised
or decomposed. First, the neutral sulphur remains on the pyrite surface while the ferrous
ions leach out from the surrounding lattice sites. However, since this sulfur-rich surface
gradually becomes unstable, neutral sulphur is either reorganised into elemental sulphur
such as 𝑆𝑆8 rings, or is disrupted into a solution such as dimers, which is highly unstable,

to rapidly form sulphate in the presence of a reliable oxidising agent (Equation 2.9).
𝑜𝑜
+
2−
𝑆𝑆2(𝑠𝑠)
+ 3𝑂𝑂2(𝑎𝑎𝑎𝑎) + 2𝐻𝐻2 𝑂𝑂 → 2𝑆𝑆𝑆𝑆4(𝑎𝑎𝑎𝑎)
+ 3𝐻𝐻(𝑎𝑎𝑎𝑎)

(2.9)

Fe2+ generated in Equation 2.8 rapidly oxidises to soluble Fe3+ in acidic water (pH < 3.5)
as described in Equation 2.10. The resultant Fe3+ hydrolyses to form ferric hydroxide
(Fe(OH)3), which is insoluble at a pH greater than 3.5. This reaction produces three moles
of acid (Equation 2.11).
2+
𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+

1

1

+
3+
𝑂𝑂
+ 𝐻𝐻(𝑎𝑎𝑎𝑎)
→ 𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 2 𝐻𝐻2 𝑂𝑂
4 2(𝑎𝑎𝑎𝑎)

3+
+
𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 3𝐻𝐻2 𝑂𝑂 ↔ 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3(𝑠𝑠) + 3𝐻𝐻(𝑎𝑎𝑎𝑎)

(2.10)
(2.11)
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In favourable acidic condition (pH < 3.5) the Fe3+ produced in Equation 2.10 is soluble
so that it can be released into water bodies, i.e. to soil pore water, groundwater, and
drainage water, even at considerable distances from the source of the pyrite. Thus, the
acidity of the pore water increases beyond the acid buffering capacity of clays (Indraratna
et al. 2001; Sammut et al. 1996; Willett et al. 1992).
The complete pyrite oxidation can be expressed by combining Equations 2.8 to 2.11, as
described in Equation 2.12 (Dent 1986). When one mole of 𝐹𝐹𝐹𝐹𝐹𝐹2(𝑠𝑠) is oxidised, 4 moles
of acid are produced.
𝐹𝐹𝐹𝐹𝐹𝐹2(𝑠𝑠) +

15
4

7

𝑂𝑂2(𝑎𝑎𝑎𝑎) + 2 𝐻𝐻2 𝑂𝑂(𝑙𝑙) → 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3(𝑠𝑠) + 2𝑆𝑆𝑂𝑂4(𝑎𝑎𝑎𝑎) 2− + 4𝐻𝐻 + 𝑎𝑎𝑎𝑎

(2.12)

The oxidation of Fe2+ to Fe3+ with atmospheric oxygen is a rate-limiting step (Stumm &
Morgan 1970), and a very slow process in acidic conditions (pH ~3). Nevertheless,
particular groups of micro-organisms present in the pyritic environment catalyse the
pyrite oxidation process (Arkesteyn 1980; Nemati et al. 1998; Nordstrom 1982; Olem &
Unz 1977; Rawlings 2002) as elaborated in the next section.
The involvement of bacteria in pyrite oxidation
Biological organisms are essential mediators in the geochemistry of acid sulphate soils
(Nemati & Webb 1997). Several types of bacteria catalyse the oxidation of Fe2+, but only
the acidophiles have been shown to unequivocally derive energy from the process
(Baveye et al. 1998). Coastal terrain with pyritic soil and acidic mine waters are enriched
with populations of bacteria of the genus Acidothiobacillus (Nordstrom 1982; Olem &
Unz 1977). Three of the main species of genus Acidithiobacillus have been isolated from
acid mine wastes. i) Acidithiobacillus ferrooxidans: Oxidises ferrous, pyrite and sulphur
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ii) Acidithiobacillus thiooxidans: Oxidises only sulphur and pyrite iii) Acidithiobacillus
acidophilus: A facultative autotroph which grows either on inorganic or organic
substrates. It oxidises sulphur but not ferrous, and it cannot oxidise pyrite unless it is in a
mixed culture. All these ubiquitous bacteria are acidophilic, and optimal growth
conditions occur in a pH of 2 to 3, given that they can survive in pH values as high as 6
and 7. Of these three species, Acidothiobacillus ferrooxidans is the ascendant organism
that catalyses the acid production of soil and water.
2.3.3.1 Acidothiobacillus ferrooxidans
The ability of Acidothiobacillus ferrooxidans to oxidise minerals was first discovered by
Colmer and Hinkle (1947). It can oxidise a number of sulphide minerals such as pyrite,
chalcopyrite, galena, sphalerite, and pentlandite (Devasia et al. 1993). Much evidence can
be found in the literature to prove that the At. ferrooxidans and oxidation of ferrous are
related (Rawlings 2002). During the current study, the effect that this particular type of
bacteria has on granular media clogging during the treatment of acidic groundwater was
analysed. A summary of the growth kinetics of At.ferrooxidans is provided below.
At.ferrooxidans are gram-negative non-sporulating rods that are 0.5- 0.6 μm wide and
1-2 μm long. Figure 2.5 is an electron photomicrograph (Olem & Unz 1977) of these iron
oxidising bacteria with round ends that occur singly or in pairs, rarely in short chains
(Nemati et al. 1998). Carbon dioxide (CO2), Nitrogen (N) and Phosphorus (P) are required
for cellular growth of At.ferroxidans with the trace minerals K, Mg, Na, Ca and Co
(Jensen & Webb 1995). At.ferrooxidans obtain their energy for growth and maintenance
by oxidising inorganic ferrous (electron donors) and sulphur compounds (e.g., pyrite)
(Bacon & Ingledew 1989; Nemati et al. 1998).
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Figure 2.5: Electron photomicrograph showing strains of ion-oxidising bacteria
isolated from iron solids (Olem and Unz, 1977)
At.ferrooxidans produce sulphuric acid as a by-product during the oxidation of sulphidic
minerals. According to some researchers, the activity of At.ferrooxidans ceases when
oxygen depletes (Jaynes et al. 1984a; Nemati et al. 1998), whereas others acknowledge
the

possibility

of

these

bacteria

catalysing

anaerobic

oxidation

processes

(Nordstrom 1982, Pronk et al. 1992). Therefore, these bacteria are facultative with respect
to their oxygen requirements, but if a substitute electron acceptor such as Fe3+ is present,
they do not require an oxygen source. The ability of At.ferrooxidans to use Fe3+ as an
electron acceptor for elemental sulphur oxidation was first demonstrated by Brock and
Gustafson (1976). It was then confirmed experimentally by Pronk et al. (1992) who
showed that this process could support autotrophic growth under anaerobic conditions.
Thus, it is expected that pyrite oxidation would continue by a microbial mediator under
low or even undetectable concentrations of oxygen in the subsurface.
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The ability of At.ferrooxidans to oxidise Fe2+ depends mainly on the pH, temperature,
and concentrations of Fe2+ and Fe3+ (Nemati et al. 1998). This growth can take place with
a pH between 1.5 to 6 and with an optimum between 2-2.5 (Devasia et al. 1993; Nemati
et al. 1998; Rawlings 2002). The acidophiles do not usually survive above a pH of 6.5 or
below a pH of 1 (Leduc & Ferroni 1994). A temperature between 20°C and 40°C
promotes the growth of At.ferrooxidans and the optimal temperature that supports iron
oxidation is around 33°C. The rate of growth and oxidation decreases rapidly above the
optimal temperature (Jaynes et al. 1984b; Nemati et al. 1998). On the other hand,
MacDonald and Clark (1970) emphasised that the optimum temperature that supports this
bacterial growth is pH-dependent, showing a lower optimum temperature with a
decreasing pH. When the ferrous in the substrate was exhausted, Silverman and Lundgren
(1959) noticed a decline in the growth of this type of bacteria. Kelly and Jones (1978)
reported that the rate of oxidation increased up to a maximum concentration of Fe2+ of
5.6 kg/m3, beyond which the oxidation rates were low. Barron and Lueking (1990)
observed a similar trend, whereby the limiting concentration of Fe2+ was 2-3 kg/m3. A
constant oxidation rate was observed for the ferrous range of 2.2 to 6.3 kg/m3 by Okereke
and Stevens (1991).
2.3.3.2 Pyrite oxidation by At. ferrooxidans
Observations in laboratory experiments support the presence and active involvement of
At. ferrooxidans in accelerating the oxidation of dissolved Fe2+ by five to six orders of
magnitude more than the inorganic oxidation rate by atmospheric or dissolved oxygen,
and rapidly regenerate ferric ions in the system (Arkesteyn 1980; Nordstrom 1982;
Rawlings 2002). The following equations express bacterial involvement in pyrite
oxidation.
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2+
𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+

1
4

𝐴𝐴𝐴𝐴.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

1

+
3+
𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐻𝐻(𝑎𝑎𝑎𝑎)
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 2 𝐻𝐻2 𝑂𝑂

(2.13)

According to Suzuki et al. (1990), bacterial leaching of metals from sulphide ores by the
bacteria group Acidothibacillus ferrooxidans involves not only ferrous iron oxidation to
ferric iron but also the oxidation of sulphide or the sulphur portion of sulphide minerals
to sulphuric acid (Equation 2.14)
3

𝐴𝐴𝐴𝐴.𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

0
𝑆𝑆(𝑠𝑠)
+ 2 𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐻𝐻2 𝑂𝑂 �⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝐻𝐻2 𝑆𝑆𝑆𝑆4

(2.14)

Reduction of Fe3+ by Acidothibacillus ferrooxidans is expressed by the following
equations (Suzuki et al. 1990).
𝐴𝐴𝐴𝐴.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

2+
0
3+
+
𝑆𝑆(𝑠𝑠)
+ 4𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 3𝐻𝐻2 𝑂𝑂 �⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝐻𝐻2 𝑆𝑆𝑆𝑆3 + 4𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 4𝐻𝐻(𝑎𝑎𝑎𝑎)
𝐴𝐴𝐴𝐴.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

2+
3+
+
𝐻𝐻2 𝑆𝑆𝑆𝑆3 + 2𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 𝐻𝐻2 𝑂𝑂 �⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝐻𝐻2 𝑆𝑆𝑆𝑆4 + 2𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 2𝐻𝐻(𝑎𝑎𝑎𝑎)

(2.15)
(2.16)

Overall,

𝐴𝐴𝐴𝐴.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

2+
0
3+
+
𝑆𝑆(𝑠𝑠)
+ 6𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 4𝐻𝐻2 𝑂𝑂 �⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝐻𝐻2 𝑆𝑆𝑆𝑆4 + 6𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 6𝐻𝐻(𝑎𝑎𝑎𝑎)

(2.17)

After the initiation of pyrite oxidation by atmospheric oxygen, and once the Fe3+ is
produced according to Equation 2.10, under the influence of bacteria, these Fe3+ can
oxidise pyrite at low pH faster than by O2 according to Equation 2.18 (Olem & Unz 1977;
Stumm & Morgan 1970). Thus, the role of bacteria in pyrite oxidation is the production
of Fe3+ that will oxidise more pyrite, and reduce it to Fe2+ which would again be oxidised
by ion oxidising bacteria, and the cycle would continue (Brock & Gustafson 1976).

𝐹𝐹𝐹𝐹𝐹𝐹2(𝑠𝑠) + 14𝐹𝐹𝐹𝐹 3+ (𝑎𝑎𝑎𝑎) + 8𝐻𝐻2 𝑂𝑂𝑙𝑙

𝐴𝐴𝐴𝐴.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�

15𝐹𝐹𝐹𝐹 2+ 𝑎𝑎𝑎𝑎 + 2𝑆𝑆𝑆𝑆4(𝑎𝑎𝑎𝑎) 2− + 16𝐻𝐻 + 𝑎𝑎𝑎𝑎

(2.18)
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Nordstrom (1982) suggested that groups of mixotrophic bacteria may also help in the
initial stage of pyrite oxidation at a near-neutral pH (pH ~ 6). These mixotrophic bacteria
differ from iron oxidising and sulphate oxidising bacteria due to their ability to use both
CO2 and organic substrates as their carbon source; therefore, it is a facultative autotroph.
Therefore, according to the previous research, iron oxidisers, sulphur oxidisers, and some
groups of mixotrophic bacteria were responsible for pyritic oxidation at different levels
of pH. Overall, pyrite oxidation is initiated by mixotrophic bacteria when pH ~ 6, and
then Acidothiobacillus ferrooxidans take over when the pH gradually decreases to
below 3.

2.4

Negative impacts of acid sulphate soil

The infiltration of acidic and metal-rich water has adverse effects on the soil and water
because, in an acidic environment, toxic elements such as aluminium either kill or render
the vegetation and aquatic life into stunted and sick conditions such as massive fish kills
and fish disease (Dent 1986; Sammut et al. 2010). Other detrimental impacts of acid
sulphate soils include the corrosion of engineering infrastructures (White et al. 1997),
dramatic changes in stream ecology (Sammut et al. 1996), and acidic outflows that
threaten aquaculture, particularly oyster production, and attempts to rehabilitate wetlands
(Bigham & Nordstrom 2000). Besides, people depending on these soils may be poisoned
by their drinking water if appropriate remedial measures are not applied. Some of the
most intractable socio-economic problems arose due to ASS in coastal Australia are
described below.
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Acidification
When soil is acidified and the pH drops below four, the primary nutrients and trace
elements cannot exist in the soil. The solubility of toxic heavy metals also increases under
acidic conditions, which then poisons the groundwater. For instance, even a small amount
of Al3+ (as low as 1 to 2 ppm) could be harmful because an accumulation of Al in plant
roots stops the cells from growing and dividing (Dent 1986). When metal sulphides are
oxidised, the heavy metals are leached into the pore water or the surface water body,
which is then incorporated into animals or plants, and potentially into the food chain. The
changes that occur due to acidification in coastal and inland environments are shown in
Figures 2.6 and 2.7, respectively. It is possible to remove all of the oxygen from the water
during the pyrite oxidation, resulting in diseases (Ex: red spot disease) and the death of
aquatic organisms such as fish, shellfish, worms and oysters (Figures 2.8 and 2.9). Iron
flocs kill vegetation in an aquatic environment, and this leads to the destruction of fish
eggs and a reduction in the availability of nutrients (Sammut et al. 1996).

Figure 2.6: Bottle bend lagoon, NSW after acidification
(Baldwin & Capon 2011)
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(a)

(b)

Figure 2.7: Effects on ASS on inland water bodies (a) Bernes wetland in the Maria River
floodplain, Hastings River catchment, NSW (b) Plume of dissolved iron in Darawank
Creek, Great Lakes Council, NSW (DAWE 2019)

Figure 2.8: Dead Grass in Shoalhaven floodplain, NSW due to
ASS effects (photo courtesy: Prof. Buddhima Indraratna)
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Figure 2.9: Fish kills due to acidic groundwater
generated from ASS (OzCoasts 2019)
Damage to infrastructure
ASS has ill effects not only on aquatic flora and fauna but also on infrastructure such as
concrete and steel structures. Orange-red precipitates formed by Fe and white flocs
formed by Al clog pipes and sewers. The corrosion of metal and the dissolution of
concrete occur because of exposure to acid (Groeger et al. 2008). The formation of
sulphate minerals in the concrete results in cracking and spalling of structures such as
building foundations, bridge piers, and hydraulic structures (Collepardi 2003). This is a
common problem in the coastal regions of Australia. Due to high volumetric moisture
content and low bearing capacity of ASS, buildings on acidic soil must have foundations
with more steel reinforcement to compensate for the possibility of failure (Dent 1986).
Figures 2.10- 2.12 show these effects on infrastructure.
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Figure 2.10: Concrete spalling in pipes, Fernbank Creek, Hastings
River floodplain, NSW 2001 (DAWE 2019)

Figure 2.11: Metal release in the built environment, iron staining on
houses in Perth, WA (Baldwin and Capon 2011)
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Figure 2.12: Concrete breakdown and iron corrosion on bridge abutment
(Baldwin and Capon 2011)
Other than the above negative impacts, ASS may also affect real estate values, scenic
amenities, and tourism. The environmental values of aquatic ecosystems may reduce due
to ASS, leading to loss of amenities, the generation of foul odours (including toxic
hydrogen sulphide) and poor quality of potable water.

2.5

Remedial measures for controlling the effects of ASS

A great deal of effort has been made in previous research to develop sensible solutions
that will monitor and prevent soil acidity because ASS remediation may require a
particular approach or combination of approaches, depending on the characteristics in
each aquatic ecosystem. The method of treatment that suits a specific area varies
according to the concentration of contaminants, discharge volume, the effluent water
quality standards set by regulatory agencies, and the intended application of the treated
water (Olem & Unz 1980). The main focus in Australian methods of treating ASS is to
prevent or control the entrainment of oxygen in soil microspores and thus minimise pyrite
oxidation because not disturbing the pyritic layer of soil is the best and most cost-effective
way of mitigating the negative impacts of ASS. Several engineering methods have
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already been tried to treat contaminated groundwater flowing through ASS terrain. They
include v-notch and self-regulating tilting weirs, two-way floodgates (Blunden, 2000,
Indraratna et al., 2005)

and semi-impermeable horizontal lime-fly ash barriers

(Banasiak, 2004). Table 2.1 summarises these traditional methods, and Figures 2.13 -2.16
illustrate these approaches. However, they were not successful due to the highly variable
nature of acid sulphate soil and the difficulty of using them in shallow floodplains due to
the elevated risk of flooding (Regmi 2012).
The next trial was to remove the pollutants from already acidified water, i.e. excessive
acidity and toxic ions such as Al, Fe, As, Zn (Nemati et al. 1998). When iron is the
primary contaminant, previous researchers recommended removing ferrous (Fe2+) by
oxidising and then precipitating the iron at a near-neutral pH, as this method is much
better than the other processes (Nordstrom 1982; Olem & Unz 1977). Partial precipitation
of ferrous occurs as the pH of acidic water increases, but complete precipitation of ferrous
will only occur if the pH is raised to 9.5. However, the oxidised state of iron (Fe3+),
hydrolyses at a pH from 5.0 to 6.0 to form an insoluble hydroxide (Fe(OH)3)
(Olem & Unz 1977). Based on this chemical mechanism, Permeable Reactive Barriers
(PRBs) have proven to be the most cost-effective and efficient method of treating acidic
water (Indraratna et al., 2017), to neutralise the acidity and remove metals out of the
solution by precipitation.
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Table 2.1: Acid sulphate soil management strategies in Australia
Method

Description

Advantages

Disadvantages

Liming

CaCO3 or agricultural Neutralises the acidity of •
lime is thoroughly mixed the topsoil layer with a tidal
with soil.
flush
•
•

•

Lime Fly ash Alkaline slurry
barriers
(fine-grained lime, water
and fly ash) is injected at
a low depth above the
pyrite layer by radial
grouting. It acts as an
impermeable reactive
horizontal barrier.

•
•
•

Neutralises the acidity
of soil up to some
extent.
Decrease the pyrite
oxidation
Decrease the average
concentrations of
acidic cations.

•

•

Produces a sludge rich with metal in
the soil. These metals may leach into
soils when mixed with acidic water.
A higher cost is involved.
The efficiency of the method depends
on the tidal range. This is only suitable
when tides can fully submerge the soil.
Only the topsoil is directly mixed with
the lime. However, the ASS profile in
Australia is as deep as 3m.
An impermeable barrier to the soil can
disturb the infiltration and cause
flooding.
Not economical for vast ASS terrains

References
Benner et al. 1999

Banasiak 2004;
Indraratna et al.
2006
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Reduced
permeability

Winch operated
floodgates
Smart flood
gates

Soil
Capping(Burial)

The permeability of
PASS is reduced by the
interception, lateral
diversion or reduced
transmissivity. Can be
achieved by the
introduction of
compacted impermeable
sealing layers (clay with
geotextile fabrics)
Lifts vertically by
controlling the volume of
drain water
An automated system.
Measures on-site water
quality of up and
downgrade of the gate
(pH, EC, DO and
temperature) and allows
water in the drain
according to the water
chemistry.
A non-acidic and
impermeable layer of soil
is placed over the
existing acidic soil. It

Reduce acid production by •
controlling the rate of
draining of acid.

•

•

Increase the drain
water pH of acidic
water
Al and Fe ion
concentrations are
reduced significantly
by precipitation

•

•
•
•
•

Reduce acid production by •
controlling the rate of
•
draining of acid.

Not economical for large areas of
ASS terrains

Blunden &
Indraratna 2000

The alkalinity is sometimes not strong
enough to buffer higher volumes of
acidic drain water, especially after
heavy rainfalls.
Can elevate flooding in low-lying
areas with poor drainage.
Cannot prevent acidity far away from
the gate.
Frequent maintenance is required.
Include a high capital cost.

Glamore &
Indraratna 2004;
Glamore 2003;
Indraratna et al.
2002; Indraratna et
al. 2005

Do not prevent oxidation of sulphides Desmier et al. 2002
at shallow depths.
Not economical for large ASS terrains
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lowers the amount of O2
and minimises the
amount of water entering
into the ASS layer.
V-notch weirs
Elevate the groundwater •
table to a specific level
without flooding
Self-tilting weirs A slight upgrade of
V-notch weirs. Maintain •
a high groundwater table
in adjacent areas.

Cost-effective because
inexpensive materials
are used for weirs
Prevent further
oxidation of pyrite

•

•
•
•

Prevent the production of new acid,
but do not manage the leaching of
stored acid. Thus, only suitable for the
areas with a controlled drainage and
water table is not too close to the
ground surface.
Increase the risk of flooding during the
rainy seasons.
Cannot prevent the pyrite oxidation
away from the drain and thus only has
localised benefits.
Frequent maintenance is required
because sediment, debris, and weeds
disturb
the
steady-state
flow
increasing the risk of flooding in
low-lying areas.

Blunden &
Indraratna 2000;
Blunden et al.
1997; Indraratna et
al. 1995
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Figure 2.13: V-notch weirs near Berry, Southeastern NSW
(Blunden & Indraratna 2000)

Figure 2.14: Two winch driven vertical lifting two way flood gates,
Berry, Southeastern NSW (Indraratna et al. 2002)
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Figure 2.15: Self-regulating tilting weirs built in 2001 (Regmi et al. 2011)

Figure 2.16: Modified smart floodgate, Berry, Southeastern NSW
(Indraratna et al. 2002)
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2.6

Permeable Reactive Barrier (PRB) technology

PRB technology is used worldwide for remediating polluted groundwater, even though
their application in acid sulphate soil is minimal. In this study, the performance of a PRB
installed in the Shoalhaven acidic floodplain, NSW, Australia, was evaluated.
A PRB is an engineered design which intercepts a contaminant plume in situ in a
trench-like subsurface treatment zone filled with a reactive material which may be
permanent, semi-permanent, or replaceable (USEPA 1992). A PRB is a barrier to the
contaminants, not the groundwater (Figure 2.17). Remediation is attained as the flow
passes across the reactive material which treats specified contaminants, and then the flow
is transformed into an environmentally acceptable effluent at the downgradient of the
barrier (Amine 2008).

Direction of Groundwater flow

Permeable walls that allow contaminated plume
to enter and leave the reactive fill

Treated effluent

Pollution source
Contaminated
groundwater plume

Figure 2.17: A Permeable Reactive Barrier (PRB) intercepting a contaminated
groundwater plume
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The treatment provided by a PRB includes a complex combination of chemical and
biological processes inside the reactive media (Obiri-Nyarko et al. 2014;
Thiruvenkatachari et al. 2008). Groundwater typically flows through permeable reactive
barriers under its natural gradient and thereby undergoes a passive treatment. Passive
treatment systems are popular worldwide because active treatment systems are more
expensive, and they require more intensive labour (Roychowdhury et al. 2015).
Thiruvenkatachari et al. (2008) and Birke et al. (2003) discussed the following unique
advantages of PRBs compared to the other conventional groundwater treatment methods
summarised in Table 2.1.
•

PRBs can degrade or immobilise contaminants in situ without bringing them up
to the surface, thus avoiding expensive above-ground facilities needed for storage,
treatment, transport, or disposal. After installing a PRB, the surface can be reused
because there are few visible signs of installation apart from the monitoring wells.
Despite their higher installation costs, they do have lower operating and
maintenance costs.

•

They do not require a continuous input of energy because the natural gradient of
groundwater flow is used to carry the contaminants through the reactive zone.
Only periodic replacement or rejuvenation of the reaction medium might be
required after its reactive capacity is depleted or when it is clogged by precipitants
and/or biomass.

•

These barriers provide more effective contaminant remediation than simply
controlling the migration of pollutants. Other than that, technical and regulatory
problems related to the ultimate discharge requirements of effluent from
pump-and-treat systems are avoided with PRB technology.
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Because the advances in contaminant removal technology are of great interest, especially
those that minimise environmental risks while remaining cost-effective for remediating
most of the contaminants found in groundwater, the application of PRBs steadily
increased after 1995 (USEPA 1992) to the extent whereby there are more than 100 PRBs
installed worldwide. The USEPA has officially recommended the use of permeable
reactive barrier technology as it effectively remediates subsurface contamination at many
sites with significant cost savings compared to traditional approaches (USEPA 1997).
The concept of permeable reactive barriers was initially developed at the University of
Waterloo in the early 1990s. The boosting of PRB technology in the early 90s is briefly
described in Figure 2.18.
Based on laboratory experiments (Blowes 1990; Kumar et al. 2016; Li 2004; Pathirage
2014; Regmi 2012; Waybrant et al. 1998) and small scale field tests (Blowes et al. 2000;
Wang et al. 2016; Wilkin et al. 2003), researchers stated that PRB technology is a
promising method of removing organic and inorganic contaminants from groundwater.
The most widespread contaminants treated by PRBs are chlorinated organic compounds
(Mondal et al. 2016), chromate (Puls et al. 1999), acidic wastes and acidic mine drainage
(Benner et al. 1999; Gibert et al. 2013; Waybrant et al. 1998), and radionuclides and heavy
metals (Gu et al. 1999). The efficiency of PRBs in treating Acid Mine Drainage (AMD)
was of particular interest in research (Blowes et al. 2000; Waybrant et al. 1998) due to
rising trends in the mining industry. The implementation of PRBs in acidic terrain in
Australia was the first time this technology was used to treat groundwater in this country
(Desmier et al. 2002; Indraratna et al. 2009).
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2-

1990: Reduction of SO4 to treat acid mine drainage within permeable reaction
zones (Blowes 1990)
1991 June : First pilot scale PRB-CRB type at Borden, Ontario, Canada using Zero
Valent Ion (ZVI) to treat a plume of chlorinated solvents (Birke et al. 2003)

1992: Laboratory experiments to investigate the effectiveness of PRBs by USGS
(Naftz et al. 2000)
1995: USGS PRB facility, Elizabeth City, North Carolina with ZVI (Amine 2008).

1995: First full scale commercial ZVI PRB (Funnel and Gate type) at Sunnyvale,
California, USA for treating chlorinated solvents (Amine 2008).
1995: Application of PRBs steadily increased after 1995 and over 100 PRBs have
been installed worldwide in the present (USEPA 1997)
Figure 2.18: Initiation of the Permeable Reactive Barrier technology
PRB configurations
Two types of PRBs are generally used in the field, (a) Continuous wall Reactive Barrier
(CRB) and (b) Funnel-and-Gate (F&G) configuration (ITRC 2011), as shown in
Figure 2.19. A CRB is a trench filled with reactive material that has been installed
perpendicular to the contaminated groundwater plume, and which allows the groundwater
to flow across the barrier under a natural gradient. In the F&G type, the sides of the water
plume touch the impermeable walls (sheet pile walls or slurry walls), and the
contaminated plume is directed towards the treatment zone (Starr & Cherry 1994). This
means the treatment zone in an F&G type is a gate with reactive media that is located
between two ends of the impermeable walls.
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(a)

(b)

Figure 2.19: Schematic diagram of PRB configurations (a) Continuous wall reactive
barrier (CRB) (b) Funnel and Gate (F&G) (Simon & Meggyes 2000)
Selecting the type of barrier depends on the characteristics of the contaminated
groundwater and other geological aspects of the site, as well as the technical
accessibilities and cost of the reactive material. For instance, if an expensive reactive
material will be used in the PRB, it is better to use an F&G type because it requires less
material; however, an additional cost is involved in constructing the impermeable walls
in F&G type [(Figure 2.19(b)]. CRBs do not require these impermeable walls
[Figure 2.19(a)], and therefore, the most common type used in the field is CRBs
(Gavaskar 1999).
Reactive materials inside the PRBs
Selecting the most appropriate reactive materials to use inside a PRB is the principal
factor that must be decided at the design stage because the entire performance of the
system depends on the properties of the filling media. Gavaskar et al. (1998) advised that
the reactive material should meet the following criteria before being installed in a PRB.
•

Residence time, i.e. a barrier that is thick enough to allow contaminants to be
degraded, and made from low-cost material that is currently available.
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•

Ability to remove hazardous ions from the polluted plume in an environmentally
acceptable manner and without acting as a contaminant.

•

Maintain reactivity over a long period without excess clogging and deteriorating.

•

Compatible with the subsurface environment.

•

Having the correct particle size to provide the desired porosity.

•

Ability to suppress precipitation to allow for a continual flow of water over time.

A wide range of reactive materials have been used in PRBs throughout the world
(Blowes et al. 2000; Gavaskar et al. 1998; Scherer et al. 2000), as shown in Table 2.2.
Reactive materials usually act as chemical and/or biological reagents or catalysts to
support the chemical reactions that may result from removing the target contaminants.
Before applying any reactive material in field PRBs, they should be tested in the
laboratory to identify the treatment mechanism. Batch tests are the most commonly used
method for selecting possible materials (Bernier 2005; Golab et al. 2006b; Komnitsas et
al. 2004; Waybrant et al. 1998). After selecting several materials from a list of potential
reactive materials, long term column experiments will determine the treatability and rate
of degradation of the material chosen, while simulating the continuous flow of
groundwater in the laboratory (Gu et al. 1999; Johnson et al. 2005; Regmi et al. 2010;
Susset & Grathwohl 2002). Since this current study is based on groundwater in an ASS
terrain, those studies that investigated acidic mine drainage contain details of similar
contaminant removal (Golab & Indraratna 2009).
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Table 2.2: Major contaminants and suitable reactive materials for PRBs
(Source: Obiri-Nyarko et al. 2014; Pathirage 2014; Regmi 2012)
Contaminant
Chlorinated organic compounds

Reactive Material
ZVI (Fe0), Mulch, Zn0,Tire Rubber

(PCE, TCE,DCE, TCA, VC)
Inorganic Contaminants

ZVI, Limestone, Zeolite, Bone Char, Activated Al

(Radionuclides, Ni, Cr, As ,U,

slag, Chitosan

Cu,Zn, Pb,Cd,Fe,SO42-)
NO3-, NH4-

ZVI, Sawdust, Wheat straw, Softwood,

sand,

Maize cobs, Zeolite
PO43-

ZVI , Iron oxide, Peat/sand, Limestone, Ochre

Cl-

ZVI , Zeolite

BTEX (Benzene, Toluene,

Compost, Peat, Sawdust, Ground rubber, Leaf litter

Ethylbenzene, and Xylene)
Acidic Groundwater and Acid

•

Mine Drainage (AMD)

Organic carbon-rich materials (Wood chips,
municipal compost, paper mill pulp)

•

Carbonate Minerals Calcite (CaCO3),
Dolomite (CaMg(CO3)2) and Ankerite
(Ca(Fe, Mg, Mn)(CO3)2), BauxsolTM
(Caustic red mud)

•

Lime and hydrated lime (Ca(OH)2) Limestone

•

Mixtures of limestone chips, compost, cattle
slurry and pea gravel

•

Limestone and red mud mixtures.

According to Table 2.2, most PRBs have granular iron media such as Zero Valent Iron
(ZVI) (Amine 2008; Gillham & O'Hannesin 1994; Gu et al. 1999; Kebria et al. 2016;
Liang et al. 2000; Scherer et al. 2000; Statham et al. 2016). Some organic materials are
used to remediate specific contaminants such as nitrate and sulphate (Puls et al. 1999)
biologically. While other materials such as activated carbon (AC), zeolites, peat, sawdust,
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oxygen releasing compounds (ORC), etc. have also been used and evaluated
(Obiri-Nyarko et al. 2014), most of them are expensive, not easily accessible, or are only
useful for a defined group of contaminants, which highlights the need for more research
on economical and accessible reactive materials.

2.7

Study site

The lower Shoalhaven floodplain at Bomaderry (340 49` S, 1500 39`E), Southeastern
NSW, Australia has been identified as an acid sulphate soil terrain (Blunden 2000; Pease
1994; Pease et al. 1997; Willett & Walker 1982; Willett et al. 1992). The groundwater
acidity caused by pyrite oxidation has had detrimental effects on flora and fauna in this
area. The geomorphological evolution of the Shoalhaven estuary over the past years has
promoted the formation of acid sulphate soil in the Broughton Creek catchment. The
surface elevations of the basin vary from 1 m to 4 m AHD (Australian Head Datum) over
an area of 184 km2. Because this land is low lying, it is prone to inundation in massive
rainfall events. Approximately 40 km2 of the floodplain drain with over 230 km of drains
at a drainage density of 5.75 km/km2 (Pease et al. 1997). According to Bayley (1975),
these drains were constructed across the catchment for flood mitigation purposes almost
seven decades ago. In the late 1960s, the existing drains were deepened and widened,
which exposed the potential acid sulphate soil layers to the atmosphere and made the area
more acidic. Based on the ASS risk maps, Naylor (1998) reported that there was
approximately 2500 ha of land with a high risk of ASS occurrence in the Broughton Creek
catchment (Figures 2.20 and 2.21).
Previous UOW researchers chose a particular site in the Broughton creek catchment
(Figure 2.22) to carry out several mitigation measures over the past three decades to
control the acidity of the soil and water (see Table 2.1). This site is located in the Manildra
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Environment farm, adjacent to a flood mitigation drain (Flying Fox Creek) that flows into
Broughton Creek, a left-bank tributary of the Shoalhaven River. The study area was
selected based on crucial factors such as, the site is a low lying area containing ASS, and
it has an artificial drainage network that can lower the groundwater table below the
elevation of the PASS layer that causes acidic soil, acidic groundwater, and acidic drain
water conditions. This site is also accessible during all weather conditions. The results
from previous research indicated that although the methods described in Table 2.1
controlled the acidity of water, their success rate in low lying floodplains was low due to
the elevated risk of flooding (Regmi 2012). Therefore a pilot-scale PRB was installed at
the study site.

Broughton Creek

Figure 2.20: ASS high risk areas in Broughton creek catchment
(DPIE NSW 2019)
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Figure 2.21: Digital Elevation Model (DEM) of the Broughton Creek catchment (adapted from Glamore 2003)
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Figure 2.22: Location of the study site (Source: Glamore 2003)
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Soil investigations at the study site
Previous UOW researchers carried out preliminary investigations at the selected study
area prior to the installation of a PRB. Based on the detailed soil investigations at the site,
four primary soil layers were identified as shown in Figure 2.23 (Golab et al. 2006a,
Regmi 2012); (i) Topsoil enriched with organic soil and peat loam, (ii) AASS layer with
iron hydroxide mottles and/or jarosite, (iii) Transition layer which includes seasonally
oxidised sulphidic minerals, (iv) the PASS layer.

Figure 2.23: Different soil layers at the study site with iron oxide mottles
(Photo courtesy: A. Golab)
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Table 2.3: Soil profile of the study site* (Source : Regmi 2012)
Soil Profile

Depth from
Elevation
the surface
(m AHD)
(m)
0.0 to 0.5
0.5 to 0.0

ANC
TAA
(moles (moles
H+ /t)
H+ /t)
4 < pH < 5.41 0
50

EC
(dS/m)
0.15

0

AASS layer
with Fe
hydroxide
mottles/
Jarosite
Transition layer

0.5 to 1.0

0.0 to -0.5

pH < 4

1.0 to 1.5

-0.5 to -1.0

1.5 to 2.0
2.0 to 2.5

-1.0 to -1.5
-1.5 to -2.0

PASS layer

2.5 to 3.0

-2.0 to -2.5

Top Soil

pH

SCR
Scr %

0

160

0.35

0

0

150

0.5

0

pH > 5

0
0

100
25

0.66
0.8

0.5
1

6 < pH < 7

25

0

1.12

1.75

Description
Dark brown surface soil, organic matter, roots and
grasses
Very dark grey, silty clay with iron oxyhydroxide
mottles
Very dark grey, silty clay, a small amount of iron
oxyhydroxide mottles.
Very saturated, dark grey silty clay
Dark grey/black silty clay with partly decomposed
organic material, no mottling
Dark grey/black silty clay, no mottling

*Note: ANC: Acid Neutralising Capacity, TAA: Total Actual Acidity, EC: Electrical Conductivity, SCR: Reduced inorganic sulphur content
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Orange oxyhydroxide mottles of Fe and corroded yellowish mottles of jarosite are
frequently found in the AASS layer. In the Shoalhaven floodplain, the elevation of this
pyritic stratum gradually goes up towards the back swamps (Blunden 2000; Glamore
2003). Table 2.3 describes the various chemical properties found in the vertical soil
profile at a location which was 1 m upgrade from the PRB entrance. Figure 2.24 shows
the visual differences of soil samples taken from different depths at the same location. It
was hypothesised that the stratigraphy of the studied locations gives an overall picture of
the soil characteristics at the site, apart from minor variations in the soil profiles due to
the heterogeneous nature of the soil (Regmi 2012).

Figure 2.24: Soil core samples at different depths (a) Top soil with iron oxides
(b) AASS (c) Transition zone (d and e) Dark and waterlogged PASS
(Source: Regmi 2012)
Stone et al. (1998) indicated that a soil pH < 4 could only occur as a result of pyrite
oxidation. Acidic conditions are noticed at the ground surface (Table 2.3) because the
groundwater table that rises during heavy rainfalls transports the by-products of pyritic
oxidation up to the higher elevation estuarine clays. Moreover, the production of acid
from decomposing organic matter increases the acidity of surface soil. Within the AASS
layer, the pH drops because the pyrite oxidation and dissolution of iron hydroxides and
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jarosite produces H+ ions (Table 2.3). The weak buffering capacity of soil acidifies the
groundwater and allows the toxic metals (Al and Fe) to dissolve. The absence of iron
hydroxide mottles and/or jarosite towards the deep soil profile (> 0.5 m) indicates the
presence of Potential Acidic Sulphate Soil (PASS). The presence of carbonate minerals
in the deeper soil and the inundation of PASS layer below the water table (3 m) increases
the soil pH significantly (Table 2.3). The unoxidised pyritic layer (PASS) underlying the
oxidised layer (AASS) is either neutral to alkaline in nature in most ASS profiles along
the NSW coastal areas (Bush et al. 2004).
When distinguishing acidic soil from non-acidic soils, the Acid Neutralisation Capacity
(ANC) becomes a significant factor, in fact, according to observations by Regmi (2012),
ANC is zero until -2.5 m AHD (3 m from the surface), because ASS contains sulphide in
excess of the carbonate neutralisation capacity, and acid neutralising reactions consume
the available carbonate content (Table 2.3). Beneath the PASS (≥ 3 m from the surface)
the ANC capacity increases. These acidic conditions correlate with the pH profile of the
soil described in Table 2.3.
Total Actual Acidity (TAA) is the amount of acid stored in the soil. Values are relatively
low at the surface and reach a peak at the AASS transition zone and decrease further with
depth in the PASS layer (Table 2.3). The higher TAA at transition zone indicates the
production of acid from previous pyrite oxidation. These patterns are compatible with the
variations in pH along the depth. i.e. acidic pH at the top surface and a decrease in pH
with depth, reaching a minimum value (highest acidity, i.e. the maximum TAA) at the
AASS and then the pH increases with depth towards the PASS. The hydrolysis of FeSO4
and the dissolution of Fe oxyhydroxide mottles and/or jarosite produce acid in or over the
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AASS layer and increase the concentration of TAA, as given in Equations 2.192.21(Regmi 2012).
1

1

1

1

𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂4 + 2 𝐻𝐻2 𝑆𝑆𝑆𝑆4 + 2 𝑂𝑂2 → 2 𝐹𝐹𝐹𝐹2 (𝑆𝑆𝑆𝑆4 )3 + 2 𝐻𝐻2 𝑂𝑂

(2.19)

𝐾𝐾𝐹𝐹𝐹𝐹3 (𝑆𝑆𝑂𝑂4 )2 (𝑂𝑂𝑂𝑂)6 + 3𝐻𝐻2 𝑂𝑂 → 3𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3 + 𝑆𝑆𝑆𝑆42− + 𝐾𝐾 + + 3𝐻𝐻 +

(2.21)

5

1

(2.20)

𝐹𝐹𝑒𝑒𝑒𝑒𝑂𝑂4 + 2 𝐻𝐻2 𝑂𝑂 + 4 𝑂𝑂2 → 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3 + 𝐻𝐻2 𝑆𝑆𝑆𝑆4

Lowering the TAA below the oxidised AASS represents the transition from AASS to
PASS. Visual observations of the soil profile also support the fact that ASS occurs at the
top layers. Yellow jarosite mottles (𝐾𝐾𝐹𝐹𝐹𝐹3 (𝑆𝑆𝑂𝑂4 )2 (𝑂𝑂𝑂𝑂)6) are a by-product of the pyrite

oxidation process and are shown in Figure 2.25. It shows the soil profile below 0.65 m
from the surface. This formation depends on the pH being less than 4, and further
hydrolysis of jarosite in the soil resulted in more acidity.

Iron mottles

Figure 2.25: Iron oxide mottles in the study site

The Electrical Conductivity (EC) increases with depth (Table 2.3), although the values
are low (< 1.1 dS/m). Regmi (2012) suggested that the increase of EC in the AASS layer
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compared to the topsoil is due to the precipitation of FeSO4 salts. There were further
increments in the PASS layer, but they pose little threat to agricultural productivity.
Reduced inorganic sulphur content (SCR) is a measure of the probability of acid
generation in an oxidising environment. It can be used to identify ASS and the amount of
acid that can be produced by the total oxidation of soil. Pyrite in this area is a form of
reduced inorganic sulphur. There were almost no SCR in AASS and higher amounts in
PASS (Pathirage 2014; Regmi 2012). This implies that most of the sulphur in PASS is in
a reduced state and has a higher possibility of future acid production. The peak occurs at
a depth of 1.5 m from the surface (Table 2.3), similar to the TAA variations. Therefore,
in both cases, the transition from AASS to PASS was verified, and it confirms that the
AASS overlies the PASS.
Groundwater characteristics at the study site
The quality of groundwater in an ASS terrain depends on the pyrite oxidation catalysed
by bacterial activities and resultant acid production when the groundwater table falls
below the layer of pyritic soil. The chemistry of groundwater is influenced by the ANC
of soil, dissolved concentrations of ions in the soil during previous pyrite oxidation, and
the cation exchange between the soil solution and soil cation exchange sites
(Blunden 2000). The chemical properties of groundwater at the study site were examined
during preliminary site investigations. The groundwater was acidic with an average pH
of around 3.5 during baseline monitoring (Indraratna et al. 2009; Phillips 2005). The
aerobic characteristics of the soil were represented by positive groundwater ORP values
up to 478 mV. The average EC of the groundwater was consistently fresh to brackish in
a range of 3000 - 4000 μS/cm. The average concentrations of cations and anions observed
during the preliminary site investigations at the study site are shown in Table 2.4.
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ANZECC (2000) guidelines indicate that the concentration of total Fe (Fe2+ and Fe3+) in
surface water bodies should be less than 0.5 mg/L, while the concentration of Al3+ should
be less than 0.54 mg/L. However, the concentrations of Al3+ and total Fe in the
groundwater of the selected study area exceeded these standards by two to three orders
of magnitude (Table 2.4). Moreover, the dissolved Cl- and SO42- concentrations were high
throughout the baseline monitoring, and the Cl-: SO42- ratio was low and varied between
0.4 - 0.7 indicating strongly oxidised ASS with little or no buffering capacity
(Regmi 2012).
Table 2.4: Average concentration of ions in the groundwater of the study site
(Source: Regmi et al. 2009)
Parameter

Value

Al3+

18.0 ±14.6

Total Fe
Cl-

137.5 ±143.8

SO42-

1312.7± 587.4

Na+

467.3 ± 176.2

K+
Ca2+
Mg2+

815 ±270.1
48.4± 11.6

141.9 ±52.7
147.0± 65.4

2.8 Permeable Reactive Barrier in the Shoalhaven floodplain
Location of the PRB site and its soil and groundwater characteristics were described in
Section 2.7. The following properties were also considered while selecting an exact
location for a PRB in the Shoalhaven floodplain (Indraratna et al. 2009).
1. The low lying nature of the area (0-1 m AHD) means that weirs or two-way flood
gates are not suitable because of the elevated risk of flooding.
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2. A drain is nearby so the remediated groundwater can flow.
3. The groundwater in the site is highly acidic (pH < 4) with higher concentrations of
Al (≤ 60 𝑚𝑚𝑚𝑚/𝑙𝑙) and total Fe (≤ 300 𝑚𝑚𝑚𝑚/𝑙𝑙).

4. There are no human-made structures in the place, which makes easy access for
excavators and other heavy machinery during installation. The selected area is
accessible in all weather conditions for installation and monitoring works.
Construction of the PRB
One of the main aims of the PRB design was to maximise the residence time that the
groundwater remained inside the barrier and to minimise the volume of water bypassing
the barrier (Golab et al. 2006a). Figure 2.26 shows the process used to install the PRB.
Detailed construction procedure of a PRB is described in Chapter 4. The dimensions of
the PRB are shown in Figure 2.27. Geotextile fabric was used to cover the walls and the
top of the trench to prevent the reactive media becoming clogged by soil and other small
debris flowing into the barrier (Figure 2.26).

Figure 2.26: Installation of the PRB at the study site in Manildra Group`s
Environmental Farm, Bomaderry, NSW (Source: Regmi 2012)
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Treated effluent
Contaminated
groundwater flow

1.2 m
Depth to
PASS = 1.8m

Topsoil 0.5 m
3m

Figure 2.27: Schematic diagram of the PRB at the study site in Manildra
Group`s Environmental Farm, Bomaderry, NSW

Figure 2.28: pH variations of different reactive materials used in batch tests
(Adopted from Golab et al. 2006b)
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The trench was backfilled with crushed recycled concrete aggregates. Before using it as
the PRB infill, acid neutralising and contaminant removal properties of recycled concrete
were confirmed by the laboratory experiments carried out by Golab et al. (2006b). They
screened 25 different alkaline materials in their batch tests (Figure 2.28) and then tested
them in short term laboratory tests.
The pH achieved by each reactive material was controlled by the reaction kinetics of the
dominant Ca-bearing components such as Ca(OH)2 and CaCO3 (Golab et al. 2006b).
Lime, concrete, recycled concrete, slag 1 and fly-ash achieved highly alkaline pH values
(pH> 8) while limestone, slag 2, breccia 1, zeolite 3 and zeolite 8 achieved a near neutral
and consistent pH (~7). Apart from the ability to maintain an alkaline pH, some materials
were eliminated due to excessively small grain size (e.g. lime and fly ash), insufficient
ANC, and insufficient removal of Al and Fe.
Following the batch tests, the acid neutralising properties of oyster shells and recycled
concrete were further analysed in preliminary column tests (Golab et al. 2009). Three
Perspex columns were prepared to contain crushed oyster shells, crushed recycled
concrete and 50:50 recycled concrete: oyster shells. The acidity rapidly consumed the
oyster shells although the column maintained a pH > 6.8 even after a large volume of
acidic water had passed through the column, and Fe oxy-hydroxides and SO42precipitates caused clogging in the columns. The recycled concrete achieved a pH > 10.2
while removing Al and Fe from the groundwater without diminishing the ANC. The third
column, which contained a mixture of oyster shells and recycled concrete, also produced
an alkaline pH of 9.8. Therefore both these materials performed well in the column tests
and could be crushed to obtain the required grain size. However, after considering the
cost, availability, ANC and the ability of toxic metal removal, recycled concrete was
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selected as the most suitable material for the PRB (Golab et al. 2006b; Golab et al. 2009).
Thus, recycled concrete aggregates with d50 = 40 mm were used, which were leftovers
from demolished old concrete structures from the countryside in NSW (Banasiak et al.
2013). Regmi et al. (2010) and Indraratna et al. (2014b) conducted long term column
experiments for a thorough understanding of the temporal variations of acid neutralising
properties of recycled concrete and the removal of Al and Fe. Column experiment
procedure that should be followed before the installation of a PRB is described in
Chapter 3.

2.9

Longevity of PRBs

The period throughout which a PRB can function to its full capacity at designed levels is
finite and is therefore defined as the longevity or the life span of the PRB (Obiri-Nyarko
et al. 2014). Generally, when contaminated groundwater with dissolved constituents
comes in contact with reactive material, the reactivity is depleted due to clogging, and
armouring effects from mineral precipitation and the performance of the PRB is
compromised (Mackenzie et al. 1999, Desmier et al. 2002, Wilkin et al. 2003, Moon et
al. 2008, Regmi et al. 2009, Pathirage et al. 2012). Chemical armouring is the strong
adhesion and entire pacification of the reactive surface by encrustation (Cravotta &
Watzlaf 2002), or coating of the reactive surface by chemical precipitates which
ultimately reduces the reactivity of the aggregates (Indraratna et al. 2014b; Watzlaf et al.
2000). Clogging is the physical accumulation of solid particles, chemical precipitates,
and/or biological products in the void spaces between the reactive materials
(Gavaskar 1999). Little is known about the longevity of different reactive materials other
than ZVI (Obiri-Nyarko et al. 2014), which is the most commonly used reactive material
in PRBs.
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Clogging in the porous structures can be divided into three categories; physical clogging
by the migration of soil particles and other debris, chemical clogging by the accumulation
of precipitated compounds, and biological clogging due to the growth of biomass within
the pores. Physical clogging is the most straightforward mechanism for blocking pores,
and it is the most studied area (Indraratna & Vafai 1997; Reddi et al. 2005). The
accumulation of secondary mineral precipitates in void spaces of the reactive material
was referred to as chemical clogging by Gavaskar (1999). The accumulation of
precipitated compounds (most commonly carbonate and sulphate precipitates), i.e.
chemical fouling in PRBs was studied in detail by Regmi et al. (2009) and Indraratna et
al. (2014b). They assessed the reductions in hydraulic conductivity and porosity of the
granular assembly via column experiments and found it was caused by secondary mineral
precipitation of Al and Fe in their respective oxy/hydroxide form that was visible as milky
white and brown-orange precipitates respectively. Also, Regmi et al. (2009), Indraratna
et al. (2014b), and Pathirage and Indraratna (2015) observed these mineral precipitates
inside the pilot-scale PRB at the Shoalhaven floodplain. According to Li et al. (2006a),
chemical fouling of the reactive surface of a PRB can result in reductions in reactivity, as
well as reorientations of the flow path, changes in flow rates, residence times, and seepage
velocities. Nevertheless, no comprehensive research has been carried out on the
biological clogging inside PRBs, so the main focus of this study is to analyse the
accumulation of microbiological products in pore space and hence the overall reduction
in performance due to coupled clogging inside PRBs. The biological clogging of porous
media is critically reviewed in the next section.
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2.10 Biological clogging in porous media
Growth of bacteria
Under the appropriate environmental conditions and in a suitable growth medium
prepared for a particular population of bacteria, their cell growth can be measured as a
function of time, and the typical batch growth curve can be obtained (Figure 2.29). There
are several distinct phases in a growth curve, the lag phase, the exponential or log phase,
the stationary phase, and the death phase (Chapelle 2001; Maier et al. 2009). The growth
in each stage can be described by mathematical equations (Monod 1949).

Figure 2.29: Typical batch growth curve for a particular population of
bacteria (Chapelle 2001)
Under batch conditions, the lag phase occurs at the beginning in which the growth rate is
virtually zero.
The exponential growth that occurred in the second phase can be explained by
Equation 2.22
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜇𝜇𝜇𝜇

(2.22)
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where X is the cell concentration [ML-3], t is the time [T] required to increase the cell
mass from initial bacterial concentration (X0) to X, and 𝜇𝜇 is the specific growth rate [T-1]

for a particular type of bacteria.

The third phase is the stationary phase which is the state of no net growth (Equation 2.23).
i.e. cells still grow and divide; however, the growth is balanced by the death of an equal
number of cells.
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2.23)

=0

The final phase (decaying phase) is often exponential (Equation 2.24), although the rate
at which cells die is usually slower than the initial growth phase, which is also
exponential.
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2.24)

= −𝑘𝑘𝑑𝑑

where 𝑘𝑘𝑑𝑑 is the specific decay rate [T-1].

Despite describing each growth phase individually, Monod (1949) developed an equation
to describe the entire growth curve (Equation 2.25).
𝑆𝑆

𝜇𝜇 = 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 �𝐾𝐾 +𝑆𝑆�
𝑠𝑠

(2.25)

where 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum specific growth rate [T-1] for the particular type of

microorganism, S is the substrate concentration [ML-3], and 𝐾𝐾𝑠𝑠 is the half-saturation
constant [ML-3].
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Since Equation 2.25 is applicable to the entire curve, by substituting 2.25 into 2.22, the
biomass growth rate in exponential phase can be written as (Hajra et al. 2000; Maier et
al. 2009),
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑆𝑆

= 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 𝑋𝑋 �𝐾𝐾 +𝑆𝑆�
𝑠𝑠

(2.26)

Monod (1949) defined a constant called the yield coefficient Y (Equation 2.27); which is
the unit amount of cell mass produced per unit amount of substrate consumed.

𝑌𝑌 =

𝑑𝑑𝑑𝑑�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑�
𝑑𝑑𝑑𝑑

(2.27)

Using equations 2.26 and 2.27, microbial growth can be explained in terms of substrate
consumption, as given in Equation 2.28 (Hajra et al. 2000; Maier et al. 2009).
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

1

𝑆𝑆

= − 𝑌𝑌 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 𝑋𝑋 �𝐾𝐾 +𝑆𝑆�
𝑠𝑠

(2.28)

Bacterial activities in the subsurface environment
Despite various criteria for classifying bacteria, to examine their relationships in
subsurface soil, the best classification is to consider the method of nutrient utilisation, i.e.
bacterial metabolism. Electrons are generally removed from micro-organisms and
transferred to electron acceptors. If the electron acceptors are inorganic chemicals such
as oxygen, ferric, or sulphate, that metabolism is called respiration. Fermentation occurs
when organic chemicals play the role of electron acceptors (Chapelle 2001). Anaerobic
bacteria are more robust for survival in subsurface environments because they can use
other chemical compounds as electron acceptors as well as O2. Therefore, particular
attention should be given to the anaerobic bacterial range when analysing the effects on
groundwater and other subsurface environments.
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Microbial activities at the subsurface domain have positive and negative influences on
groundwater hydraulics, soil mechanics, geotechnical engineering, and structural
engineering (Baveye et al. 1998; Ivanov & Chu 2008; Yasodian et al. 2012). Useful
microbial

activities

include

purification

of

contaminated

groundwater

(e.g., biodegradation of organic compounds) (Dashko & Shidlovskaya 2016), bio-filters
(Soleimani 2007), in situ bioremediation of contaminated aquifers (Baveye et al. 1998;
Rittmann 1993), contaminated soil stabilisation (Khachatoorian et al. 2003), biologically
catalysed mineral precipitation that stabilises the porous structure (Thullner et al. 2002),
metal stabilisation (Etemadi et al. 2003), bio-cementation and bio-clogging that reduce
erosion in drain channels, piping of earth dams and dykes (Ivanov & Chu 2008) and
microbially enhanced oil recovery (Baveye et al. 1998; DeJong et al. 2006; Donaldson
1991). The negative role of micro-organisms is typically associated with the biofouling
and bio-clogging that reduces the permeability of soil filters, microbial metabolism
products that weakens strength, permeability and deformability of soil, the biogenesis of
gas (methane, hydrogen, carbon dioxide, nitrogen, and hydrogen sulphate), as well as the
formation of microbial quicksand (Mitchell & Santamarina 2005), bacterial weathering
and bio-deterioration (De Graef et al. 2005).
Microbial transport in porous media
The mechanisms that transport micro-organisms through the soil and underground porous
media should be understood because that would allow the bacterial growth to be
stimulated where it has positive consequences, or control the bacterial growth when it has
negative consequences, as described in Section 2.10.2. Since this study mainly focuses
on PRBs, which act as an underground filter for groundwater, literature on the
bio-clogging of different filter media is reviewed in the following section.
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The characteristics of the solution and the porous material affect the transportation and
existence of bacteria within the subsurface. Researchers have used mathematical
modelling and laboratory experiments to identify the critical processes that affect biotransportation in porous media (Baveye & Valocchi 1989; Clement et al. 1997;
Corapcioglu & Haridas 1985; Cunningham et al. 1991; Tan et al. 1994; Taylor et al.
1990). Mass transport characteristics such as the distribution of flow velocity and
permeability of the media influence microbial movements through soils. Also, the ionic
strength of soil solutions, the grain size of soil, the roughness of the biofilm surface, and
other variables that control the nutrient supply to growing cells affect microbial transport
(Cunningham et al. 1991; Fontes et al. 1991; Gannon et al. 1991; Tan et al. 1994). The
natural factors such as the concentration of substrates, pH, temperature and oxygen also
control the microbial transport (Bazin et al. 1976). Other than the above factors, microbial
transport in the subsurface is principally governed by advection, dispersion, attachment
and detachment (Clement et al. 1997; Peyton et al. 1995; Rittman 1982).
If the favourable environmental conditions persist, it may lead to the growth and
reproduction of cells on the porous surface, thus increasing the amount biomass.
Similarly, when a solution is moving through a porous medium and becomes polluted due
to several chemical compounds, these pollutants may in some cases act as primary
substrates and provide the energy or carbon required for the growth of bacteria within the
medium (Dupin et al. 2001). In other cases, these pollutants may react with natural
chemicals present in the porous medium, and the resultants may provide a source of food
for bacterial growth. Due to the exponential growth of micro-organisms, their population
rapidly increases depending on the availability of substrates. When the build-up of
microbial biomass clog the pores and block the flow, it causes significant reductions in
porosity; this process is called “bio-clogging” (Thullner 2010; Vandevivere & Baveye
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1992a,b). Previous researchers had suggested that when clogging was initiated and the
porosity was decreased,the flow of the supply of nutrients to the porous media was
restricted. Subsequently, when the amount of substrates for the existing microbial
population was not enough, the growth rate decreased, and decaying of bacteria started.
Plugging the dead cells in pores enhanced clogging and further reduced the porosity of
the medium (Cunningham et al. 1991; Dupin & McCarty 2000; Fontes et al. 1991;
Rittmann 1993; Taylor & Jaffé 1990a,b; Vandevivere& Baveye 1992c). The extent of
clogging depended on several factors; the size of the grains in the porous medium, size
of the microbial cells, the type of bacteria present in the surrounding environment and
strain characteristics such as the yield coefficient (Fontes et al. 1991; Gannon et al. 1991;
Vandevivere & Baveye 1992a).
The categorisation of bio-clogging in porous media
Different researchers adopted different approaches to explain how the bacteria caused
dramatic reductions in porosity and hydraulic conductivity of the porous media. These
biological interactions and clogging mechanisms have been categorised into three main
conceptual models, namely i) the continuous biofilm model, ii) the discrete micro-colony
model iii) the macroscopic model (Baveye & Valocchi 1989; Vandevivere et al. 1995).
Rittman (1993) highlighted that the difference between these morphologies is critical
when modelling the reductions in permeability. Schematic representations of these three
models are shown in Figure 2.30 and described in the following section. Table 2.5
summarises some governing equations developed by previous researchers for each
conceptual model to describe the properties of porous media that are affected by
biological growth.
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(a)

(b)

(c)
Micro-colony
Micro colonyininthe
theform
form
ofofa cylindrical
a cylindricalplate
plate

𝑟𝑟𝑐𝑐 ∶ The micro-colony is considered to be in the
form of a cylindrical plate with the radius 𝑟𝑟𝑐𝑐
𝜏𝜏 ∶ Thickness of the cylindrical plate
𝛿𝛿 ∶ Molecular diffusion coefficient
𝐿𝐿𝑓𝑓 : Biofilm thickness

biofilm

Figure 2.30: Representations of saturated porous medium as hypothesized in: a) Macroscopic Model; b) Micro-colony Model; c) Biofilm Model
(Baveye & Valocchi 1989)
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Table 2.5: Mathematical expressions for parameters affected by biological growth in porous media
Parameters affected by biomass growth

Definition of terms

Steady-state biofilm thickness

Approach

𝐽𝐽 = substrate flux into the biofilm
𝑌𝑌 = yield coefficient
⁄
𝐿𝐿𝑓𝑓 = 𝐽𝐽𝐽𝐽 𝑏𝑏𝑋𝑋𝑓𝑓
𝑋𝑋𝑓𝑓 = uniform cell density of the biofilm
𝑏𝑏 = specific decay coefficient
Assuming that the porous media consists of spheres 𝛼𝛼𝑚𝑚 = packing arrangement factor
of equal diameter (i.e.homogeneous grain size), 𝑚𝑚 = number of contact points with adjacent spheres
volume fraction occupied by solid-phase biomass,
𝐿𝐿𝑓𝑓 = biofilm thickness (L)
𝑑𝑑 = sphere diameter (L)
3
2
(4 − 𝑚𝑚) 2𝐿𝐿𝑓𝑓
𝜋𝜋 (2 − 𝑚𝑚) 2𝐿𝐿𝑓𝑓
𝑉𝑉𝑡𝑡𝑏𝑏 = 1 −
�
�
� +
�
�
𝑑𝑑
𝑑𝑑
𝛼𝛼𝑚𝑚
12
8

Biofilm model
(Rittmann &
McCarty 1980)

Theoretical porosity of the media that is affected by 𝑑𝑑 = diameter of the spherical media
biomass growth,
𝐿𝐿𝑓𝑓 = biofilm thickness

Biofilm model
(Cunningham et al.
1991)

1 2𝐿𝐿𝑓𝑓
1
+ ��
� + ��
2
𝑑𝑑
6

𝛼𝛼𝑡𝑡𝑡𝑡 = 1 −

Biofilm coating
(Cunningham et al.
1991; Taylor et al.
1990)

3
𝜋𝜋
� 6� �𝑑𝑑 + 2𝐿𝐿𝑓𝑓 �

𝑑𝑑 3

Biomass affected relative hydraulic conductivity

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = relative pore volume

Biofilm model
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𝑏𝑏

(𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑉𝑉𝑜𝑜 )
1
𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 = � �
� + 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚 �
(1 − 𝑉𝑉𝑜𝑜 )
1 + 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚
Biomass affected relative hydraulic conductivity
𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟

3

2

(𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑉𝑉𝑜𝑜 )
(𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑉𝑉𝑜𝑜 )
= �𝑎𝑎 �
� + (1 − 𝑎𝑎) �
� �
(1 − 𝑉𝑉𝑜𝑜 )
(1 − 𝑉𝑉𝑜𝑜 )

The volume of the pores clogged by the biomass

1
𝑍𝑍𝑛𝑛
�1 + 𝐸𝐸 �
− 2𝜎𝜎��
2
√2𝜎𝜎
Volume fraction occupied by solid-phase biomass,
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏 =

𝑉𝑉𝑡𝑡𝑏𝑏 =

𝑋𝑋𝑓𝑓 𝜌𝜌𝑘𝑘�
𝜌𝜌𝑓𝑓

𝑉𝑉𝑜𝑜 = initial pore volume
𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚 = Threshold hydraulic conductivity

Thullner (2001)

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = relative pore volume
𝑉𝑉𝑜𝑜 = initial pore volume
𝑎𝑎 = a constant

Micro colonies
Thullner (2001)

𝐸𝐸 = error function
𝑍𝑍𝑛𝑛 = pore radius
𝜎𝜎 = standard deviation

Micro colonies
(Thullner et al. 2002)

𝑋𝑋𝑓𝑓 = microbial cell mass per unit mass of aquifer Macroscopic model
(Clement et al. 1996)
solids
-3
𝜌𝜌𝑘𝑘 = bulk density of aquifer solids (ML )
𝜌𝜌𝑓𝑓 = solid phase biomass density(ML-3)
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2.10.4.1

Bio-film model

Most of the mathematical models found in the literature for bioclogging are based on the
assumption that the bacterial cells form a continuous film that uniformly covers the pore
walls, which is known as a biofilm (Seki & Miyazaki 2001). Rittmann and McCarty
(1980) modelled steady-state biofilm kinetics and defined the biofilm as a layer-like
aggregation of micro-organisms attached to a solid surface. Thullner (2001) assumed that
biomass grows as a biofilm on the walls of each pore, and a simulation confirmed that
this biofilm reduced the hydraulic conductivity of the entire network but up to two orders
of magnitude.
2.10.4.2

Micro-colony model

The discrete micro-colony model was first developed by Molz et al. (1986), who assumed
that micro-organisms grow in micro-colonies (patchy biofilms) attached to the porous
medium solid particles. These researchers reported that each micro-colony has the form
of a cylindrical plate with a predefined radius and thickness [Figure 2.30(b)]. The growth
of biomass was represented by an increase in the number of micro-colonies.
According to Rittmann (1993), biofilms grow under high substrate loading conditions,
and only micro-colonies develop under the lower substrate loading conditions. Based on
his simulations, Thullner (2001) stated that the clogging effects could be under-predicted
if a biofilm assumption was used, except for a porous medium with a 1 mm grain size.
Moreover, bio-clogging caused by microbial colonies is more likely to occur in porous
media with grain sizes that are smaller than 1 mm. Figure 2.31 shows observations by
Thullner (2001) for the reduction of relative hydraulic conductivity (Crel) due to the poreclogging induced by micro-colonies in relative pore space (Vrel) for standard deviation,
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𝜎𝜎 = 1⁄3, 2⁄3, 1⁄2 . In every case, the hydraulic conductivity had decreased by more

than two orders of magnitude.

Figure 2.31: Reduction of hydraulic conductivity due to clogging of
pores by micro-colonies (Thullner 2001)
2.10.4.3

Macroscopic model

In the macroscopic model, bacteria are attached to the solid particles and grow on them
in isolated groups (Clement et al. 1996). The biofilm and micro-colony approaches
discussed in the previous sections consider the specific microbial parameters in the
mathematical model development. However, in reality, the growth pattern of bacteria in
the porous media are more like combinations of these models, where discrete colonies
develop first and gradually expand to form continuous biofilms, which subsequently
develop to a macroscopic growth (Rittmann 1993; Seki & Miyazaki 2001).
Regardless of the approach used to analyse the growth of microbes, in most of the
microbially mediated transport studies in porous media, the data on microbiological
experiments are given in average concentrations of biomass (Chen-Charpentier 1999;
Chen et al. 2003; de Lozada et al. 1994; Taylor & Jaffé 1990a). Observations of average
biotic concentrations only comply with the macroscopic approach because biofilm and
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discrete aggregates are estimated via a modelling approach rather than direct laboratory
evidence. Besides, actual measurements of biofilm thicknesses and or colony densities
are monotonous and costly tasks that can end up with many experimental errors. Most
importantly, these microscale measurements may not be significant in overall fluid
transport in porous media because the Darcy scale flow equations and soil property
expressions used for modelling the fluid transport are continuum models
(Clement et al. 1996). These models were developed using representative elementary
volume averaging procedures that omit the microscopic flow in individual pores. Even
though some numerical approaches such as homogenisation or network models can be
used to scale up the microscopic model parameters into the macroscopic level
(Chen-Charpentier 1999), those methods are sophisticated.
In conclusion, due to the complex nature of porous media, it is difficult to simulate the
flow through each pore; however, macroscopic pore geology can be considered as a whole
without an individual visualisation of the pores. This path leads to combine the whole
microbial picture of porous media with macroscopic properties such as porosity and
permeability (Chen-Charpentier 1999; Clement et al. 1998).
Laboratory experiments on bio-clogging
Experimental evidence for bio-clogging was first found by Slichter (1905) in laboratory
tank experiments. Allison (1947) was the first to experimentally observe the considerable
reductions in the hydraulic conductivity of saturated porous media due to the growth of
micro-organisms, and then many experiments were carried out to study the relationship
between reductions in hydraulic conductivity and bacterial pore-clogging. In previous
research, synthetic porous media were inoculated using pure and mixed bacterial cultures
(e.g., glass spheres), and with actual samples taken from the field, and in all these cases
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there was as much as three orders of magnitude, or 65-95%, reductions in permeability
(Cunningham et al. 1991; Rittmann 1993; Taylor & Jaffé 1990a; Taylor et al. 1990). For
instance, drastic reductions in hydraulic conductivity were observed by Gupta and
Swartzendruber (1962) during their experiments using quartz sand, when the number of
bacteria cells was exceeding 1.3 x 106 per gram of soil, as shown in Figure 2.32.

Figure 2.32: Relationship between saturated hydraulic conductivity
ratio and number of bacteria per gram of sand in a sand column
(Source: Gupta and Swarzendruber 1962)

Frankenberger et al. (1979) observed that the hydraulic conductivity of saturated soil
gradually decreased due to the accumulation of biomass, and stabilised at a constant
value. Okubo and Matsumoto (1979) also investigated the effect that the biologically
affected reduction of hydraulic conductivity in sand columns into which synthetic
wastewater was pumped. In their experiments, the rate of infiltration did not affect the
hydraulic conductivity of the surface layer, but at the bottom layer, the hydraulic
conductivity decreased at the highest rate of infiltration. Based on the sand column
experiments Vandevivere and Baveye (1992a) suggested that the void space had slowly
73

narrowed due to the accumulation of biomass. This proportional increase in the pore fluid
velocity caused higher shear stresses and a higher rate of biomass removal (detachment).
Scanning Electron Micrographs (SEM) of the accumulation of biomass in the void spaces
between the particles of sand in their column experiments are shown in Figure 2.33.

Figure 2.33: Scanning Election Micrographs (SEM) of two bacteria strains
colonizing the porous sand media (Vandevivere and Baveye, 1992a)
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When the sand columns were inoculated with an Arthrobacter sp. strain, Vandevivere
and Baveye (1992c) did not observe any considerable reductions in the saturated
hydraulic conductivity for biomass with densities less than 4 mg wet weight/cm3, but
when the density of the biomass was higher, the reductions were significant. As the
density of the biomass reached 10, 20, 35 mg wet weight/cm3, the saturated hydraulic
conductivity decreased by one, two, and three orders of magnitude, respectively.
The relationship between the relative hydraulic conductivity (K/K0) and the relative
volume of biomass (α) was analysed by Baveye et al. (1998) in relation to the clogging
intensity and grain-size distribution of the porous medium, as shown in
Figure 2.34. In the column experiments conducted by Seki et al. (1996) the hydraulic
conductivity of a glass filter located at the inlet of the column decreased by three orders
of magnitude as a result of bacterial and fungal growth.

Figure 2.34: Relationship between relative hydraulic conductivity (K/K0)
and relative biomass volume (α) (Baveye et al. 1998)
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Field studies on bio-clogging
The previous section discussed the results for hydraulic conductivity reductions due to
bioclogging in laboratory experiments. Evaluating the biologically affected hydraulic
conductivity reductions in field applications is also important. These reductions are
commonly noticed at artificial water reservoirs (Mirtskhulava et al. 1972), in wastewater
disposal facilities or septic tank effluent, in sand filters used to treat water and wastewater
(Davis & Weisheit 1973; Laak 1970; McIntyre & Riha 1991; Oberdorfer & Peterson
1985; Seki et al. 1998), enhanced oil recovery schemes, groundwater recharge and in situ
bioremediation of organic contaminants in groundwater (Cunningham et al. 1991; Taylor
& Jaffé 1990a). In most cases, even though the bacterial cells only occupy a very small
fraction of the void space, they can accumulate over time and dramatically reduce the
saturated hydraulic conductivity. Vandevivere and Baveye (1992b) suggested that
bacterial cells could cause a large amount of clogging if they located at pore throats
because this strategic localisation might be related to the tendency of some
micro-organisms to form aggregates of different sizes.
2.10.6.1

Reduction in the performance of PRBs due to bio-clogging

Biofouling was observed in a zero-valent iron/sand reactive barrier in Newbury Park, CA
(Gu et al. 1999). A filter column at the Portsmouth, OH, site was affected by rapid
clogging (Liang et al. 1997). Sulphate Reducing Bacteria (SRB) were detected in water
samples and Fe0 fillings at that site. SO42- acted as a terminal electron acceptor for SRBs
and then produced sulphide, which led to bio-clogging and reductions in permeability in
the Fe0 barriers (Gu et al. 1999). Reductions in the concentrations of SO42- in groundwater
passing through the zero-valent iron were reported in PRBs installed at former Naval Air
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Station (NAS) Moffett Field (Gavaskar et al. 2005), Lowry AFB (Gallant & Myller 1997),
and at a U.S. Coast Guard Fe0 barrier at Elizabeth City, NC (FRTR 2002).
Individual biological processes in porous media are more difficult to examine than in
other conventional reactor geometries such as flasks, tanks, reservoirs, and pipelines,
which is why recent investigations into porous media tend to focus on the reductions in
porosity and hydraulic conductivity caused by microbial activities, rather than
considering the microscopic activities of relevant micro-organisms separately
(Cunningham et al. 1991).

2.11 Summary
Naturally occurring sediments of acid sulphate soil are widespread along the estuarine
floodplains and coastal lowlands of Australia. They contain a shallow layer of pyrite
(FeS2) which is inert until disturbed and oxidises in the presence of oxygen. Pyrite
oxidation is a complex biochemical process which is accelerated by iron oxidising
bacteria, particularly the At. ferrooxidans which lives in acidic terrain. Pyrite oxidation
generates sulfuric acid, which reduces the soil pH and enables toxic heavy metals such as
Aluminium (Al) and Iron (Total Fe) to leach into the groundwater. Acidic effluents are
not only detrimental to the natural environment but also buried infrastructure because
sulfuric acid is highly corrosive and can cause severe damage to pipelines, culverts, and
foundations.
The groundwater of the study site at Broughton Creek catchment was continuously acidic
and contaminated with toxic heavy metals during the preliminary site investigations.
Borehole stratigraphy and chemical investigations of the soil led to identifying the PASS
layers in the study site, and then a pilot-scale PRB was installed to remediate the acidic
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water using recycled concrete as the reactive media. The efficiency of PRBs has been
proven by past researchers over other conventional approaches such as weirs and
floodgates. A typical PRB is a trench-like subsurface treatment zone filled with a reactive
media that can neutralise the acidity and remove toxic cations by chemical precipitation.
Despite this competent treatment by PRBs, the subsequent armouring and clogging of the
reactive granular assemblies hinder their performance and longevity.
Chemical clogging in PRB granular assemblies is well understood; however, the
biological clogging of PRB is a whole new area of study. The build-up of microbial
biomass can, when stimulated by a high enough nutrient loading, lead to significant
reductions of porous space because the biomass itself is plugging the pores by an effect
called “bio-clogging”. Past researchers reported significant reductions in porosity and
hydraulic conductivity due to bio-clogging in subsurface porous media. Therefore,
bio-clogging in PRBs should be analysed to understand the temporal variations of reactive
media properties. When developing a mathematical model, the biotic growth in
permeable zones is categorised as micro-colonies, biofilms, and macroscopic growth. For
all three approaches, previous researchers have developed various mathematical
expressions to describe the microbial growth and its effect on void space reduction.
However, macroscopic pore morphology is the best way to evaluate the geo-hydraulics
affected by pore-clogging because this approach does not require any complicated
micro-scale modelling to determine biofilm thickness and density of micro-colonies.
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Laboratory column experiments
3.1 Introduction
Before constructing a large scale PRB, laboratory investigations are essential to
understand the bio-geochemical reactions and the pattern in which the selected granular
media will decay during groundwater treatment. If the test results obtained at the design
stage are satisfactory, and the end products of treatment meet the required water quality
standards, the material tested in the laboratory will be applicable in the field. This chapter
presents the methodology and results of one-dimensional laboratory column experiments
carried out over eight months to investigate the chemical properties and nature of
treatment provided by limestone. One-dimensional column experiments generally
simulate the flow of groundwater along the centreline of a real-life PRB. Although similar
experiments are found in literature, none of them checked the bioclogging that occurs
inside a granular limestone assembly. An iron oxidising bacteria strain that lives in acid
sulphate soil terrain, i.e. Acidothiobacillus ferrooxidans was isolated and cultured in the
laboratory and then used to inoculate the columns to resemble the bio-geochemical
clogging of reactive porous media. A control experiment was also carried out
simultaneously to differentiate between chemical clogging and biological clogging.
This chapter includes the observations made on the stepwise acid neutralisation of
limestone, the removal of toxic heavy metal cations (Al and Fe) out of the groundwater,
temporal and spatial variations of the formation of mineral precipitates and the
accumulation of biomass using evidence taken from analysis of dissolved ions,
SEM-EDS, XRD, speciation calculations and the reductions in hydraulic conductivity
and porosity along the length of the column. The results of these experiments were then
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compared with a previous study which used recycled concrete aggregates as filling media
in the columns. The results obtained from the column experiments were used to calibrate
the analytical model developed by the writer, presented in Chapters 5 and 6. Most
importantly, the conclusions based on column experiments carried out in the current study
led to the use of limestone in a recently constructed PRB.

3.2 Reactive material
The treatability and reactivity of filling material are salient features of a PRB because its
ability to remove contaminants depends on the properties of the reactive media. Past
researchers have experimented on several PRB materials that can treat a variety of
contaminants, as explained earlier in Section 2.6.2. During the design stage of the PRB,
it is essential to examine the performance of the intended granular media to be used in the
field PRB. In general, the initial step for reactive material selection includes batch tests.
For instance, Golab et al. (2006b) screened various reactive materials for treating acidic
groundwater in their batch tests (see Section 2.8). They found that alkaline materials
including lime, recycled concrete, fly ash, blast furnace slag and limestone could
successfully neutralise acidic constituents up to different levels. Secondly, the behaviour
of these selected materials should be monitored further in long term column experiments.
A pilot-scale PRB has been installed in the Shoalhaven floodplain, Southeast NSW,
Australia using recycled concrete aggregates as the filling material (see Section 2.8). The
inexpensive waste concrete medium taken from demolition yards were capable of
removing acidity and toxicity of the contaminated groundwater. However, the rate of
reactivity and extent of treatability of these aggregates could not be predicted accurately
due to variation in ageing as well as due to change in the characteristics from one batch
to another (e.g. source of the demotion waste). On this basis, calcitic limestone was
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selected as the preferred alkaline PRB material for acid neutralisation of groundwater in
the current study. Although limestone mixtures were used in the past to treat acid mine
drainage (Gibert et al. 2003; Komnitsas et al. 2004), this study deals explicitly with
limestone aggregates as an effective PRB medium in acid sulphate soil floodplains.
Limestone aggregates were procured from a quarry in Moss Vale, south of Wollongong
city. Crystallised CaCO3, rather than overburden limestone, was selected. Its chemical
composition is given in Table 3.1. The large amount of CaCO3 (97%) indicates its obvious
potential for neutralising acidic influent. The particle size distribution of limestone
aggregates used in the column experiment is shown in Figure 3.1. The material consisted
of uniformly-graded gravel-sized particles (GP) according to the Unified Soil
Classification System (ASTM D2487).
Table 3.1: Chemical analysis of fresh limestone (Source: Indraratna et al. 2020)
Mineral composition
Mineral
Percentage (%)
CaCO3
97.21
MgCO3
1.22
SiO2
0.58
Al2O3
0.21
Fe2O3
0.15

Trace element composition
Element
Concentration(mg/kg)
Arsenic
0.77
Boron
0.19
Cadmium
0.11
Chromium
0.76
Copper
0.41
Lead
1.6
Mercury
<0.01
Molybdenum

0.07

Nickel

0.1

Selenium

0.07

Tin

<0.02

Zinc

2.8
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Figure 3.1: Particle size distribution of limestone used in column experiments
(Indraratna et al. 2019)

3.3 Experimental Methodology
Experiment setup
A one-dimensional column experimental setup (Figures 3.2 and 3.4) was used to study
and quantitatively determine the effectiveness of contaminant removal and the extent of
biochemical precipitation of a column having limestone aggregates. A horizontal column
shown in Figure 3.2 represents the groundwater flow along transects parallel to the flow
direction, and orthogonal to the length of the real-life PRB, as shown in Figure 3.3. Since
the PRB can be divided into several hypothetical slices along the length (in the direction
of groundwater flow), understanding the flow characteristic along these sections is
imperative.
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Figure 3.2: Schematic of laboratory column experiment setup
(SC: Sampling Column, PTC: Pressure Transducer column)
(Indraratna et al. 2020)

Figure 3.3: Pilot-scale PRB in Shoalhaven, Southeast NSW, Australia
(1D column of the laboratory test simulates the flow along the imaginary transects marked)
(Indraratna et al. 2019)
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Figure 3.4: Laboratory column experiment setup
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As illustrated in Figures 3.2 and 3.4, testing was carried out in four identical acrylic
columns, which were 0.65 m long with an internal diameter of 50 mm. Limestone
aggregates were crushed and sieved to obtain 4 - 5 mm particles to use as the granular fill
inside the column. The column dimensions were selected so that the ratio of the width or
diameter of the test chamber to the maximum particle size exceeds eight to alleviate
boundary effects as proposed by Indraratna and Vafai (1997). In this case, the ratio of
column diameter to maximum particle size, 50 mm / 5mm = 10 > 8. Other than the
limestone, inert silica sand was used at the inlet and outlet of the column to provide better
filtration. A geotextile wrapping was provided for silica sand to avoid the physical
clogging inside the granular limestone assembly by the migration of sand particles. The
particle size of the silica sand used was between 100 µm – 1000 µm and D10, D50 and D90
were 276 µm, 415 µm and 623 µm, respectively.
The entire experimental setup consisted of two main column sets. The first set (CT1)
examined the effect of acid neutralising due to chemical clogging only, whereas the entire
apparatus was sterilised beforehand to ensure that no biotic activities could occur. Before
filling with limestone aggregates, CT1 columns were rinsed with 70% ethanol for
sterilising, while all the glass containers used for preparing and storing synthetic
groundwater were autoclaved. The second column set (CT2) observed acid neutralising,
the biological clogging of the limestone assembly, and the coupled effect of clogging
mechanisms.
Each setup had two identical columns. One of each pair was a pressure transducer column
(PTC) used to monitor variations in pore pressure along the column at 100 mm intervals
using six pressure transducers (MRB20 -Vented Gauge, 4/20 mA, a pressure range of
0 -100 kPa, and 0.5% full-scale precision). The pressure readings were used to calculate
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the hydraulic gradients and saturated hydraulic conductivity along one column in each
pair. The second column in each pair (sampling column- SC) was used for specimen
collection. The water specimens were taken from six sampling ports (SP1 to SP6) along
the length of the sampling column (SC) and tested for the water quality parameters.
Identical inputs were provided to both columns in each set while maintaining the same
environmental conditions. Peristaltic pumps provided 1.2 ml/min flow rate into the
columns. Flow rate at the PRB site was varying within the range of
1.1 x 106 – 1.4 x 106 L/year according to the observations made on flow patterns of the
area during the baseline monitoring period of one and a half years prior to installing the
PRB (Indraratna et al. 2014a; Regmi et al. 2009). The field flow rate was scaled down
into the laboratory scale based on scaling laws associated with traditional dimensional
analysis for granular media flow (Greenkorn 1964; Reddi et al. 2000). This is why a mean
value of 1.2 ml/min was selected for column tests. The columns were divided into five
conceptual zones (Figure 3.2) to analyse the spatial variation of treatment.
Synthetic groundwater
Synthetic groundwater (Table 3.2) was prepared to mimic the actual groundwater
chemistry of the PRB site. Average ionic concentrations and acidity were deduced based
on data collected over a baseline monitoring period of one and a half years prior to
installing the PRB (Regmi et al. 2009). The synthetic solution with the average
concentrations of Na+, K+, Ca2+, Mg2+, Al3+, Fe2+, Fe3+, Cl- and SO42- as shown in
Table 3.2 was prepared by mixing the required masses of Na2SO4, K2SO4, MgCl2.6H2O,
Al2(SO4)3.18H2O, FeSO4.7H2O and FeCl3.6H2O, respectively. The pH of the solution
was adjusted to 3 by adding sulfuric acid. When pumping into the columns, the solution
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was continuously mixed using a magnetic stirrer to avoid any precipitation in the
container.
Table 3.2. Chemistry of the influent water for columns (Indraratna et al. 2020)
Parameter
pH
ORP
Acidity equivalent to CaCO3
Na+
K+
Ca2+
Mg2+
Al3+
Fe3+
Fe2+
ClSO42-

Unit
mV
mmol eq/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

Values
3
610
6.45
504.2
50.1
152.2
118.0
54.0
49
91
849.0
1450.0

Culturing bacteria
Although several other bacteria strains are found in pyritic soils, Acidithiobacillus
ferrooxidans are reported to accelerate the oxidation of dissolved Fe2+ and regenerate the
ferric ions (Fe3+) in the system by five to six orders of magnitude, especially in anaerobic
environments as described earlier in Section 2.3.3. These iron oxidising bacteria in the
pyritic soil can enter the PRB with groundwater and grow inside the PRB due to the
continuous supply of nutrients from pollutants, mainly Fe2+. Therefore, this particular
bacteria strain is likely to enhance the clogging in porous media by biologically catalysed
mineral precipitation and accumulation of the biomass in the void space. The diversity
profile analysis and nucleic acid extraction conducted by the Australian Genome
Research Facility (AGRF) confirmed the presence of bacteria at the PRB site in
Shoalhaven. Figure 3.5 shows the level and presence of bacteria in the soil at different
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depths where considerable biotic activity, exacerbated by high organic content, occurs at
shallow depths.

Figure 3.5: Presence of iron oxidising bacteria and organic content at different depths of
Shoalhaven acid sulphate soil (Indraratna et al. 2020)
The growth kinetics of Acidithiobacillus ferrooxidans are explained in Section 2.3.3.1.
The primary culture media for Acidithiobacillus ferrooxidans was prepared with
0.4 g/L K2HPO4, 0.4 g/L MgSO4.7H2O, 0.4 g/L (NH4)2SO4 (Tuovinen & Kelly 1973).
The pH of the medium was adjusted to 1.9 using sulfuric acid, and then the media was
autoclaved, and 5 g of soil taken from 0-1.5 m depth of the site was added aseptically to
each flask. After adding 5 g/L FeSO4.7H2O and 1 g/L pyrite, the flasks were incubated in
a shaker (Bioline incubator shaker-8500) at 320C at a speed of 150 rpm. The growth of
bacteria cells in each flask over time was observed with an optical microscope
(Novel NMM-820). When the batch cultures reached its exponential growth phase,
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numerous subcultures were prepared from the original culture to formulate the final
bacterial solution. 1 L from the sub-cultures and 4 L of fresh media was then added to
make a 5 L bacterial solution. This solution was kept in a rotary shaker until the cell
number increased beyond 107 cells/cm3, then it was used to inoculate the two columns in
CT2. The samples taken from the final bacterial solution were tested again in AGRF for
diversity profile analysis and to confirm the presence of iron oxidising bacteria. This
procedure was repeated throughout the column test to maintain a continuous supply of
bacteria into the columns.
Column test procedure
Throughout this study, the initial void volume of the column is referred to as the “pore
volume” (PV). It was calculated based on the weight of the columns when measuring in
relation to (i) dry limestone with air-filled voids, and (ii) limestone with fully saturated
voids. Initial pore volume (PV) of SP1, PTC1, SP2, PTC2 were: 684 ml, 675 ml, 682 ml,
and 672 ml, respectively. Before pumping acidic groundwater, the limestone columns
were rinsed with 5-6 pore volumes of deionised water.
The bacteria were not introduced at the beginning of the test because the acidophiles
would be inactive in the initial highly alkaline environment. Growth naturally occurs
within the range 1.5 < pH < 6 with an optimum pH of 2-2.5 (Nemati et al. 1998; Rawlings
2002). Thus, the CT2 columns were not inoculated with acidophilic bacteria until the pH
at the entrance zone of the column dropped below 4.3 after around 125 PVs of flow.
Water specimens were collected daily from the main outlets of all four columns. The
specimens taken from the sampling ports of each SC were collected once a week. The
pH, temperature, Electrical Conductivity (EC) and Oxidation Reduction Potential (ORP)
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of the samples were measured immediately using a multi-parameter water quality meter
(Thermo Scientific Orion Star A325), as was the bacterial concentration of effluents from
CT2. A Helber counting grid and an optical microscope (Novel NMM-820) was used to
observe the number of cells. Effluent samples were filtered, and the concentration of Na+,
K+, Ca2+, Mg2+, Al3+ were measured by Inductively Coupled Plasma Optical Emission
Spectroscopy (Agilent 700 series ICP-OES). Ion Chromatography (IC: Shimadzu CDD10A) was used to measure the SO42- and Cl- concentrations. Pore pressure variations along
the horizontal flow path of the columns were recorded using an automated data logger
(ThermoFisher Data Taker-DT85) connected to 12 pressure transducers (6 in each
column). At the end of the experiment series, clogged columns were dismantled, and
extracted particles were subjected to SEM-EDS and XRD for analysing the coating.

3.4 Results and Discussion
Zonal variations of acid neutralising and metal removal
Figures 3.6(a) and (b) show the temporal variations of dissolved Ca concentration in water
samples taken from SP1 to SP6. When highly acidic groundwater reacts with fresh
limestone in zone 1, Ca minerals are rapidly dissolved (Equations 3.1 - 3.4) elevating the
alkalinity by releasing HCO3- and OH-, and excessive acidity of water is then neutralised
to some extent before entering zone 2.
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝐻𝐻 +

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝐻𝐻2 𝐶𝐶𝐶𝐶3

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝐻𝐻2 𝑂𝑂

↔ 𝐶𝐶𝐶𝐶2+ + 𝐻𝐻𝐶𝐶𝐶𝐶3−

(3.1)

↔ 𝐶𝐶𝐶𝐶2+ + 2𝐻𝐻𝐻𝐻𝐻𝐻3−

(3.2)

↔ 𝐶𝐶𝐶𝐶+ + 𝐻𝐻𝐻𝐻𝐻𝐻3− + 𝑂𝑂𝑂𝑂 −

(3.4)

↔ 𝐶𝐶𝐶𝐶2+ + 𝐶𝐶𝐶𝐶32−

(3.3)

90

At the inlet, problematic ions are also partially removed from contaminated water by the
formation of Al and Fe oxides and hydroxides. It is expected that armouring and
precipitate formation has begun at this acid front, causing a gradual reduction of Ca
dissolution starting at 200 PV in CT1 [Figure 3.6(a)] and 150 PV at CT2 [Figure 3.6(b)].

Figure 3.6: Variations of dissolved Ca2+ concentration along the columns
(a) CT1 (b) CT2 (Indraratna et al. 2020)
In CT2, alkalinity depletion began earlier, because, Fe2+ oxidation was accelerated by
bacteria and, hence, more Fe3+ was available to form more insoluble Fe(OH)3. This would
be expected to cause faster armouring and clogging, thereby effecting a rapid reduction
of reactivity. Effluent pH of each zone slowly decreased with the depletion of reactivity
[Figures 3.7(a)-(f)]. Removal of excessive Fe and Al from zone1 to zone 5 by
precipitation (Equation 3.5 - 3.10) is also shown in Figure 3.7.
𝐹𝐹𝐹𝐹 3+ + 3𝐻𝐻2 𝑂𝑂
𝐹𝐹𝐹𝐹 3+ + 2𝐻𝐻2 𝑂𝑂

+
→ 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3(𝑠𝑠) + 3𝐻𝐻(𝑎𝑎𝑎𝑎)
+
→ 𝐹𝐹𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂) + 3𝐻𝐻(𝑎𝑎𝑎𝑎)

+
2𝐹𝐹𝐹𝐹 3+ + 3𝐻𝐻2 𝑂𝑂 → 𝐹𝐹𝐹𝐹2 𝑂𝑂3 + 6𝐻𝐻(𝑎𝑎𝑎𝑎)

(3.5)
(3.6)
(3.7)
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𝐹𝐹𝐹𝐹 2+ + 2(𝑂𝑂𝑂𝑂)− ↔ 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)2
𝐹𝐹𝐹𝐹 2+ + 𝐶𝐶𝐶𝐶32−
𝐴𝐴𝐴𝐴 3+ + 3𝐻𝐻2 𝑂𝑂

↔ 𝐹𝐹𝐹𝐹(𝐶𝐶𝐶𝐶)3(𝑠𝑠)

+
→ 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3(𝑠𝑠) + 3𝐻𝐻(𝑎𝑎𝑎𝑎)

(3.8)
(3.9)
(3.10)

Bacterial inoculation at 125 PV of CT2 was a crucial factor in maintaining the differences
of pH profiles and metal removal between zones in CT1 and CT2. Although Ca
dissolution in zone 1 was highest before armouring of that area, the Ca2+ concentration in
zone 2 exceeded that in zone 1 after 200 PV in CT1 and 150 PV in CT2 (Figure 3.6). It
is because the partially treated effluent entering zone 2 was less acidic than when in
zone 1, hence, the limestone gravel in the second zone exposed to less acidity and less
heavy metal contamination than in the first zone. The evidence supporting this contention
includes the higher pH and lower dissolved ion concentrations in zone 2 [Figure 3.7(b)]
than in zone 1[Figure 3.7(a)]. This same treatment pattern continued from zone to zone
between the column inlet and outlet, and as a consequence zone 5 experienced less acidity
and metal pollution than any upgradient zones, and this resulted in the lowest alkalinity
depletion at the outlet. For instance, the pH reduction within 796 PV at CT2 inlet (SP1)
was from 7.02 to 1.89, while it was from 7.89 to 3.02 at the outlet (SP6).
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Figure 3.7: Temporal variations of pH, dissolved Total Fe and dissolved Al3+
along the columns (a) SP1 (b) SP2 (c) SP3 (d) SP4 (e) SP5 (f) SP6
(Indraratna et al. 2020)
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It is expected that the dissolved Fe2+ concentration in CT2 is smaller than in CT1 because
of the rapid microbial oxidation of Fe2+ into Fe3+. Thus, after precipitating the majority
of Fe3+, there should be a lower level of dissolved total Fe (Fe2+ and Fe3+) in the CT2
effluent than in CT1. For instance, the total Fe concentration in CT2-SP1
[Figure 3.7(a)] was smaller than that at CT1-SP1 until it reached 450 PV. However, when
the pH of CT2-zone 1 dropped below 3, it was expected that iron minerals would be
re-dissolved, as it is the buffering point of Fe(OH)3 (Johnson et al. 2000). Nevertheless,
the CT1-zone 1 did not reach the Fe oxy/hydroxide buffering at the same time, and the
iron precipitates in CT1 did not re-dissolve; therefore, after 450 PV, it may be inferred
that the dissolved Fe concentration in CT2 is higher due to re-dissolution. Variations of
total Fe concentration in the remaining zones were also similar, but the time of
re-dissolution of a particular zone always occurred after its previous adjacent zone.
The formation of Al(OH)3 also became weaker in CT2 because accelerated particle
coating results in Al3+ ions to remain in the solution without removal by precipitation.
Thus, as shown in Figures 3.7(a)-(f), the dissolved Al3+ concentration in CT2 seems to be
always higher. Furthermore, past studies also indicate that Al(OH)3 re-dissolves when it
reaches the buffering point (pH~ 4) (Blowes et al. 2003; Jurjovec et al. 2002), and this
may be the reason for an abrupt increase in dissolved Al at 330 PV in CT1 and at 204 PV
in CT2 at the inlet (SP1).
Characteristics of effluent
Variations in the pH, ORP, and dissolved concentrations of major pollutants (Al3+ and
Fe3+) in the column effluent are plotted against the dimensionless time (i.e., PV) in
Figures 3.8 (a) and (b). Initially, when the columns were flushed with deionised water
(pH= 7) before introducing synthetic acidic water, the effluent reached a pH of 8 with the
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dissolution of minor amounts of CaCO3 in deionised water [Figure 3.8(a)]. The initial
ORP in the column effluents was 120 mV, which indicated weak oxidising conditions
[Figure 3.8(b)]. After the synthetic groundwater was pumped in, the pH of both columns
dropped from 8 to 6.5 within initial 80 PV corresponding to an increase in the ORP from
124.5 mV to 155.4 mV, suggesting that weak oxidising conditions are dominant.
Afterwards, subsequent plateaus were observed in both pH profiles.

Figure 3.8: Variations in parameters of the column effluent with time a) pH,
dissolved Total Fe and Al3+ b) Oxidation Reduction Potential (ORP)
(Indraratna et al. 2020)
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3.4.2.1 Bicarbonate buffering
The first pH plateau of CT1 maintained a near-neutral pH range (6.30 <pH < 6.71) until
330 PV [Figure 3.8(a)]. It was followed by a slight decrease in the pH (4.72 <pH <6.30)
until 630 PV. As shown in Figure 3.6(a), this corresponds to a gradual reduction of Ca
dissolution in zone 5 from 330 PV onwards. This equilibrium within the range
80 < PV < 330 could be attributed to the bicarbonate buffering by dissolution reactions
3.1 to 3.4. It could be inferred that accelerated armouring and precipitation in CT2
resulted in a shorter bicarbonate buffering zone lasting only until the 190th PV
(6.28 < pH< 6.60). It was the time when the two pH profiles of CT1 and CT2 began to
differ conspicuously. By then the pH had gradually decreased (4.81 < pH < 6.28) until
550th PV.
The ORP within the columns was observed to increase gradually, indicating that the
oxidising conditions within the columns have improved. At 550 PV, the ORP in CT1was
436 mV, whereas in CT2, it was 504 mV with the difference attributed to the enhanced
oxidising potential provided by the acidophiles [Figure 3.8(b)]. At the end of the gradual
reduction, the pH in both columns dropped sharply [Figure 3.8(a)], and this can be
attributed to a total depletion of alkalinity from the columns as a result of the continuous
passage of acid.
The concentrations of Fe and Al were very high in influent synthetic water (140 mg/L
and 54 mg/L respectively); however, they were almost completely removed (removal of
99% Fe and 96% Al) due to bicarbonate buffering [Figure 3.8(a)]. On this basis, one may
identify bicarbonate buffering as the most significant aspect of treatment by limestone
aggregates, because, while maintaining a near neutral effluent, the target contaminants
can also be successfully removed.
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3.4.2.2 Al oxyhydroxide buffering
A second pH plateau was observed in CT1 effluent from 650 PV to 750 PV in contrast
between 550 PV- 670 PV in CT2 [Figure 3.8(a)]. During these periods the pH inside the
columns remained stable in the proximity of 4, which corresponds to the buffering point
for the re-dissolution of Al precipitates (Equations 3.10 and 3.11). Blowes et al. (2003)
and Jurjovec et al. (2002) reported a similar state of equilibrium while treating acid mine
drainage, whereas Regmi et al. (2010) observed similar conditions when columns filled
with recycled concrete aggregates used for treating acidic water. Due to the continuous
supply of acidic water, equilibrium attained by the re-dissolution of Al oxides and
hydroxides could not continuously buffer the acidity of water, so the dissolved
concentration of Al in the main effluent increased up to 20 mg/L shortly after the value
of pH dropped below 4.

𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3(𝑠𝑠)

𝑝𝑝𝑝𝑝≤ 4

3+
�⎯⎯� 𝐴𝐴𝐴𝐴(𝑎𝑎𝑎𝑎)
+ 3𝑂𝑂𝑂𝑂−
(𝑎𝑎𝑎𝑎)

(3.11)

3.4.2.3 Fe oxyhydroxide buffering
Ferric oxyhydroxides appeared to re-dissolve (Equation 3.12) once the pH inside the
columns decreased below 3 [Figure 3.8(a)]. According to Johnson et al. (2000), ferric
hydroxides would maintain a pH~ 3 when close to the equilibrium, but the mass of Fe
precipitates would not buffer the pH for an extended period; hence, the effluent pH could
eventually reach that of the influent (pH = 3).
+
𝐹𝐹𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂) + 3𝐻𝐻(𝑎𝑎𝑎𝑎)
→ 𝐹𝐹𝐹𝐹 3+ + 2𝐻𝐻2 𝑂𝑂

(3.12)
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3.4.2.4 Other ions of the effluent
The concentrations of the other cations Na+, Mg2+, K+, and the anions Cl- and SO4 2- in
the influent and effluent remained virtually constant in CT1 throughout the experiment
[Figure 3.9(a)]. This is a clear indication that these cations have not contributed to the
formation of precipitates. The concentrations of SO42-, K+ and Mg2+ in the CT2
[Figure 3.9(b)] increased slightly after bacteria inoculation, probably because the culture
media itself consisted of these ions.

Figure 3.9: Concentrations of other ions dissolved in the column effluent:
a) CT1 b) CT2 (Indraratna et al. 2020)
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Growth of bacteria in CT2
The bacterial cell density in CT2 and redox potential along the column both increased as
the PVs increased [Figures 3.10(a) and (b)] although after 450 - 600 PV the bacterial cell
density plateaued and then decreased somewhat for SP1- SP4 [Figure 3.10(a)].

Figure 3.10: (a) Bacterial cell density of sampling effluents along CT2 (b) ORP
variation in CT2 (Indraratna et al. 2020)
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The cell density of the influent bacterial solution was always maintained within the range
of 7 x 107 cells/ cm3 to 2.5 x 108 cells/ cm3, with the pH around 2. However, the pH of
CT2- zone 1 was almost 4.3 when the limestone assembly was inoculated at 125 PV.
Therefore, once the bacterial culture was in the column, the cells suddenly encountered a
higher pH than in the original bacteria solution, and this condition caused a lag in cell
growth in all the zones [Figure 3.10(a)]. The oxidising conditions near the inlet were also
weak (138.6 mV) at the time of inoculation [Figure 3.10(b)]. The number of bacterial
cells in SP1 effluent was increased gradually from 125 PV to 215 PV (Figure 3.10a) until
the pH of the inlet zone dropped below 3.5 at 215 PV [Figure 3.7(a)]. After this decrease
in pH, the cell count increased rapidly until 550 PV and then stabilised at a peak of around
700 PV. Cell growth at the inlet was faster than the end zone due to the higher nutrient
supply (i.e., more Fe2+) and a lower pH. Peak cell density in other growth curves was
observed at different PVs when the pH of the respective zone dropped below 2, which
would have been the preferred acidity for this particular acidophile (Rawlings 2002).
During the growth phase, the biotic activities in the granular media increased the
oxidising properties within the column, and this was indicated by an increase in the redox
from 301.3 mV to 620.4 mV at the entrance [Figure 3.10(b)]. ORP in the remaining zones
also increased with the growth of bacteria. When there was a considerable increase of
acidity in zones 1 and 2, as indicated by pH decreasing to below two at around 760 PV
and 780 PV respectively [Figures 3.7(a) and (b)], the bacteria could have experienced a
state of decay [Figure 3.10(a)]. Since the column experiment was halted before the pH of
zones 3, 4 and 5 decreased below 2, the decaying phase of these growth curves could not
be captured well in Figure 3.10(a).
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3.5 Mineralogical analysis of coated particles
Visual observations
The visually discernible clogging was photographed at different stages of the column
experiment (Figure 3.11). Early in the permeation process (i.e., after 15 PV of permeation,
as shown in Figure 3.11a) there was no visually evident clogging of pores (i.e., no
build-up of solid or quasi-solid material in the pores) and armouring (i.e., no apparent
deposition of precipitates coating the surface of the gravel). At 390 PV [Figure 3.11(b)]
the gravel in the entire inlet zone of PTC1 has already been coated by bright red and
yellow precipitates, while the middle and outlet zone particles were still uncoated. In
PTC2, armouring (coating of the gravel surface) had commenced at both the inlet and
outlet zone, indicating the biotic inoculation had induced accelerated clogging. At the end
of the column test, limestone aggregates in both columns were completely encrusted
[Figure 3.11(c)].
Sample preparation for mineralogical analysis
Once the columns were excessively clogged and failed in the intended treatment, the
experiments were terminated, and columns were air-dried for two weeks by keeping them
vertical to remove the moisture. After that, the columns were dismantled and armoured
reactants extracted from the inlet (0-10 cm), middle (10-30 cm) and outlet zones
(30-50 cm). Bright yellow coating of the extracted particles indicates Fe precipitates and
white indicates the armouring occurred by Al hydroxides (Figure 3.12). Elemental
analysis of armoured aggregates from each zone and virgin limestone particles was
conducted using Scanning Electron Microscopy and Energy Dispersive X-Ray
Spectroscopy (SEM-EDS by JOEL JSM-6490LA).
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Figure 3.11: Formation of Fe and Al precipitates along the length of the columns with time
(Indraratna et al. 2020)

102

Figure 3.12: Particles extracted from dismantled columns
(Indraratna et al. 2019)
The mineral coating that was covering the limestone surface was extracted by washing
half of the collected aggregates several times with deionised water and filtering that
solution through 0.45 µm filter paper under pressure until the colour of the effluent is
clear. Remaining precipitates on the filter paper were oven-dried and subjected to X-Ray
Diffraction (XRD). Also, new limestone aggregates taken from the same batch used for
column experiment and some armoured aggregates were ground in a mill ball to obtain
finely powdered samples for XRD analysis.
XRD analysis of reactive media
XRD analysis of the mineral coating and the aggregates were conducted using a
GBC MMA X-Ray diffraction unit. Copper Kα radiation was used as the X-Ray source
at 35 kV potential and 28.4 mA electron beam current. Samples were scanned for the
range of 2o - 50o (2θ) at the step size 0.02o and 2o/min scanning speed. Quantitative XRD
was conducted using X`Pert HighSore software. Results provided qualitative and
quantitative data on the mineralogical composition of armoured particles and mineral
coating.
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Table 3.3: Percentage by mass of different mineral phases in fresh limestone, armoured limestone and mineral coating

Mineral Phase

Mineral
Formula

Limestone
(%)

Mineral coating of armoured aggregates

Armoured Limestone (%)

Fresh

Inlet

Middle

(%)

Outlet

Inlet

Middle

Outlet

CT1

CT2

CT1

CT2

CT1

CT2

CT1

CT2

CT1

CT2

CT1

CT2

Calcite

CaCO3

97.1

82.4

71.6

86.4

79.2

95.9

89.2

23.6

17.1

29.6

22.8

41.2

36.4

Dolomite

CaMg(CO3)2

1.1

0.2

0.3

0.6

0.4

0.5

0.4

0.6

0.3

0.3

0.4

0.7

0.5

Hematite

Fe2O3

0.1

5.6

8.2

3.9

5.4

1.6

4.3

18.4

28.3

16.5

22.6

12.9

16.5

Goethite

FeOOH

0

6.2

10.8

5.3

8.5

0.8

3.2

19.2

31.2

14.3

27.8

12.5

19.4

Alumina

Al2O3

0.2

2.1

3.3

1.1

1.6

0.3

1.4

21.1

11.2

19.1

12.9

15.9

10.9

Boehmite

AlOOH

0.3

3.5

5.8

2.7

4.9

0.9

1.5

17.1

11.9

20.2

13.5

16.8

16.3
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Table 3.3 summarises XRD analysis of mineral phases and their respective percentages
by mass in fresh limestone, armoured limestone and the mineral coating extracted from
three different zones of the columns. The limestone originally consisted of 97.1% calcite
and 1.1% dolomite, thus proving its alkaline nature. Moreover, while the XRD
diffractogram of fresh limestone consisted of several calcite peaks (Figure 3.13), the
percentages of Hematite (Fe2O3), Goethite (FeOOH), Alumina (Al2O3) and Boehmite
(AlOOH) in fresh limestone were minimal. The percentage of calcite in the armoured
aggregates was less than in the new limestone (Table 3.3) due to the continuous
dissolution of Ca bearing minerals in the presence of acidic water.
Reduction of alkalinity depletion towards the outlet due to lesser armouring and clogging
is evident by these XRD results obtained for both CT1 and CT2 which was inferred earlier
by looking at the concentrations of dissolved Ca in water specimens taken along the
length of the columns (see Figure 3.6). The least percentage of CaCO3 was observed at
the inlet whereas the maximum percentage occurred at the outlet of both columns.
Percentage reduction of calcite decreased towards the column outlet due to lesser
alkalinity depletion at the outlet. For example, the aggregates extracted from CT1
contained 82.4%, 86.4%, and 95.9% of calcite at the inlet, middle, and outlet,
respectively, so compared to the fresh limestone the reduction of calcite in these three
zones in CT1 was 14.7%, 10.7%, and 1.8%, respectively (Table 3.3). In CT2, where
biochemical clogging occurred, the reductions in the mass of calcite at the inlet, middle,
and outlet regions were 25.5%, 17.9%, and 7.9%, respectively. However, in the column
experiments conducted using recycled concrete aggregates to treat the acidic
groundwater, Regmi (2012) observed nearly 50% reduction of Ca bearing minerals from
waste concrete at the end of the test. That proves the advantages of using fresh material
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instead of recycled material. According to the remaining percentage masses in armoured
aggregates presented in Table 3.3, Ca bearing mineral content in armoured limestone did
not entirely deplete even though the mineral coating made a hindrance for dissolution of
calcite. Since the particles at the outlet maintained the acceptable quality until the end of
the test, if severely armoured particles at the inlet were replaced with new limestone, the
rejuvenated granular assembly could reactivate the acid neutralising in the column.
The suggestion of non-homogeneous armouring and clogging was also verified by the
percentages of Fe and Al, which were at their maximum at the inlet and their minimum
at the column outlet (Table 3.3). For instance, the aggregates in CT1 inlet consisted of
5.6% Hematite (Fe2O3) and 6.2% Goethite (FeOOH), while at the outlet, these values
were 1.6% and 0.8%, respectively. Nevertheless, in CT2, where chemical and biological
clogging occurred, the percentage of iron minerals was higher than in CT1. This could
have occurred due to the bacterial catalysing effects in CT2, which was the only
difference between the two column sets. The mass percentages of Hematite (Fe2O3) and
Goethite (FeOOH) of the armoured aggregates at the inlet of CT2 were 8.2% and 10.8%,
respectively, and the reduction of these iron minerals towards the outlet was 48% and
70%, respectively.
Figure 3.14 shows the XRD diffractogram of armoured limestone aggregates from the
inlet, middle, and outlet zones of CT1 and CT2. The reduction of calcite peaks compared
to the new limestone (Figure 3.13), and the distinguishable Al and Fe bearing mineral
peaks of this diffractogram (Figure 3.14) provide qualitative evidence for the formation
of precipitates in columns.
Figure 3.15 shows the XRD diffractogram of fine particles extracted by washing the
armoured aggregates (i.e. the mineral coating of aggregate surfaces). These results also
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proved the non-uniform armouring and the formation of more iron precipitates in CT2
where coupled clogging occurred. The XRD diffractograms of the mineral coating show
sharp peaks for the Al and Fe minerals (Figure 3.15). When the Al and Fe precipitates are
being extracted, it is possible to have CaCO3 solids among them, which is why calcite
peaks are seen in the diffractograms of the mineral coating. As Table 3.3 indicates, the
mass percentage of iron precipitates in CT2 is almost two times higher than in CT1 due
to the rapid formation of iron oxides and hydroxides in CT2 when the biotic oxidation of
ferrous takes place. For instance, the percentage of Fe2O3 at the CT2 inlet was 34.3% but
only 18.4% at the CT1 inlet. The amount of Alumina (Al2O3) and Boehmite (AlOOH)
was higher in CT1 than the masses of the same mineral phases in CT2. Due to increased
clogging, the pH inside CT2 dropped below 4 earlier than for CT1, and hence the redissolution of Al precipitates in CT2 started earlier because, pH = 4 is the buffering point
for Al oxides and hydroxides (Blowes et al. 2003, Jurjovec et al. 2002). Therefore, the Al
minerals in the coating re-dissolved in water and the remaining concentration of Al
precipitates in CT2 was less than in CT1 at the end of the test.

Figure 3.13: Qualitative XRD analysis of fresh limestone
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A – Alumina (Al2O3)
B – Boehmite (AlOOH)
C – Calcite (CaCO3)
D – Dolomite (CaMg(CO3)2)
G – Goethite (FeOOH)
H - Hematite (Fe2O3)

Figure 3.14: Qualitative XRD analysis of coated aggregates (a) CT1 inlet (b) CT2 Inlet (c) CT1 Middle (d) CT2 Middle
(e) CT1 Outlet (f) CT2 Outlet
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A – Alumina (Al2O3)
B – Boehmite (AlOOH)
C – Calcite (CaCO3)
D – Dolomite (CaMg(CO3)2)
G – Goethite (FeOOH)
H - Hematite (Fe2O3)

Figure 3.15: Qualitative XRD analysis the mineral coating (a) CT1 inlet (b) CT2 Inlet (c) CT1 Middle (d) CT2 Middle
(e) CT1 Outlet (f) CT2 Outlet
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SEM-EDS analysis
Limestone particles extracted from the inlet, the middle area, and the outlet of the column
were subjected to SEM-EDS analysis (Figures 3.16 - 3.18) to quantify the zonal clogging
and to verify the results obtained by XRD analysis. There was a higher amount of Ca in
fresh limestone (see Ca peak shown on the EDS plot in Figure 3.16a) than on the CT1
and CT2 inlet gravel with a precipitate coating [i.e. much lower Ca peaks in
Figures 3.16(b) and (c)]. Conversely, as shown in Figure 3.16(a), Fe and Al peaks are
largely absent from the fresh limestone but quite evident on the coated particles from the
inlet at CT1 and CT2, demonstrating the presence of Fe precipitates, and to a lesser extent,
Al precipitates on the surface of the armoured limestone aggregates. The SEM images of
fresh particles indicate the clear limestone surface only [Figure 3.16(a)], whereas the
images of the material at the inlet of CT1 and CT2 show sufficient encrustation of
aggregates such that virtually no limestone surface is now visible [Figures 3.16(b) and
(c)].
The maximum Fe and Al peaks occurred at the column inlets suggesting an enhanced
encrustation at the entrance relative to the middle (Figure 3.17) and outlet (Figure 3.18).
Because the intensity of armouring and clogging has decreased towards the outlet, the
respective Ca peaks have increased, and the Fe and Al peaks decreased along the length
of the columns (Figures 3.17 and 3.18). Furthermore, as shown in Figures 3.16(b) and
(c), the coating of CT1 inlet appears to be less dense than the CT2 inlet particles. The Fe
and Al peaks obtained for the column inlet with coupled clogging (i.e. CT2) were higher,
and the Ca peaks were lower than the column inlet with only chemical clogging (CT1),
verifying that inlet clogging was quantitatively higher in CT2.
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Figure 3.16: Energy-dispersive X-ray spectroscopy (EDS) analysis of limestone (a) Fresh
limestone (b) Particles extracted from CT1 inlet (c) Particles extracted from CT2 inlet
(Indraratna et al. 2020)
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Figure 3.17: Energy-dispersive X-ray spectroscopy (EDS) analysis of the coated
particles extracted from the middle area of columns (a) CT1 (b) CT2
(Indraratna et al. 2020)
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Figure 3.18: Energy-dispersive X-ray spectroscopy (EDS) analysis of coated particles
extracted from the outlet of columns (a) CT1 (b) CT2
(Indraratna et al. 2020)
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Speciation calculations
Saturation indices (SIs) can use to identify the dissolution and precipitation of different
minerals. Aqueous speciation calculations use a chemical composition of a solution as
input so that the distribution of aqueous species and saturation indices can be calculated
for various mineral phases. The geochemical program PHREEQC Interactive (V. 3.3.12)
can calculate SIs (Parkhurst and Appelo, 1999) because it is based on a geochemical mole
balance model which can determine the phase mole transfers indicating the moles of
minerals and gases that may enter or leave a solution due to differences between the initial
and final chemical composition of the solution flowing on surface or groundwater
systems. Thus, using PHREEQC, saturation indices of various mineral phases were
calculated for zonal effluent from the inlet, middle, and outlet of the columns, based on
Equation 3.13.
𝑆𝑆𝑆𝑆 = log(𝐼𝐼𝐼𝐼𝐼𝐼) − log(𝐾𝐾𝑒𝑒𝑒𝑒 )

(3.13)

where 𝐼𝐼𝐼𝐼𝐼𝐼 is the ion activity product and 𝐾𝐾𝑒𝑒𝑒𝑒 is the solubility constant.
The input parameters for a particular zone are the concentrations of Al3+, Total Fe, Ca2+,
Na+, K+, Mg2+, Cl-, SO42- and pH, ORP, and the temperature of the effluent from the
previous adjacent zone. When a system is not in equilibrium, the degree of disequilibrium
can be expressed through the saturation index, so when SI > 0 (supersaturation) the
mineral tends to precipitate, but when SI = 0 the mineral and the solution are in
equilibrium, and when SI < 0 (undersaturation) the mineral tends to dissolve.
When the test commenced, CT2 was supersaturated with carbonate minerals such as
aragonite (CaCO3), calcite (CaCO3), and dolomite [CaMg(CO3)2], as shown in
Figure 3.19. This suggests that a small amount of Ca leached from the calcite might have
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re-precipitated as carbonate minerals. When the original acidic input reacted with the
calcitic limestone, Ca minerals dissolved faster due to an elevated acidity at the inlet, as
indicated by the negative saturation indices. When armouring occurs, the Ca dissolving
from the limestone particles is hindered, and the column becomes undersaturated with
respect to aragonite, calcite, and dolomite. The zonal variations of dissolving Ca are
noticeable in Figures 3.19(b)-(e), because the saturation indices had become more
negative at the outlet over the final stage of the experiment due to less armouring at the
end zone; hence the outlet reactants can still release Ca minerals into the system.
The precipitation of iron minerals such as Goethite [FeO(OH)], Hematite (Fe2O3 ) and
Fe(OH)3(a) was evident by the positive saturation indices (Figure 3.20); this was until the
pH dropped below 3.5 in each zone, at which point the iron minerals seem to re-dissolve
(Johnson et al. 2000). The redissolution was perceptible by the gradual decrease of SI
from positive to negative values. Figure 3.21 shows that the specimens taken along the
length of the columns were saturated with Al oxides and hydroxides such as Al(OH)3(a),
alunite [KAl3(SO4)2(OH)6] and gibbsite [Al(OH)3]. This indicates that precipitates
formed until re-dissolving occurred when the pH of each zone dropped below 4, which is
the buffering point of aluminium hydroxides.
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Figure 3.19: Saturation indices of Ca minerals in different zones of CT2
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Figure 3.20: Saturation indices of Fe minerals in different zones of CT2
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Figure 3.21: Saturation indices of Al minerals in different zones of CT2
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3.6 Reduction in hydraulic conductivity
The hydraulic conductivity calculations affirmed the evidence for armouring and
clogging of the granular limestone assembly elaborated in the previous sections. After
obtaining pore pressure variations using the pressure transducers along the length of
PTC1 and PTC2, the hydraulic conductivities of each zone were calculated based on
Darcy`s law. The normalised hydraulic conductivity (i.e., the ratio between hydraulic
conductivity at time t, and the initial hydraulic conductivity, K/K0) decreased with both
positions along the column and with time (PV) for both CT1 and CT2 (Figure 3.22).

Figure 3.22: Variations of normalised hydraulic conductivity along the columns
(Indraratna et al. 2020)
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The initial permeability of limestone was 1·8 ×10−5 m/s. At the end of the test, the
hydraulic conductivity reduction was 65% for the CT1 inlet zone and 80% for CT2. The
difference can be attributed to the elevated reduction in porosity caused by faster mineral
fouling and the accumulation of biomass in CT2. The gradient or the rate of change of
hydraulic conductivity had slightly reduced when the pH of each zone dropped below 4,
and Al and Fe minerals are re-dissolved. For instance, the pH of CT2- Zone 1 dropped
below 4 at 180 PV (see Figure 3.7 for zonal pH variation), and at the same time, the rate
of hydraulic conductivity was slightly reduced (Figure 3.22). Dissolution of minerals may
have caused the readjustment of flow paths and hence reduce the rate of permeability
reduction. However, of major concern is the point at which the almost neutral pH of the
column effluent is maintained within the bicarbonate buffering zone. The hydraulic
conductivity of inlet at the end of bicarbonate buffering decreased by 35% in both
columns (at 330 PV in CT1 and 200 PV in CT2), but it was only about 10% at the outlet
(Figure 3.22). A notable drop of K/K0 was observed starting at 720 PV in CT1 inlet and
685 PV in CT2 inlet. After these particular PVs, the pH of the column effluent decreased
to below 4 (see Figure 3.8), and the capability of Al and Fe removal from the column
effluent was considerably reduced. These observations indicate the considerable
depletion of treatability of granular assembly due to chemical and biological clogging
when normalised hydraulic conductivity (K/K0) becomes 0.35 at the inlet. In reality,
partial replacement of granular media at the inlet may be required with time once the
permeability drops below this threshold value, as excessive armouring clogging at the
inlet causes a rapid reduction of the permeability.
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3.7 Reduction in porosity
The normalised version of the Kozeny-Carmen equation is given by Equation 3.14
(Indraratna et al. 2014b).

𝐾𝐾 = 𝐾𝐾0 �

𝑛𝑛0 −∆𝑛𝑛𝑡𝑡 3
𝑛𝑛0

� /�

1−𝑛𝑛0 +∆𝑛𝑛𝑡𝑡 2
1−𝑛𝑛0

�

(3.14)

Where 𝐾𝐾 is the hydraulic conductivity at time t, 𝐾𝐾0 is the initial hydraulic conductivity,

𝑛𝑛0 is the initial porosity of the granular assembly (0.68), and ∆𝑛𝑛𝑡𝑡 is the reduction in
porosity reduction at time t. The time varied hydraulic conductivities (𝐾𝐾) calculated

based on Darcy`s law using the pressure transducer readings along the length of the
column (Section 3.6) were substituted in Equation 3.14 to find the time varied reduction
in porosity (∆𝑛𝑛𝑡𝑡 ) in each column. Then the porosity at time t, i.e., 𝑛𝑛𝑡𝑡 was then calculated
using Equation 3.15.
𝑛𝑛𝑡𝑡 = 𝑛𝑛0 − ∆𝑛𝑛𝑡𝑡

(3.15)

The variation of normalised porosity (𝑛𝑛𝑡𝑡 /𝑛𝑛0 ) with the number of pore volumes is shown

in Figure 3.23. The reduction in porosity in CT2 was higher than in CT1 due to the
coupled clogging. For instance, at the end of the experiment, the porosity reduction at the
CT1 inlet was 58% and 72% at CT2. The reductions at the outlets of CT1 and CT2 were
16% and 21%, respectively. The changes in the rate of change of porosity are noticeable
in Figure 3.23 and are similar to the pattern of hydraulic conductivity reductions
explained in the previous section.
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Figure 3.23: Variation of normalised porosity along the columns

3.8 Comparison of acidic water treatment by recycled concrete and
limestone
The chemical characteristics of synthetic water used by Indraratna et al. (2014b) in their
column experiments were the same as in the current study (Table 3.2). These previous
researchers examined the chemical clogging of a waste concrete granular assembly in
column experiments with the same arrangement as CT1 in the current study. The initial
porosity of CT1 was 0.68, but it was 0.69 in the column used by Indraratna et al. (2014b).
Thus, both experiments were similar except that the filling material used in the current
study (CT1) was limestone. On this basis, there is a fair comparison between the pH
profiles obtained in the two studies, as shown in Figure 3.24. The initial void volume of
the recycled concrete column was 803 ml ( 1 PV = 803 ml), and 684 ml in CT1(SC1).
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Figure 3.24: pH of the column effluents during the acid neutralisation by
limestone and recycled concrete
In the previous study, the initial effluent pH was high (~ 9.14 ) due to the dissolution of
portlandite material in concrete. Limestone also maintained a pH of 8 at the
commencement, even though the cementitious minerals were absent within the selected
batch. Apart from the higher initial alkalinity, all the pH plateaus in the columns with
recycled concrete lasted for a shorter period than the three levelling off periods that
occurred during the limestone treatment. For instance, the near-neutral pH range
(6 < pH < 7) only lasted more than 50 PVs in the recycled concrete column, whereas the
limestone maintained that range over a longer period (over 330 PV) with fewer
fluctuations. The column effluent treated by waste concrete suddenly became entirely
acidic around 200 PV due to the fast depletion of alkalinity and the efficiency of Al and
Fe removal was also weakened at this point (Indrarathna et al. 2014b). However, the
limestone column reached this extreme acidic stage around 750 PV. These results for
limestone and recycled concrete indicate that limestone can maintain a consistent
treatment for an extended period; therefore, it is more economical in terms of replacing
and rejuvenating materials in a PRB.
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3.9 Summary
Laboratory column experiments were used to examine the potential of limestone to
neutralise the excessive acidity in groundwater flowing through acid sulphate soil
terrains. The ability of limestone aggregates to remove toxic heavy metals such as Al and
Fe was also investigated. The biological and chemical reactions that occur inside a
granular limestone assembly must be identified accurately in order to examine the
clogging of a porous matrix.
Acid neutralisation occurs in three basic steps, bicarbonate buffering, Al oxyhydroxide
buffering, and Fe oxyhydroxide buffering. By maintaining a near-neutral pH (~7) while
successfully removing Al and Fe throughout the experiment, bicarbonate buffering was
identified as the most important duration in treatment provided by calcite aggregates.
Despite performing better in the early stages, treatability decreased over time due to the
armouring and clogging of the granulates. Armouring and clogging of the particles were
observed visually and confirmed by the quantitative and qualitative data obtained in
ICP-OES, IC, SEM-EDS, XRD analysis, speciation calculations and hydraulic
conductivity calculations. At the end of the experiment, the reduction in hydraulic
conductivity was 65% in the column which only experienced chemical clogging, whereas
there was an 80% reduction in the column with biological and chemical clogging. The
reduction in porosity that was calculated using the Kozeny-Carmen equation for
biochemical and chemical clogging was 72% and 58%, respectively.
In conclusion, limestone will treat contaminated acidic groundwater in a reliable,
consistent, and predictable manner, whereas recycled materials are subjected to the
effects of ageing and variations in the chemical compositions in different batches.
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Permeable Reactive Barriers in the
Shoalhaven floodplain
4.1 Introduction
This chapter describes the installation of a pilot-scale PRB and its extension in the lower
Shoalhaven floodplain in Southeastern NSW. Recycled concrete was used as reactive
media in the PRB installed in 2006 (referred to as PRB-1 in this thesis). Following the
design based on a novel bio-geochemical model developed in this study (see Chapters 5
and 6), the existing PRB was extended longitudinally in November 2019 (referred to as
PRB-2 in this thesis). Since the column experiments confirmed that limestone is a
favourable treatment medium, as described in Chapter 3, limestone rather than waste
concrete was used in the new PRB to guarantee a more efficient, long-lasting treatment,
and to avoid the uncertainties that may occur in numerical predictions.
The recycled concrete granular assembly was monitored continuously in terms of its acid
neutralisation properties and its ability to remove contaminants, by previous UOW
researchers from 2006 to 2015, and from 2016 to 2019 in this study. This chapter
combines all the data collected over the past 13 years and investigates the temporal and
spatial variations of the water quality and hydraulic head of PRB-1. These observations
are needed to confirm the accuracy of the numerical model developed in Chapter 6. This
chapter also presents the initial observations within the first two months of the PRB
extension (PRB-2).
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4.2 Extension of the existing PRB using limestone (PRB-2)
As a significant outcome of this study, the pilot-scale PRB installed in Shoalhaven
floodplain (PRB-1) was extended in the longitudinal direction in November 2019
(PRB-2). Before being constructed, the performance of the extension was modelled using
a newly developed bio-geochemical algorithm and bio-geochemical reactive transport
model explained later in Chapters 5 and 6. Based on the model predictions, the lifespan
of PRB-2 was determined to be about 16 years, considering the combined effect of
chemical and biological clogging. Limestone (97% CaCO3) was used as the reactive
granular fill because its treatability was confirmed in terms of its acid neutralising and
contaminant removal properties in the laboratory, based on the long term experimental
program explained earlier in Chapter 3. It was also confirmed that the treatment provided
by limestone was consistent and long-lasting, compared to the recycled concrete
(see Section 3.8). The extension was on the northern side of the existing PRB, to ensure
maximum groundwater flow towards the barrier and maximum residence time. The size
of the aggregates used in the field was 40 -50 mm, and the dimensions of PRB-2 were
similar to the existing PRB-1 (see Section 2.8), i.e. length is 18 m, width is 1.2 m, and
depth is 3 m.
Future observations on PRB-2 will lead to a better understanding of contaminant removal
of a granular limestone assembly in the field scale and to compare the reaction rate
kinetics of biological and chemical reactions occurred in the laboratory scale. Also,
monitoring of the PRBs will enable a proper comparison between the treatment provided
by the recycled material and the fresh aggregates, and to analyse the PRB behaviour at
the interface of limestone and waste concrete.
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Construction procedure of PRB-2
Design plans of the PRB-1 and PRB-2 installed in the Shoalhaven floodplain are
appended in Appendix A. Figures 4.1 – 4.4 show the complete steps of the construction
of the new PRB (PRB-2). The PRB was installed by the cutting and filling method. The
excavation commenced at the endpoint of the existing PRB [Figure 4.1(a)], and without
disturbing its waste concrete granular assembly and its geo-fabric wrapping. The soil at
the study site has low undrained shear strength (< 10 kPa); therefore, steel shoring was
placed along the edges of the excavated trench to prevent the walls from collapsing
[Figure 4.1(b)]. Due to soft and clayey ground conditions, a 300 mm thick rock fill was
placed at the bottom of the channel as a firm base. A 1 mm thick HPDE membrane was
then laid on the floor to make it impervious [Figure 4.1(c)]. Then, a nonwoven geotextile
(150 gsm) was placed on top of the HPDE membrane and all over the trench walls, to
prevent the debris and soil from entering the PRB with groundwater, so that these
additional materials do not block the pores of the granular assembly. The trench was then
backfilled with limestone up to 500 mm thickness [Figure 4.1(d)].
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Figure 4.1: Construction of PRB-2 (a) Excavation (b) Shoring (c) Laying HPDE membrane
(d) Placing geotextile and the bottom layer of limestone
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Figure 4.2: (a) Placing instruments within PRB-2 (b) Backfilling (c) Wrapping with geotextile
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A wooden pallet with holes was used to install the observation wells, standpipe
piezometers and the data logger wells, so they were correctly aligned on top of the
500 mm backfill [Figure 4.2(a)]. Instruments were installed along five transects that are
approximately parallel to the groundwater flow to provide observations from the inlet,
middle and outlet. The depth remaining was then filled with limestone to approximately
200 mm below the ground surface [Figure 4.2(b)]. The shoring was then removed, and
the geotextile was wrapped over the top of the barrier to protect the reactive media from
excessive movements away from the boundary of the trench [Figure 4.2(c)]. The soil
taken out from the trench was placed on top of the barrier, levelled with the existing
ground surface, and lightly compacted [Figure 4.3(a)]. After constructing the barrier,
instruments were installed upgrade and downgrade from the PRB such that they sit along
the same five transects [Figure 4.3(b)]. The entire monitoring network has 28 observation
wells (50 mm external diameter, 2.3 m deep), 15 standpipe piezometers (2.3 m deep),
4 vibrating wire piezometers and 2 automated data loggers. Distribution of the
instruments is shown in Figure 4.4. After levelling the ground, hydrated lime was spread
over the site to prevent any problems that may arise due to excavating the potential acid
sulphate soil (PASS) from the in-depth profile.
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Figure 4.3: (a) Placing the top-soil layer of PRB-2 (b) Placing instruments in upgrade and downgrade from PRB-2
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Figure 4.4: PRB-1 and PRB-2 in the Shoalhaven floodplain, NSW
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4.3 Monitoring the performance of PRB-1
It might be too early to predict the prolonged treatment of a PRB based on the data
collected over the first few years, as conducted by Regmi (2012) and Pathirage (2014);
this is because there was limited evidence of armouring and clogging of the aggregates
during the initial stage. The following section analyses the acid neutralising, contaminant
removal and armouring and clogging of PRB-1 based on the trends identified by
combining all the data obtained in previous studies (2006 - 2015) and the current study
(2016 - 2019). Identifying the variations that occurred over a decade was crucial for
validating the bio-geochemical model developed in Chapter 6. Moreover, a clear insight
into fluctuations in the water chemistry and geo-hydraulic parameters of the PRB such as
its permeability and porosity was needed to determine the optimum time to rejuvenate the
depleted granulates to maintain its long term performance.
Monitoring network of the PRB-1
Observation wells, piezometers, and data loggers were installed inside, and upgrade and
downgrade from PRB-1. Ten observation wells (50 mm diameter, 2.5 m deep), two data
loggers wells (100 mm in diameter) and six standpipe piezometers were planted inside
the PRB along five transects ( approximately parallel to the groundwater flow), as shown
in Figures 4.5 and 4.6. Two multi-parameter automated data loggers were placed in the
data logger wells such that the tip of every data logger was about 300 mm from the base
to ensure that the data logger probes were submerged in groundwater even under drought
conditions. Each data logger was calibrated and set to record hourly changes of pH,
dissolved oxygen (DO), temperature and water pressure. Furthermore, 24 observations
wells (50 mm external diameter, 2 m deep), 8 standpipe piezometers and one data logger
were installed up and downgradient. In total, there are 36 observation wells, and 15
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piezometers installed upgradient, down-gradient, and inside the PRB (Figure 4.5) to
observe the hydraulic gradients, phreatic surface variations, hydraulic conductivity, and
groundwater chemistry. Groundwater elevations and water quality parameters such as
pH, ORP, and temperature were measured in the field every month from October 2006
using a water level meter and multi-parameter field electrode probes (Hanna Instruments
- HI9828). Also, hourly data sets were collected from the automated data loggers. Rainfall
data was measured daily by a meteorological station within 5 km of the site. Groundwater
samples were collected monthly to analysis the concentrations of Al3+, total Fe, and other
major cations using Inductively Coupled Plasma Optical Emission Spectroscopy (Agilent
700 series ICP-OES) and anions using Ion Chromatography (IC-Shimadzu CDD-10A).
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Figure 4.6: PRB-1 located in Shoalhaven, Southeastern NSW, Australia
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Upgradient water quality
Figure 4.7 shows the variations of pH in the water samples and the depth of the water
table from the ground surface at four observation wells located upstream of PRB-1,
i.e., OW 13, OW 11, OW 4, and OW 5 which are 1 m, 4 m, 10 m, and 20 m away from
the entrance of the PRB (see Figure 4.5 for the arrangement of the monitoring network of
PRB-1). Upgradient groundwater was always acidic except when the pH in some wells
was slightly higher; this result indicated there was less pyrite near each of those wells
(e.g., pH of OW4 was 6.83 in March 2010). The average pH of the upgradient (i.e. the
average of the pH observed in OW 3, 4, 6, 11, 13, 14, 16 and 27 as shown in Figure 4.8a)
was compatible with the rainfall pattern at the site (Figure 4.9). However, during dry
periods the average water table depth at the upgradient was lower [Figure 4.8(b)], which
exposed the layers of pyrite to the atmosphere, which then became oxidised and increased
the groundwater acidity. This trend could be seen in Figure 4.7, where the pH of
groundwater extracted from a particular OW decreased when the water table dropped
during minimum rainfall events.
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Figure 4.7: Variations of pH and water table (WT) depth in observation wells (OWs) (a) 1 m (b) 4 m (c) 10m (d) 20 m upgrade from the entrance of PRB-1
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013, UOW ASS data base from 2014-2015, Current study from 2016-2019)
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Figure 4.8: (a) Average pH of the upgradient (b) Average water table depth
of the upgradient

Figure 4.9: Average annual rainfall at the PRB site (Source: BOM, NSW 2020)
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Dissolved concentrations of aluminium and iron in the upgradient groundwater were
always high enough to generate a plume of contaminants towards the PRB, as shown in
Figure 4.10. According to ANZECC (2000), when the pH < 6.5, the concentration of Al3+
in the groundwater must not exceed 0.54 mg/L. However, the data obtained so far had
indicated that with an average value of 32 mg/L (Figure 4.10), the concentration of Al3+
in the upgradient water was higher by several orders of magnitude than this acceptable
limit. It is reported that the elevated toxicity of Al at the Shoalhaven floodplain can occur
when the silicate clays and Al-bearing minerals dissolve under acidic groundwater
conditions (Blunden 2000; Glamore 2003). ANZECC (2000) also states that the dissolved
concentration of Fe in the water should be < 0.5 mg/L in order to avoid surface water
contamination and prevent any detrimental effects on flora and fauna; however, over the
past 13 years, the concentration of total Fe in the upgradient ranged from a minimum of
4.5 mg/L ( September 2011 in OW13) to a maximum of 295 mg/L (May 2019 in OW4)
with an average of 103 mg/L (Figure 4.10). The abundance of dissolved Fe minerals in
the groundwater is clear evidence of the oxidation of pyrite in the subsurface.
The potential acid sulphate soil layer (PASS) is 1.8 m below the ground surface at the
PRB site, and when the water table drops below that level, the PASS is oxidised as
explained in Section 2.3. Therefore, more acidity (Figure 4.7) and higher concentrations
of toxic metals such as Al and Fe can leach into the groundwater (Figure 4.10) during the
small rainfall events that occur after a dry period. The lowest average annual rainfall over
the past 13 years recorded in 2009 and 2019 was 46 mm and 42 mm, respectively
(Figure 4.9). The average depth of the water table was higher at 1.04 m and 1.18 m in
2009 and 2019, respectively [Figure 4.8(b)], and the lowest average pH of upgradient was
3.61 in 2009 and 3.44 in 2019 [Figure 4.8(a)]. The maximum concentrations of Al in the
upgradient were recorded in August 2009 (51 mg/L in OW5) and May 2019 (51.5 mg/L
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in OW4). The maximum concentrations of Fe were 292 mg/L (OW5) in June 2009 and
295 mg/L (OW4) in May 2019 (Figure 4.10). Thus, in 2009 and 2019, the most acidic
and contaminated influent directed towards PRB-1.

Figure 4.10: Toxic ion concentrations in upgradient; Al concentration at (a) 1 m (b) 10 m (c)
20 m from PRB entrance, Fe concentration at (d) 1 m (e) 10 m (f) 20 m from PRB entrance
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013, UOW ASS data
base from 2014-2015, Current study from 2016-2019)
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The Cl-: SO42- ratio of upgradient groundwater also provides clear evidence of pyrite
oxidation and acidic water generation in ASS terrain. The average chloride to sulphate
ratio which was calculated using the ionic concentrations measured at each observation
well in the upgradient varied between 1.4 and 0.81 (Figure 4.11), while a low pH
prevailed [Figure 4.8(a)]. If the Cl-: SO42- ratio < 2 under low pH conditions, the soil
contains sulphides and has a low buffering capacity (Mulvey 1993).

Figure 4.11: Chloride to Sulphate ratio in the upgradient of PRB-1
(Updated after Pathirage 2014)

The ORP is a measurement that indicates the potential of oxidation or reduction in ASS
terrains, so the high ORP values demonstrate the potential of FeS2 oxidation, while low
ORP values indicate a reduction of SO42-. As shown in Figure 4.12, the upgradient ORP
varies from 20 mV to 550 mV. These deviations are controlled by fluctuations in the
water table [see Figure 4.8(b)]. A variation of ORP over a wide range depends on any
change in the diffusion rate of atmospheric oxygen into the soil matrix, which is used for
pyrite oxidation.
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Figure 4.12: Oxidation Reduction Potential (ORP) of the upgradient groundwater
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013, UOW ASS
data base from 2014-2015, Current study from 2016-2019)

Water quality within PRB-1
4.3.3.1 Acid neutralising by PRB-1
The 1D column used in the laboratory experiments explained in Chapter 3 mimics the
flow of groundwater along one particular transect or the centreline of the PRB. The
performance of the field PRB can be described considering several imaginary transects
(see Figure 4.6) in the groundwater flow direction. However, input parameters into these
transects differ slightly from each other because the upgradient water quality varies from
one location to another in the site, as explained in Section 4.3.2. Therefore, the water
quality of a particular observation well (OW) fluctuates over time because the
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environmental conditions cause periodic pyrite oxidation. Thus, the pH and
concentrations of contaminants observed in different OWs at the PRB inlet differ slightly
from each other. This condition is valid for the data obtained from OWs in middle and
outlet zones of the PRB as well. The average pH at the inlet, middle and outlet of the PRB
is shown in Figure 4.13, while pH variation of individual specimens obtained from the
PRB inlet (OW 18, 21 and 25), the middle region (OW 20, 22 and 24), and the outlet
(OW 17, 19, 23) are shown in Figure 4.14. However, over the past 13 years, PRB-1 has
produced a neutral effluent.

Figure 4.13: Average pH in PRB-1
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Figure 4.14 : pH variation at (a), (b), (c) inlet , (d), (e), (f) middle region and (g), (h),(i) outlet of PRB-1
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013, UOW ASS data base from 2014-2015, Current study from 2016-2019)
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After installing the PRB, the waste concrete assembly was naturally subjected to an initial
stabilisation period of about six months before it became fully saturated after heavy
rainfall in February and March 2007 (Regmi 2012). While reaching this state of
equilibrium, the average pH at the inlet, middle and outlet of the PRB increased to 9.41,
9.67 and 10.2, respectively (Figure 4.13); this showed that the pH had increased towards
the outlet where optimum treatment occurs. This behaviour is similar to the spatial
variations in the acid neutralisation process in limestone columns explained in
Section 3.4. The initial peak pH values indicated the ability of recycled concrete to release
hydroxyl and carbonate alkalinity from the small amount of portlandite, in accordance
with Equations 4.1 and 4.2 (Regmi et al. 2010).
𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)2 + 2𝐻𝐻 + ↔ 𝐶𝐶𝐶𝐶2+ + 2𝐻𝐻2 𝑂𝑂

𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)2 + 𝐶𝐶𝑂𝑂2 ↔ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝐻𝐻2 𝑂𝑂

(4.1)
(4.2)

The carbonate alkalinity was not strong enough to maintain a peak pH for a very long
time, but the progressive dissolution of C-A-H due to continuous contact with acid
resulted in an almost neutral pH plateau (Equation 4.3).
𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴2 𝑆𝑆𝑆𝑆2 𝑂𝑂8 + 8𝐻𝐻 + ↔ 𝐶𝐶𝐶𝐶2+ + 2𝐴𝐴𝐴𝐴 3+ + 2𝐻𝐻4 𝑆𝑆𝑆𝑆𝑂𝑂4

(4.3)

The PRB took several months to reach the steady state, and when this occurred the
average groundwater pH at the outlet remained at an almost neutral pH plateau
(6.75 < pH < 7.65) until May 2017 (Figure 4.13). This result proved that the pilot-scale
PRB could successfully remove groundwater acidity. This plateau can be identified as the
bicarbonate buffering of waste concrete (Regmi et al. 2010) that is driven by
Equations 4.4 - 4.6.
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 2𝐻𝐻 + ↔ 𝐶𝐶𝐶𝐶2+ + 𝐻𝐻2

(4.4)

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝐻𝐻2 𝐶𝐶𝐶𝐶3 ↔ 𝐶𝐶𝐶𝐶2+ + 2𝐻𝐻𝐶𝐶𝐶𝐶3 −

(4.6)

𝐶𝐶𝐶𝐶2 + 𝐻𝐻2 𝑂𝑂 ↔ 𝐻𝐻2 𝐶𝐶𝐶𝐶3

(4.5)

Even though the laboratory tests were accelerated and the results were more consistent
due to controlled conditions, the pattern of pH variation at the entrance, middle region,
and the outlet of the PRB was similar to the results of column experiment obtained by
Regmi (2012) and Pathirage (2014) where they used recycled concrete aggregate as filling
material in the columns. These researchers identified three distinct plateaus; bicarbonate
buffering, Al hydroxide buffering (pH ~4), and ferric oxyhydroxide buffering (pH< 3).
However, the pH profile of PRB-1 (Figure 4.13) was not close to a pH~ 4, and therefore,
the latter two buffering zones were still not clearly visible.
4.3.3.2 Removal of toxic metals by PRB-1
The average concentrations of Al and Fe at the inlet, middle, and outlet zones of PRB-1
are shown in Figures 4.15(a) and (b). When acidic water contacts the recycled concrete
granular assembly, the acidity is buffered by the alkalinity released from Ca bearing
minerals, as explained above, while the Fe and Al minerals are expected to leave the
solution by making precipitates in the form of oxides and hydroxides. Iron oxidising
strains of bacteria living in pyritic terrain enter the PRB with groundwater and catalyses
the formation of Fe precipitates (see Section 2.3.3). Metal removal was evidenced by
lower concentrations of dissolved Al and Fe in specimens taken from the inlet, middle,
and outlet of the PRB (Figure 4.15), unlike the concentrations in the upgradient
(Figure 4.10). The average concentration of Al3+ in the input water was 32 mg/L, at the
inlet of PRB-1 it was below 1.2 mg/L, and at the outlet, the concentration of Al3+ was
always below 0.5 mg/L [Figure 4.15(a)]. The higher concentration of Fe in the influent
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(103 mg/L average) was decreased to less than 8.5 mg/L at the inlet of PRB-1 and less
than 0.5 mg/L towards the outlet after being treated [Figure 4.15(b)]. Similar to the
increase in pH towards the outlet (Figure 4.13), the removal of Al and Fe was better at
the outlet than at the inlet and the middle zones (Figure 4.15), thus proving that PRB-1
could generate almost neutral effluent that is free from contaminants. The formation of
precipitates was confirmed by the saturation indices and inverse geochemical modelling,
as explained later in Section 4.3.5

Figure 4.15: Average concentrations of problematic ions within PRB-1 (a) Al (b) Fe
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013, UOW ASS
data base from 2014-2015, Current study from 2016-2019)
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After May 2017, i.e. beyond 11 years of operation, there was a slight decrease in the
average pH (Figure 4.13) and an increase in the problematic concentration of ions
(Figure 4.15) within PRB-1. The rainfall patterns in the study area (Figure 4.9) indicate
that it decreased comparatively from May 2017 until December 2019; this has possibly
increased the acidity of the influent, and hence the acidity with the PRB. In fact, the
maximum pH at the inlet of PRB-1 reported after May 2017 until the current date was
6.60, whereas it was 7 and 7.10 in the middle region and the outlet, respectively
(Figure 4.13). After mid-2017, the concentrations of Al and Fe at the inlet increased to
2.6 mg/L and 4 mg/L, respectively, which was still less than 0.5 mg/L at the outlet
(Figure 4.15). This decreasing pH and increase in the concentration of ions at the inlet is
a tell-tale warning about the beginning of depleted alkalinity and enhanced armouring at
the entrance zone, which means the inlet granules may need to be rejuvenated. However,
the PRB effluent was still sufficiently neutral and agrees with the standards
(ANZECC 2000). Therefore, the depleted reactivity at the inlet did not appear to harm
the overall performance of the PRB over the past 13 years, as it did in the column
experiments where 5 mm particles were used, and reactions were accelerated.
In the field, 40 mm aggregates were used in PRB-1, and the initial porosity of the granular
assembly was 0.5 (Indraratna et al. 2014b), thus allowing for very slow and less
armouring of particles. Even though precipitates had formed inside the voids, there was
no chance of complete occlusion because larger pore spaces were available, unlike the
laboratory columns. Therefore, a quick replenishment of the inlet aggregates is not needed
at present, but it is important to observe the behaviour of the PRB in order to identify
when the effluent pH may continuously drop below the neutral pH, and the concentration
of effluent ions may increase above the standards. Repairing the inlet with fresh material
will rejuvenate the level of alkalinity and maintain the quality of the PRB effluent.
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Figure 4.16: Dissolved Ca concentration of water samples extracted from
(a) Upgradient of PRB-1 (b) within PRB-1
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013, UOW
ASS data base from 2014-2015, Current study from 2016-2019)

The variations in average Ca concentrations in PRB-1 [Figure 4.16(b)] affirmed the
diminishing alkalinity and efficient removal of ions at the inlet during the final stage of
monitoring. The dissolved concentration of Ca in the upgradient water varied between
85 mg/L < [Ca] < 200mg/L over the past 13 years [Figure 4.16(a)]. After entering the
PRB, the dissolved concentration of Ca at the inlet increased to 378 mg/L, due to the
dissolution of Ca bearing minerals in recycled concrete, as explained earlier by
Equations 4.1 - 4.6. In the early stages, the concentration of Ca at the inlet was higher
than the middle and outlet regions [Figure 4.16(b)], similar to the pattern of Ca releasing
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from recycled concrete observed in the previous column experiments by Regmi (2012)
and Pathirage (2014). In this current study, there was a similar trend in the limestone
columns (see Section 3.4). Similar to the reduction of Ca in each zone in the laboratory
columns over time, the dissolved concentration of Ca in the field had decreased over the
years.
The spatial variation of dissolved concentrations of ions in the groundwater specimens
taken from the PRB inlet to the outlet [Figures 4.15 and 4.16(b)] should possibly have
occurred due to the non-homogeneous treatment pattern along the transects, as explained
in Section 3.4 for the column experiments. When waste concrete at the inlet is exposed
to original acidity and higher concentrations of contaminants, the Ca bearing minerals at
the inlet are released in larger quantities [Figure 4.16(b)], the acidity is partially
neutralised, and the formation of Al and Fe solids commences at this acid front, which
causes the reactants to become armoured (Equations 3.6- 3.11). Then, the rate at which
Ca bearing minerals are released from the inlet granulates decreases over time, which in
turn decreases the efficiency of acid neutralisation and metal removal at the inlet of
PRB-1.
An elevated acidity of the PRB influent in dry weather (from May 2017 until December
2019, as shown in Figure 4.9) encourages bacterial activity, which in turn catalyses the
oxidation of Fe2+ to form more Fe3+ and hence, more iron precipitates. Figure 4.17 shows
the concentration of iron oxidising bacteria in water specimens obtained from observation
wells in PRB-1. Data on the population of bacteria are only available from January 2017,
because, previous research work did not evaluate the biotic role inside the PRB. There
are always fewer bacteria cells at the outlet than the inlet, so reductions in the
concentrations of Fe2+ towards the outlet during treatment may be the reason for this trend
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of bacterial growth, because, Fe2+ acts as an electron acceptor in the metabolism of this
particular strain of bacteria.

Figure 4.17: Bacteria numbers in water specimens taken from the PRB
The reduction in treatability over time was also evident from the pressure head
measurements made by the piezometers installed in PRB-1 (Figure 4.18). For instance,
from 2007 to mid-2017 the piezometric head at the inlet varied between
0.37 m to 1.89 m, with an average head of 1.08 m. After May 2017, inlet head varied
between 0.76 m to 2.45 m with an average of 1.64 m. The blockage of the piezometer tip
by Al and Fe precipitates is the most acceptable reason for this increase in the head, as
reported by Indraratna et al. (2018). Since the pore blocking has now commenced, the
rate of decay of treatability and reactivity at the inlet may increase with time, thus raising
the need to replenish the reactants at the inlet of PRB-1.
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Figure 4.18: Piezometer head within PRB-1 (a) Inlet (b) Middle (c) Outlet
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013,
UOW ASS data base from 2014-2015, Current study from 2016-2019)
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SEM-EDS analysis of the coated aggregates
The differences of the surfaces of the recycled concrete aggregates before using in
PRB-1 [Figure 4.19(a)] and armoured aggregates extracted from the inlet of PRB-1 in
December 2019 [Figure 4.19(b)] were visually discernible. Armoured aggregates were
subjected to the SEM-EDS analysis to verify the armouring effect. The surface of the
aggregates could not be seen in the SEM images as it was covered with a coating
(Figure 4.20). Peaks of the EDS diffractogram confirmed that of Al and Fe minerals were
found in this coating.

(a)

(b)

Figure 4.19: (a) recycled concrete aggregates (b) armoured aggregates
extracted from PRB-1 in December 2019
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Figure 4.20: SEM-EDS analysis of armoured aggregates extracted from
PRB-1 in December 2019
Speciation calculations
It is important to analyse saturation indices and phase mole transfers for various mineral
phases of the PRB effluent in order to confirm the mineral precipitation and dissolution
(see Section 3.5.5), which was previously observed based on the variation of dissolved
ion concentrations of the groundwater samples. Input parameters to PHREEQC for
calculating the SIs were the concentrations of Al3+, Total Fe, Ca, Na+, K+, Mg2+, Cl-,
SO42, pH, ORP, and temperature. As shown in Figures 4.21(a) and (b), after the treatment
by alkaline waste concrete, the effluent was saturated with the Al minerals [alunite
(KAl3(SO4)2(OH)6) and gibbsite (Al(OH)3)] and Fe minerals [goethite (FeOOH),
hematite (Fe2O3), and Fe(OH)3]. The positive saturation indices indicate the precipitation
of these oxides and hydroxides. A small amount of dissolved Ca has also been
re-precipitated in the form of CaCO3 [Figure 4.21(c)].
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Figure 4.21: Saturation Indices (SIs) of (a) Al (b) Fe (c) Ca minerals of the
effluent of PRB-1 calculated using PHREEQC
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The speciation calculations (SI values) alone cannot confirm the precipitation of minerals
in dissolution-precipitation reactions, so inverse modelling was carried out with primary
mineral phases such as Al(OH)3, alunite, anhydrite, aragonite, calcite, dolomite, Fe(OH)3,
gibbsite, goethite, gypsum, hematite and siderite. Time varied average upgradient water
quality 1 m away from the entrance of PRB-1 was introduced as the input parameters of
the initial solution [from Figures 4.7(a), 4.10(a) and 4.10(d)], while PRB effluent
parameters were used in the final solution in inverse modelling. The inverse models for
May 2018 and May 2019 are shown in Tables 4.1 and 4.2. All the other inverse models
for 2008-2017 are shown in Appendix B. These models were selected from all possible
models based on statistical measurements (sum of residuals and maximum fractional
error) calculated by PHREEQC. The physical phase mole transfer of Al and Fe minerals
confirmed their precipitation throughout the treatment (- sign indicates mineral
precipitation, + sign indicates the mineral dissolution). Although the re-dissolution of
precipitated Al and Fe minerals were observed by Regmi (2012), and Pathirage (2014),
when the pH < 4 in their columns experiments in which recycled concrete aggregates
were used, those conditions were not seen in the field because the pH in the PRB effluent
did not drop below 4 even after 13 years of operation (see Figure 4.14), due to less
armouring than in the small scale laboratory arrangement.
Other ions
There were no observed changes in the concentration of Na+, K+, Mg2+, Cl- and SO42- in
groundwater within the PRB, compared to their concentrations upstream (Figure 4.22).
This indicates that these ions were not affected by neutralising reactions in the waste
concrete granular assembly.
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Table 4.1: Physical phase mole transfer of minerals from inverse geochemical modelling* (May 2018)
Mineral
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Chemical
formula

Phase mole transfer of minerals

Al(OH)3
-7.84E-04
-6.87E-05
-7.84E-04
-7.84E-04
-7.84E-04
KAl3(SO4)2(OH)6 -1.83E-04 -1.83E-04 -1.83E-04
-2.42E-04
-2.42E-04
-1.83E-04
-3.42E-05
-2.42E-04
-1.83E-04
CaSO4
6.84E-04
1.06E-03
6.84E-04
-1.08E-02
-9.09E-03
-1.08E-02
1.48E-02
8.11E-04
6.26E-04
CaCO3
4.64E-03
2.79E-03
4.82E-03
3.24E-03
4.83E-03
5.63E-03
3.24E-03
2.61E-03
CaCO3
4.57E-03
4.64E-03
2.79E-03
2.79E-03
4.57E-03
4.82E-03
2.54E-03
4.82E-03
3.24E-03
CaMg(CO3)2
-1.73E-03
-1.73E-03
-1.73E-03
-1.73E-03
-1.73E-03
-1.73E-03
-1.74E-03
-1.73E-03
-1.73E-03
Fe(OH)3
-1.48E-03
-2.00E-03
-1.48E-03
-1.48E-03
-2.00E-03
-1.48E-03
-2.00E-03
Al(OH)3
-7.84E-04
-7.84E-04
-7.84E-04
-7.84E-04
-7.84E-04
-7.84E-04
-7.84E-04
FeOOH
-2.00E-03
-2.00E-03
-2.00E-03
-2.00E-03
-2.00E-03
-2.00E-03
-2.00E-03
CaSO4:2H2O
3.06E-04
3.06E-04
1.19E-02
9.91E-03
1.19E-02
1.06E-03
-1.40E-02
1.36E-03
-1.40E-02
1.84E-03
Fe2O3
-2.83E-04
-2.83E-04
-2.83E-04
-1.00E-03
-2.83E-04
-1.00E-03
-2.83E-04
-7.40E-04
-1.00E-03
-7.40E-04
FeCO3
-1.48E-03
-2.00E-03
-2.00E-03
-2.00E-03
-2.00E-03
-2.00E-03
-2.01E-03
-2.00E-03
*Positive (mass entering water) and negative (mass leaving water) phase mole transfers indicate dissolution and precipitation, respectively, as mmolkg-1

-7.84E-04
-3.42E-05
2.99E-03
4.82E-03
-1.73E-03
-2.00E-03
-7.84E-04
-2.00E-03
8.11E-04
-7.40E-04
-2.00E-03

Table 4.2: Physical phase mole transfer of minerals from inverse geochemical modelling ( May 2019)
Mineral
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Chemical
formula

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

Phase mole transfer of minerals
-1.31E-05

-1.31E-05

1.77E-04
1.69E-04
1.69E-04

-2.10E-04

-2.06E-05

-2.07E-05

-8.17E-05
-1.31E-05

-1.31E-05

1.77E-04

1.77E-04

8.29E-05

-2.60E-02

1.69E-04

-1.57E-04

1.77E-04

-1.57E-04
-2.25E-05

-2.06E-05

-2.06E-05

-8.18E-05

2.62E-02

-4.09E-05

8.29E-05

-2.59E-02

-2.60E-02

3.05E-04

1.57E-04

-2.10E-04

1.69E-04

-2.10E-04

1.69E-04

-2.06E-05

-2.06E-05

-2.05E-05

-2.25E-05

-2.25E-05

-8.18E-05

-8.17E-05

-8.17E-05
-1.31E-05

-8.18E-05

-1.31E-05

-1.31E-05

-8.18E-05

-4.09E-05
-4.09E-05

1.19E-04

1.77E-04

-1.31E-05
8.29E-05

-2.10E-04
-8.18E-05
-1.31E-05

-8.18E-05

1.69E-04

1.69E-04

-8.17E-05

1.31E-03
1.19E-04

-1.31E-05

8.29E-05

-1.31E-05

-8.18E-05
-4.09E-05

-1.31E-05

1.31E-03
-4.09E-05
1.21E-04

1.29E-03

1.77E-04
-2.10E-04

3.05E-04

1.69E-04

1.69E-04

-2.07E-05

-2.06E-05

-4.09E-05
1.21E-04

-1.31E-05
-8.18E-05

2.61E-02

-4.09E-05
1.05E-04

8.29E-05

-1.31E-05
-8.17E-05

-4.09E-05

-1.31E-05

1.31E-03

2.62E-02

-4.09E-05

-4.09E-05

1.21E-04

1.19E-04
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Figure 4.22: Concentrations of (a) K+ (b) Na+ (c) Mg2+ (d) Cl- (e) SO42- upgradient and the outlet of PRB-1
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013, UOW ASS data base from 2014-2015, Current study from 2016-2019)
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4.4 Downgradient water quality
Neutralised effluent from a PRB can potentially increase the water quality in
downgradient to some extent. Figure 4.23 shows downgradient variations in pH at
different distances from the outlet of PRB-1. Over the past 13 years, the average pH of
downgradient 1 m away from the PRB outlet was 7.09, which decreased to 6.84, 6.33,
5.83 and 4.93 at 3 m, 5 m, 7 m and 9 m away from the outlet of PRB-1, respectively. The
average concentrations of Fe and Al at these locations (Figure 4.24) were also increasing
with distance away from the PRB. Although the downgradient pH was lower, and the
concentrations of ions were higher than the values in PRB-1, the downgradient water
quality was always better than the upgradient. It is suggested that the lower pH and
increased concentrations of problematic ions further away from the PRB outlet occurred,
because of the dilution of treated effluent by the generation of in-situ acid due to pyrite
oxidation in the downgradient (Regmi 2012). However, it is not a PRB`s task to control
the rebuilt acidity of downstream water.
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Figure 4.23: pH variation at different distances from the outlet of PRB-1
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013, UOW
ASS data base from 2014-2015, Current study from 2016-2019)

In dry weather, the downgradient water table decreased (Figure 4.25), which caused
submerged layers of pyrite to oxidise, which was another reason to reduce the pH of
treated effluent (Figure 4.23) and toxic ions to leach into the groundwater (Figure 4.24).
Acid mixing from the sides of the PRB (from water flowing from upgradient) due to the
smaller dimensions of the pilot-scale PRB, can also increase acidity, but the effluent
acidity was acceptable within close proximity to the PRB; i.e. up to 3 m away from the
exit. It is recommended that treated effluent should collect before further dilution, and
divert in pipes to the desired location in large scale industrial applications.
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Figure 4.24: Toxic ion concentrations at the downgradient of PRB-1
(a), (b), (c),(d) Al Concentration (e), (f),(g), (h) Fe Concentration
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013, UOW ASS
data base from 2014-2015, Current study from 2016-2019)
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Figure 4.25: Variations of the downgradient water table at (a) 1 m (b) 4 m (c) 10 m (d) 20 m from the outlet of PRB-1
(Data sources: Regmi (2012) from 2006- 2011, Pathirage (2014) from 2012-2013, UOW ASS data base from 2014-2015, Current study from 2016-2019)
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4.5 Monitoring the PRB extension (PRB-2)
After the pilot-scale PRB-1 was installed in October 2006, it took several months to
stabilise (Regmi 2012), and the granular assembly became saturated during the heavy
rainfall in February and March 2007. Within the initial period, the variations of pH and
concentrations of effluent ions fluctuated, and they did not follow a fixed trend until the
end of the first year. Similar conditions are expected in the PRB extension (PRB-2) until
it becomes saturated after a massive rainfall event.

Figure 4.26: Initial pH in the PRB-2 during December 2019 and January 2020
The pH within PRB-2 recorded over the first two months (December 2019 and January
2020) by automated data loggers is shown in Figure 4.26. The maximum pH recorded in
the first two months is 6.7, and the values are fluctuating. It is inferred that the arid
weather continued over the final quarter of 2019 (see Figure 4.9) has lowered the water
table and encouraged the pyrite oxidation, increasing the acidity of the groundwater.
Although the pH within the PRB currently varies between 6.3 to 6.7, as the granular
limestone assembly is expected to become saturated after a massive rainfall event, the
alkalinity will be increased similar to the observations from column experiments
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(Section 3.4). Observations of the waste concrete granular assembly (PRB-1) over the
past 13 years are important in examining the accuracy of the numerical model developed
in Chapter 6 (see Section 6.10). Similarly, after several years, observations of the
limestone barrier (PRB-2) can be used to assess the accuracy of the model predictions
made during its design stage. Results of future field monitoring will be published at a
later stage.

4.6 Summary
Before installing the PRB, the groundwater at the selected study site was consistently
acidic, exceeding the ANZECC (2000) criteria. Therefore, a pilot-scale PRB was installed
to remediate the acidic water using recycled concrete as the reactive media. In the second
stage of construction, the PRB was extended longitudinally to the same dimensions as the
existing structure. A limestone assembly was used as a novel reactive medium because
its superior performance had been confirmed via laboratory experiments. It is expected
that more consistent and reliable treatment will be forthcoming because fresh limestone
aggregates are used rather than waste concrete particles.
The pilot-scale PRB filled with recycled concrete has been monitored continuously for
the past 13 years by the previous UOW researchers and during the current study. The data
from observation wells, automated data loggers and piezometers have been analysed to
understand its behaviour. The trends in acid neutralising and contaminant removal are
similar to the results obtained from column experiments, despite the laboratory tests being
accelerated and controlled. The upgradient water quality fluctuates with environmental
conditions such as rainfall and lowering water tables. Therefore the characteristics of the
groundwater flowing into the PRB vary continuously and also cause fluctuations of the
treatment pattern within the PRB. However, the overall performance of the PRB was
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satisfactory because it generated a neutralised and contaminant-free effluent over the past
13 years. However, starting from 2017, the pH of the water specimens obtained from the
inlet dropped slightly, possibly because of the armouring and clogging in this zone; this
was also evident from the SEM-EDS analysis of the coated particles extracted from the
inlet of PRB-1. Speciation calculations and inverse geochemical modelling provided
convincing evidence for Al and Fe minerals forming in the granular assembly. Also, due
to the lack of rainfall, the water table became lower and acidity of the influent increased,
which caused a lower pH at the PRB inlet. Alkalinity depletion within PRB was proved
by a reduction in the dissolved concentration of Ca in the water samples taken from the
PRB; however, the effluent still met the required standards.
A clear trend in the pH variation inside the new PRB (PRB-2) could not be observed
during the first two months of its operation, possibly because the granular limestone
assembly was not yet saturated. PRB-2 will be monitored continuously in the future to
further establish and validate the numerical model developed in Chapter 6.
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Mathematical

modelling

of

the

performance of PRBs
5.1 Introduction
Reductions in porosity caused by the accumulation of secondary mineral precipitates and
biomass in subsurface granular media can be simulated in the laboratory using
computational approaches. Deriving an analytical solution from fundamental equations
that capture the 3D movement of groundwater and dissolved contaminants is tedious and
requires advanced numerical approaches. However, an analytical solution is possible if
these basic equations are simplified to formulate one-dimensional flow such that it
represents flow through a laboratory column. This chapter presents an analytical solution
for the general equation that mimics transient flow through porous media and also
captures variations in the hydraulic head at a point located a certain distance away from
the inlet of the porous media at a given time. Variations in the hydraulic head are needed
to calculate the reductions in the permeability of the reactive media. The hydraulic head
measured in the laboratory and the model predictions were compared, and then the
mathematical model was calibrated by varying the kinetic rate coefficients of each
reaction of the novel bio-geo chemical algorithm. The encouraging model predictions in
relation to the experimental data provide confidence for extending the 1D column
simulation to the real-life groundwater flow along the centreline of the PRB, by adjusting
the rate kinetics to the actual scale through upscaling methods based on dimensional
analysis.
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5.2 Effect of bacterial growth on reductions in porosity
As explained earlier in Section 2.10.4, the biological clogging mechanisms in porous
media consist of three main conceptual models, namely, (i) strictly macroscopic growth,
(ii) discrete micro-colonies, and (iii) continuous biofilms. It has been reported that the
growth of the bacterial strain At.ferrooxidans on particles usually begins when cells attach
themselves to the surfaces and multiply until they cover the entire surface (MacDonald &
Clark 1970; McGoran et al. 1969). By following a macroscopic approach, pore
morphology can be analysed without visualising individual pores and without looking
into a specific micro-scale growth pattern, whereas an average concentration of biomass
can be used to analyse microbial activity and its effect on the macroscopic properties of
the porous media such as porosity and permeability (Baveye & Valocchi 1989; ChenCharpentier 1999; Clement et al. 1996). Even though biomass grows and nutrients are
consumed in aqueous and solid phases, only the solid-phase biomass is assumed to induce
any changes in the properties of porous media. Based on the same assumptions, in the
current study, the reduction in porosity due to the macroscopic growth of At.ferrooxidans
in a granular limestone assembly is estimated by Equation 5.1 (see Appendix C for
details).
X

𝑛𝑛𝑡𝑡𝑏𝑏 = �𝜌𝜌s �

(5.1)

𝑐𝑐

where, 𝑛𝑛𝑡𝑡𝑏𝑏 is the reduction in porosity due to the growth of biomass, 𝜌𝜌𝑐𝑐 is the solid phase

biomass density [ML-3] and 𝑋𝑋𝑠𝑠 is the solid phase concentration of bacterial cells [ML-3],
which was estimated using a logistic approach (Equation 5.2) based on Monod kinetics
(Monod 1949; Shuler & Kargi 2010).

Xs =

𝑋𝑋0 𝑒𝑒 𝑘𝑘𝑐𝑐 𝑡𝑡
𝑋𝑋0
1−
(1−𝑒𝑒 𝑘𝑘𝑐𝑐 𝑡𝑡 )
𝑋𝑋∞

(5.2)
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where 𝑋𝑋0 is the initial concentration of bacterial cells [ML-3], 𝑋𝑋∞ is the maximum

concentration of bacterial cells [ML-3], 𝑘𝑘𝑐𝑐 is the carrying capacity coefficient [T-1], and 𝑡𝑡
is time [T]. These values are given in Appendix C.

When considering a shorter time after the initial time step (i.e. at time = 𝑡𝑡1 + ∆𝑡𝑡), part of

the previously calculated cell number (Equation 5.2) decreases due to the endogenous
decay of cells. However, of major interest in this study is the desire to evaluate the net
reduction in volume due to cell growth, extracellular products, and other by-products

(dead cells) that accumulate in the voids. Therefore, the loss of cell mass due to cell death
has not been calculated separately in the growth equation. It was assumed that a more
significant percentage of dead cellular substances inside the column would attach itself
to the reactive surfaces and not leave the granular assembly. Thus, the total mass
calculated at time = 𝑡𝑡1 at the beginning has not been reduced at time 𝑡𝑡1 + ∆𝑡𝑡, but has
increased by the concentration of biomass that accumulated during ∆𝑡𝑡.

5.3 Effect of mineral precipitation on porosity reduction
The reduction in porosity of a porous media due to secondary mineral precipitation is
expressed by Equation 5.3 (Steefel & Lasaga 1994).
𝜕𝜕∅𝑘𝑘
𝜕𝜕𝜕𝜕

(5.3)

= 𝑀𝑀𝑘𝑘𝑇𝑇 𝑅𝑅𝑘𝑘𝑇𝑇

where ∅𝑘𝑘 is the volume fraction of a mineral, 𝑘𝑘𝑇𝑇 is the total number of species, 𝑀𝑀𝑘𝑘𝑇𝑇 is
the molar volume (m3mol-1) of a mineral (values are given in Appendix C) and 𝑅𝑅𝑘𝑘𝑇𝑇 is the
overall reaction rate for the mineral (molm-3S-1). The calculation of 𝑅𝑅𝑘𝑘𝑇𝑇 is explained in

Section 5.3.1. The mineral precipitates that formed in the PRB were assumed to be
immobile, and the pore space occupied by the precipitates was computed using the molar
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volume of each mineral. Thus, the change in porosity due to chemical precipitates can be
then obtained by Equation 5.4 (Indraratna et al. 2014b):
𝑁𝑁

(5.4)

𝑛𝑛𝑡𝑡𝑐𝑐 = 𝑛𝑛0 − ∑𝑘𝑘𝑇𝑇𝑚𝑚=1 𝑀𝑀𝑘𝑘𝑇𝑇 𝑅𝑅𝑘𝑘𝑇𝑇 𝑡𝑡

where 𝑛𝑛𝑡𝑡𝑐𝑐 is the reduction in porosity due to secondary mineral precipitates, 𝑛𝑛0 is the

initial porosity, 𝑁𝑁𝑚𝑚 is the number of minerals, and the term 𝑀𝑀𝑘𝑘𝑇𝑇 𝑅𝑅𝑘𝑘𝑇𝑇 is continuous for a
particular time step.

Bio-geochemical algorithm
Indraratna et al. (2014b) developed a geochemical algorithm for analysing the behaviour
of recycled concrete aggregates when treating acidic groundwater. The current study
introduces a bio-geochemical algorithm to capture the dissolution of limestone and
biologically catalysed mineral precipitation during the treatment of acidic groundwater.
This algorithm consists of the chemical and biological reactions listed in Table 5.1.
The kinetics of dissolution and precipitation are assumed to follow the Transition State
Theory (TST) represented by Equation 5.5 (Eyring 1935). This approach has been used
successfully by others to evaluate the rate kinetics (Indraratna et al. 2014b; Li et al. 2006a;
Mayer et al. 2006):
𝐼𝐼𝐼𝐼𝐼𝐼

(5.5)

𝑟𝑟 = −𝑘𝑘 �1 − 𝐾𝐾 �
𝑒𝑒𝑒𝑒

In the above, 𝑟𝑟 is the reaction rate of each component (molm-3S-1), 𝑘𝑘 is the kinetic rate

coefficient (molm-3S-1), 𝐾𝐾𝑒𝑒𝑒𝑒 is the solubility constant, and IAP is the ion activity product.
The method of evaluating the rate coefficient (𝑘𝑘) is explained later in Section 5.4. The

value of (IAP/ Keq) was calculated directly by PHREEQC software based on the effluent
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concentrations of Na+, K+, Ca2+, Mg2+, Al3+, Fe3+, Cl- and SO42- along with the alkalinity,
pH, and temperature, as explained earlier in Section 3.5.5.
The rate of microbial oxidation of Fe2+ is assumed to follow Monod’s equation, as given
in Equation 5.6 (Li et al. 2006a).
𝑟𝑟�𝐹𝐹𝐹𝐹 2+

(𝑎𝑎𝑎𝑎) �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

= 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏 �

where 𝑟𝑟�𝐹𝐹𝐹𝐹 2+

(𝑎𝑎𝑎𝑎) �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

2+
�𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
�

2+
𝐾𝐾(𝐹𝐹𝐹𝐹2+ ) +�𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
�
(𝑎𝑎𝑎𝑎)

��

�𝑂𝑂2(𝑎𝑎𝑎𝑎) �

𝐾𝐾𝑂𝑂2 +�𝑂𝑂2(𝑎𝑎𝑎𝑎)

��
�

[𝐻𝐻 + ]

𝐾𝐾𝐻𝐻+ +[𝐻𝐻 + ]

�

(5.6)

is the rate of microbial iron oxidation (molm-3s-1), 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏 is the

kinetic rate coefficient (molm-3s-1), 𝐾𝐾(𝐹𝐹𝐹𝐹 2+

(𝑎𝑎𝑎𝑎) )

is the half-saturation constant for ferrous,

𝐾𝐾𝑂𝑂2 is the half-saturation constant for oxygen, 𝐾𝐾𝐻𝐻 + is the half-saturation constant for
2+
hydrogen, �𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
�, and �𝑂𝑂2(𝑎𝑎𝑎𝑎) � and [𝐻𝐻 + ] are concentrations of ferrous, oxygen and

hydrogen, respectively.
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Table 5.1: Bio-geochemical reactions occurred in a granular limestone assembly
Reaction type

Reaction

Dissolution of Ca 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝐻𝐻+
bearing minerals
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝐻𝐻2 𝐶𝐶𝐶𝐶3
from the
limestone
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝐻𝐻2 𝑂𝑂

Chemical/
aerobic ferrous
oxidation
Microbial ferrous
oxidation
Precipitation of
minerals in
limestone
granular
assembly

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3

2+
𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+
2+
𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+

↔ 𝐶𝐶𝐶𝐶2+ + 𝐻𝐻𝐻𝐻𝐻𝐻3−

↔ 𝐶𝐶𝐶𝐶2+ + 2𝐻𝐻𝐻𝐻𝐻𝐻3−

↔ 𝐶𝐶𝐶𝐶 + + 𝐻𝐻𝐻𝐻𝐻𝐻3− + 𝑂𝑂𝑂𝑂 −

↔ 𝐶𝐶𝐶𝐶2+ + 𝐶𝐶𝐶𝐶32−

1
1
+
3+
𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐻𝐻(𝑎𝑎𝑎𝑎)
→ 𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 𝐻𝐻2 𝑂𝑂
4
2

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
1
1
+
3+
𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐻𝐻(𝑎𝑎𝑎𝑎)
�⎯⎯⎯⎯⎯� 𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+ 𝐻𝐻2 𝑂𝑂
4
2

𝐹𝐹𝐹𝐹 3+ + 3𝐻𝐻2 𝑂𝑂

+
→ 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3(𝑠𝑠) + 3𝐻𝐻(𝑎𝑎𝑎𝑎)

𝐹𝐹𝐹𝐹 3+ + 2𝐻𝐻2 𝑂𝑂

+
→ 𝐹𝐹𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂) + 3𝐻𝐻(𝑎𝑎𝑎𝑎)

+
2𝐹𝐹𝐹𝐹 3+ + 3𝐻𝐻2 𝑂𝑂 → 𝐹𝐹𝐹𝐹2 𝑂𝑂3 + 6𝐻𝐻(𝑎𝑎𝑎𝑎)

𝐹𝐹𝐹𝐹 2+ + 2(𝑂𝑂𝑂𝑂)− ↔ 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)2
𝐹𝐹𝐹𝐹 2+ + 𝐶𝐶𝐶𝐶32−
𝐴𝐴𝐴𝐴 3+ + 3𝐻𝐻2 𝑂𝑂

↔ 𝐹𝐹𝐹𝐹(𝐶𝐶𝐶𝐶)3(𝑠𝑠)

+
→ 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3(𝑠𝑠) + 3𝐻𝐻(𝑎𝑎𝑎𝑎)

Overall reaction Rate
𝑑𝑑�𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 � 𝑑𝑑[𝐻𝐻 + ]
𝑑𝑑[𝐶𝐶𝐶𝐶2+ ]
𝑑𝑑[𝐻𝐻𝐻𝐻𝐻𝐻3− ]
=
=−
=−
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=

𝑟𝑟1�𝐶𝐶𝐶𝐶2+� = 𝑘𝑘�𝐶𝐶𝐶𝐶2+,𝐻𝐻𝐻𝐻𝐻𝐻3−� �

𝑑𝑑�𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 � 𝑑𝑑[𝐻𝐻2 𝐶𝐶𝐶𝐶3 ]
𝑑𝑑[𝐶𝐶𝐶𝐶2+ ]
1 𝑑𝑑[𝐻𝐻𝐻𝐻𝐻𝐻3− ]
=
=−
= −
=
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
2
𝑑𝑑𝑑𝑑
𝑑𝑑�𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 �
𝑑𝑑[𝐶𝐶𝐶𝐶2+ ]
𝑑𝑑[𝐻𝐻𝐻𝐻𝐻𝐻3− ]
𝑑𝑑[𝑂𝑂𝑂𝑂 − ]
=−
=−
=−
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑�𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 �
𝑑𝑑[𝐶𝐶𝐶𝐶2+ ]
𝑑𝑑[𝐶𝐶𝐶𝐶32− ]
=−
= −
=
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
−
−

2+
𝑑𝑑�𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
�

𝑑𝑑𝑑𝑑

2+
𝑑𝑑�𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
�

𝑑𝑑𝑑𝑑

= −

= −

𝑎𝑎𝐶𝐶𝐶𝐶2+ 𝑎𝑎𝐻𝐻𝐻𝐻𝐻𝐻3−
− 1�
𝑘𝑘𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶2+,𝐻𝐻𝐻𝐻𝐻𝐻3−

𝑟𝑟2�𝐶𝐶𝐶𝐶2+� = 𝑘𝑘�𝐶𝐶𝐶𝐶2+,𝐻𝐻𝐻𝐻𝐻𝐻3−� �

=

𝑎𝑎𝐶𝐶𝐶𝐶2+ 𝑎𝑎𝐻𝐻𝐻𝐻𝐻𝐻3−
− 1�
𝑘𝑘𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶2+,𝐻𝐻𝐻𝐻𝐻𝐻3−

𝑟𝑟3�𝐶𝐶𝐶𝐶2+� = 𝑘𝑘�𝐶𝐶𝐶𝐶2+,𝐻𝐻𝐻𝐻𝐻𝐻3−,𝑂𝑂𝑂𝑂 −� �

𝑟𝑟4�𝐶𝐶𝐶𝐶2+ � = 𝑘𝑘[𝐶𝐶𝐶𝐶] �

𝑎𝑎𝐶𝐶𝐶𝐶2+ 𝑎𝑎𝐶𝐶𝐶𝐶32−
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

− 1�

𝑎𝑎𝐶𝐶𝐶𝐶2+ 𝑎𝑎𝐶𝐶𝐶𝐶32− + 𝑎𝑎,𝑂𝑂𝑂𝑂 −
𝑘𝑘𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶2+,𝐶𝐶𝐶𝐶32−,,𝑂𝑂𝑂𝑂 −

− 1�

1 𝑑𝑑�𝑂𝑂2(𝑎𝑎𝑎𝑎) �
𝑑𝑑[𝐻𝐻 + ] 𝑑𝑑[𝐹𝐹𝐹𝐹 3+ ]
𝑎𝑎𝐹𝐹𝐹𝐹 3+
=−
=
= 𝑟𝑟�𝐹𝐹𝐹𝐹 2+ �
= 𝑘𝑘𝑐𝑐ℎ𝑒𝑒 �
− 1�
(𝑎𝑎𝑎𝑎) 𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑘𝑘𝑒𝑒𝑒𝑒𝑎𝑎𝐹𝐹𝐹𝐹3+
𝑑𝑑𝑑𝑑
4
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

2+
�𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
�
[𝐻𝐻 + ]
�𝑂𝑂2(𝑎𝑎𝑎𝑎) �
1 𝑑𝑑�𝑂𝑂2(𝑎𝑎𝑎𝑎) �
𝑑𝑑[𝐻𝐻 + ] 𝑑𝑑[𝐹𝐹𝐹𝐹 3+ ]
=−
=
= 𝑟𝑟�𝐹𝐹𝐹𝐹 2+ �
= 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏 �
��
��
+ �
2+
(𝑎𝑎𝑎𝑎) 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
+
4
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝐾𝐾
𝑑𝑑𝑑𝑑
2+
𝐾𝐾(𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
+
�𝐹𝐹𝐹𝐹
�
+
�𝑂𝑂
�
𝐾𝐾
𝐻𝐻 + [𝐻𝐻 ]
𝑂𝑂2
2(𝑎𝑎𝑎𝑎)
)
(𝑎𝑎𝑎𝑎)

𝑑𝑑 �𝑚𝑚𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3 �
𝑑𝑑[𝐹𝐹𝐹𝐹 3+ ]
1 𝑑𝑑[𝐻𝐻 + ]
=−
=−
=
𝑑𝑑𝑑𝑑
3 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑[𝐹𝐹𝐹𝐹 3+ ]
𝑑𝑑[𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ]
1 𝑑𝑑[𝐻𝐻 + ]
=−
= −
=
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
3 𝑑𝑑𝑑𝑑

𝑑𝑑�𝑚𝑚𝐹𝐹𝐹𝐹2𝑂𝑂3 �
1 𝑑𝑑[𝐹𝐹𝐹𝐹 3+ ]
1 𝑑𝑑[𝐻𝐻 + ]
=−
=−
=
𝑑𝑑𝑑𝑑
2 𝑑𝑑𝑑𝑑
6 𝑑𝑑𝑑𝑑

𝑑𝑑 �𝑚𝑚𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)2) �
1 𝑑𝑑[𝐹𝐹𝐹𝐹 2+ ] 1 𝑑𝑑[𝑂𝑂𝑂𝑂 − ]
=
=−
=
2 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
2 𝑑𝑑𝑑𝑑
𝑑𝑑�𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3 �
𝑑𝑑[𝐹𝐹𝐹𝐹 2+ ] 𝑑𝑑[𝐶𝐶𝐶𝐶32− ]
=
=−
=
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘�𝐹𝐹𝐹𝐹 3+� �

𝑟𝑟2�𝐹𝐹𝐹𝐹 3+�

= 𝑘𝑘�𝐹𝐹𝐹𝐹 3+� �

𝑟𝑟3�𝐹𝐹𝐹𝐹 3+�
𝑟𝑟1�𝐹𝐹𝐹𝐹 2+�

𝑟𝑟2�𝐹𝐹𝐹𝐹2+�

𝑑𝑑�𝑚𝑚𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3 �
𝑑𝑑[𝐴𝐴𝐴𝐴3+ ]
1 𝑑𝑑[𝐻𝐻 + ]
=−
=−
=
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
3 𝑑𝑑𝑑𝑑
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𝑟𝑟1�𝐹𝐹𝐹𝐹 3+�

𝑟𝑟1�𝐴𝐴𝐴𝐴3+�

𝑎𝑎𝐹𝐹𝐹𝐹 3+ 𝑎𝑎3 𝑂𝑂𝑂𝑂−
− 1�
𝑘𝑘𝑒𝑒𝑒𝑒,𝐹𝐹𝐹𝐹 3+,𝑂𝑂𝑂𝑂 −

𝑎𝑎𝐹𝐹𝐹𝐹 3+ 𝑎𝑎𝑂𝑂𝑂𝑂𝑂𝑂 3−
− 1�
𝑘𝑘𝑒𝑒𝑒𝑒,𝐹𝐹𝐹𝐹 3+,𝑂𝑂𝑂𝑂𝑂𝑂 3−

= 𝑘𝑘�𝐹𝐹𝐹𝐹 3+� �

𝑎𝑎2 𝐹𝐹𝐹𝐹 3+ 𝑎𝑎3 𝑂𝑂2−
− 1�
𝑘𝑘𝑒𝑒𝑒𝑒,𝐹𝐹𝐹𝐹 3+,𝑂𝑂2−

= 𝑘𝑘�𝐹𝐹𝐹𝐹 2+� �

= 𝑘𝑘�𝐹𝐹𝐹𝐹 2+� �

𝑎𝑎𝐹𝐹𝐹𝐹 2+ 𝑎𝑎2 𝑂𝑂𝑂𝑂−
− 1�
𝑘𝑘𝑒𝑒𝑒𝑒,𝐹𝐹𝐹𝐹 2+,𝑂𝑂𝑂𝑂 −

𝑎𝑎𝐹𝐹𝐹𝐹 2+ 𝑎𝑎𝐶𝐶𝐶𝐶32−

𝑘𝑘𝑒𝑒𝑒𝑒,𝐹𝐹𝐹𝐹 2+,𝐶𝐶𝐶𝐶32−

= 𝑘𝑘�𝐴𝐴𝐴𝐴3+� �

− 1�

𝑎𝑎𝐴𝐴𝐴𝐴3+ 𝑎𝑎3 𝑂𝑂𝑂𝑂 −
− 1�
𝑘𝑘𝑒𝑒𝑒𝑒,𝐴𝐴𝐴𝐴3+,𝑂𝑂𝑂𝑂 −

Combining the individual reaction rates described in Table 5.1 enables the overall reactive
rates (𝑅𝑅𝑘𝑘 ) for each species (i.e. 𝑅𝑅𝐶𝐶𝐶𝐶 , 𝑅𝑅𝐴𝐴𝐴𝐴 , 𝑅𝑅𝐹𝐹𝐹𝐹3+ and 𝑅𝑅𝐹𝐹𝐹𝐹 2+ ) in the algorithm to be listed
below.

𝑅𝑅𝐶𝐶𝐶𝐶 =
𝑅𝑅𝐴𝐴𝐴𝐴 =

𝑑𝑑�𝐶𝐶𝐶𝐶2+ �
𝑑𝑑𝑑𝑑

𝑑𝑑�𝐴𝐴𝐴𝐴3+ �

𝑅𝑅𝐹𝐹𝐹𝐹 3+ =

𝑅𝑅𝐹𝐹𝐹𝐹 2+ =

𝑑𝑑𝑑𝑑

𝑑𝑑�𝐹𝐹𝑒𝑒 3+ �
𝑑𝑑𝑑𝑑

=

− 𝑟𝑟1�𝐶𝐶𝐶𝐶2+� − 𝑟𝑟2�𝐶𝐶𝐶𝐶2+� − 𝑟𝑟3�𝐶𝐶𝐶𝐶2+� − 𝑟𝑟4�𝐶𝐶𝐶𝐶2+�

(5.7)

=

𝑟𝑟1�𝐴𝐴𝐴𝐴3+�

(5.8)

= 𝑟𝑟1�𝐹𝐹𝐹𝐹 3+� + 𝑟𝑟2�𝐹𝐹𝐹𝐹 3+� + 2𝑟𝑟3�𝐹𝐹𝐹𝐹 3+� + 𝑟𝑟�𝐹𝐹𝐹𝐹 2+

𝑑𝑑�𝐹𝐹𝐹𝐹 2+ �
𝑑𝑑𝑑𝑑

(𝑎𝑎𝑎𝑎) �𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

=

2𝑟𝑟1�𝐹𝐹𝐹𝐹 2+� +

2𝑟𝑟2�𝐹𝐹𝐹𝐹 2+ � − 𝑟𝑟�𝐹𝐹𝐹𝐹 2+

(𝑎𝑎𝑎𝑎) �𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

+ 𝑟𝑟�𝐹𝐹𝐹𝐹 2+

(𝑎𝑎𝑎𝑎) �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

− 𝑟𝑟�𝐹𝐹𝐹𝐹 3+

(𝑎𝑎𝑎𝑎) �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(5.9)

(5.10)

The total amount of Fe3+ in the system can be divided into several components derived
from biological oxidation of Fe2+, the chemical oxidation of Fe2+, and the continuous
supply of Fe3+ into the column by synthetic acidic water. In the experimental data
obtained for the concentration of Fe in the effluent samples, it is difficult to identify each
component separately, whereas in the bio-geochemical algorithm, the different rates of
biological and chemical Fe2+ oxidation (Fe3+ generation) can be distinguished, which is
useful in numerical modelling to identify any significant clogging components (see
Section 5.6).
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5.4 Variations of hydraulic head over time
Based on the mathematical expressions 5.1-5.4, the total reduction in porosity at time t
(i.e. ∆𝑛𝑛𝑡𝑡 ) due to biologically catalysed mineral precipitation and the accumulation of
solid-phase biomass in the porous media can be represented by,
X

𝑁𝑁

∆𝑛𝑛𝑡𝑡 = �∑𝑘𝑘𝑇𝑇𝑚𝑚=1 𝑀𝑀𝑘𝑘𝑇𝑇 𝑅𝑅𝑘𝑘𝑇𝑇 𝑡𝑡 + �𝜌𝜌s ��

(5.11)

𝑛𝑛𝑡𝑡 = 𝑛𝑛0 − ∆𝑛𝑛𝑡𝑡

(5.12)

𝑐𝑐

where the porosity at time t (i.e. 𝑛𝑛𝑡𝑡 ) can be expressed by,

The hydraulic conductivity (𝐾𝐾) after a Δnt reduction in porosity can be expressed using
the normalised Kozeny-Carmen equation as (Indraratna et al. 2014b; Li et al. 2006a);

𝐾𝐾 = 𝐾𝐾0 �

𝑛𝑛0 −∆𝑛𝑛𝑡𝑡 3
𝑛𝑛0

� /�

1−𝑛𝑛0 +∆𝑛𝑛𝑡𝑡 2
1−𝑛𝑛0

(5.13)

�

Transient flow through a porous media can be modelled by Equation 5.14
(Harbaugh 2005):
𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕ℎ

𝜕𝜕

𝜕𝜕ℎ

𝜕𝜕

𝜕𝜕ℎ

𝜕𝜕ℎ

�𝐾𝐾𝑥𝑥𝑥𝑥 𝜕𝜕𝜕𝜕 � + 𝜕𝜕𝜕𝜕 �𝐾𝐾𝑦𝑦𝑦𝑦 𝜕𝜕𝜕𝜕 � + 𝜕𝜕𝜕𝜕 �𝐾𝐾𝑧𝑧𝑧𝑧 𝜕𝜕𝜕𝜕 � + 𝑊𝑊 = 𝑆𝑆𝑠𝑠 𝜕𝜕𝜕𝜕

(5.14)

In the above expressions Kxx, Kyy, and Kzz are values of hydraulic conductivity along the
x, y, and z coordinate axes which are assumed to be parallel to the principal axes of
hydraulic conductivity [L/T], h is the hydraulic head [L], W is the volumetric flux per unit
volume representing sources and/or sinks of water, Ss is the specific storage of the porous
material [L-1], and t is time [T].
While finding an exact analytical solution for Equation 5.14 is a complex mathematical
process, a one-dimensional formulation of this equation can be used to find a simple
analytical solution for the hydraulic head at time t of a point located x distance away from
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the column inlet along the direction of groundwater flow. Thus, the general solution for
Equation 5.14 can be expressed by Equation 5.15, which explains the hydraulic head
along a one-dimensional flow path. This solution captures the chemical precipitation and
the twofold biological activity, i.e., the accumulation of biomass in voids and catalysing
the chemical precipitation. The step by step development of Equation 5.15 is described
in Appendix D.
ℎ(𝑥𝑥, 𝑡𝑡) = 𝐹𝐹(𝑥𝑥). 𝑒𝑒 𝐹𝐹(𝑡𝑡)

(5.15a)

𝐹𝐹(𝑥𝑥) = (𝐶𝐶1 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐶𝐶2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

(5.15b)

where,

where C, C1 and C2 are integral constants.

𝐹𝐹(𝑡𝑡) =

𝑁𝑁

𝑚𝑚 𝑀𝑀 𝑅𝑅 𝑡𝑡 2
∑𝑘𝑘=1
−𝐶𝐶 2
𝑘𝑘 𝑘𝑘
�−
𝐵𝐵
2

𝑋𝑋

𝑋𝑋

+ 𝜌𝜌 ∞
𝑙𝑙𝑙𝑙 �1 − 𝑋𝑋 0 �1 − 𝑒𝑒 𝑘𝑘𝑐𝑐 𝑡𝑡 �� + (𝑛𝑛𝑜𝑜 + 2)𝑡𝑡 − 3𝑙𝑙𝑙𝑙[𝑓𝑓(𝑡𝑡) − 𝑛𝑛𝑜𝑜 + 1] +
𝐾𝐾

𝑋𝑋

3𝑙𝑙𝑙𝑙 � 𝜌𝜌0 − 𝑛𝑛𝑜𝑜 + 1� +
𝑐𝑐

𝑐𝑐 𝑐𝑐

∞

1
1
− 𝑋𝑋0
�
𝑓𝑓(𝑡𝑡)−𝑛𝑛𝑜𝑜 +1
� −𝑛𝑛𝑜𝑜 +1�

(5.15c)

𝜌𝜌𝑐𝑐

In the above B is a constant and,
𝑁𝑁

𝑓𝑓(𝑡𝑡) = ∑𝑘𝑘𝑇𝑇𝑚𝑚=1 𝑀𝑀𝑘𝑘𝑇𝑇 𝑅𝑅𝑘𝑘𝑇𝑇 𝑡𝑡 +

𝑋𝑋0 𝑋𝑋∞ 𝑒𝑒 𝑘𝑘𝑐𝑐𝑡𝑡

𝜌𝜌𝑐𝑐 �𝑋𝑋∞ −𝑋𝑋0 (1−𝑒𝑒 𝑘𝑘𝑐𝑐𝑡𝑡 )�

(5.15d)

To the best of the writer’s knowledge, this is the first time an analytical solution has been
developed for variations in the hydraulic head that will capture chemical and biological
clogging in a PRB. Previous solutions by Indraratna et al. (2014b) only included chemical
clogging in recycled concrete; they excluded the effects of bio-clogging.
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5.5 Calibrating the mathematical model
Kinetic rate coefficients (𝑘𝑘) of the bio-chemical reactions as explained in Table 5.1 were
found by calibrating Equation 5.15 with the hydraulic head that was calculated using
piezometer readings obtained along the length of the column. Figure 5.1 shows the
experimental observations for the head at different distances away from the column inlet
of CT2, together with the solution obtained by Equation 5.15.

Figure 5.1: Variations of the hydraulic head at different distances from CT2 inlet
(Indraratna et al. 2020)
Overall, the head measured at a point increased over time while the porous medium
became clogged and obstructed the flow paths. The kinetic reaction rate coefficients (k)
were initially estimated, but ultimately they were calibration parameters which had been
found by trial and error. These unknown parameters were adjusted so that the modelled
hydraulic head would corroborate with the head calculated using the piezometer readings.
Hence the proposed model for the hydraulic head was calibrated using a combination of
least squares regression and the manual adjustment of individual parameters. In the
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regression procedure, the optimal (best fit) parameter values were estimated by
minimising the sum of the squared residuals between the observed and model-predicted
values in an objective function. In this current study, the Nash-Sutcliffe Coefficient (NSC,
i.e. Equation 5.16) was used as the objective function; it had previously been adopted by
several past researchers to calibrate the groundwater flow models (Nash & Sutcliffe 1970;
Sun et al. 2012; Wöhling et al. 2013; Woodward et al. 2013).

𝑁𝑁𝑁𝑁𝑁𝑁 = 1 −

∑𝑁𝑁
𝑡𝑡=1�ℎ𝐸𝐸𝐸𝐸𝐸𝐸(𝑡𝑡) −ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) �
�������
∑𝑁𝑁
𝑡𝑡=1�ℎ𝐸𝐸𝑥𝑥𝑥𝑥(𝑡𝑡) −ℎ𝐸𝐸𝐸𝐸𝐸𝐸 �

2

2

(5.16)

ℎ𝐸𝐸𝐸𝐸𝐸𝐸(𝑡𝑡) is the head measured at time t in the column experiment, ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) is the head

������
modelled at time t and ℎ
𝐸𝐸𝐸𝐸𝐸𝐸 is the mean of measured head values. In general, the Nash-

Sutcliffe efficiency varied from -∞ to 1, where 1 indicates perfect model performance.

For the curves shown in Figure 5.1 the Nash-Sutcliffe coefficients for x = 0, 0.1 m, 0.2
m ,0.3 m, 0.4 m, 0.5 m, respectively were 0.94, 0.92, 0.93, 0.92, 0.94 and 0.93. The
calibrated rate coefficients are shown in Table 5.2.
Since finding the spatial and temporal variations of several kinetic rate coefficients
(𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 , 𝑘𝑘𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴3 , 𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3 , 𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐻𝐻, 𝑘𝑘𝐹𝐹𝐹𝐹2 𝑂𝑂3 , 𝑘𝑘𝑐𝑐ℎ𝑒𝑒, 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏 ) for the five zones of the column over

800 PVs is time-consuming using the trial and error method, these values were only
determined for the inlet zone. Maximum clogging occurs at the entrance of the column
due to biologically catalysed mineral precipitates, whereas the fouling in successive zones
is less, as explained earlier in Section 3.4. Moreover, when the alkalinity is gradually
decreasing over time, the rate of precipitate formation also decreases towards the column
outlet over time. According to Figure 3.6, the maximum dissolution of Ca in the CT2 inlet
occurred at 150 PV. Therefore, during calibration, the kinetic rate coefficients for the inlet
zone were determined for this particular time step and applied to the whole length of the
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column despite that in reality, the kinetic rate coefficients should be lower in the middle
and the outlet zones. Hence, the mathematical process slightly overestimates the clogging
in the outlet boundary. However, the application of maximum rate kinetics along the
entire length is a conservative approach because the model will then predict the earliest
possible time when the hydraulic head, and hence the hydraulic conductivity within the
granular assembly, will begin to drop below a specific limit (see Section 3.6) and thus
indicate excessive clogging in the column.
In Figure 5.1, at the entrance zone (x = 0 and x = 10 cm), the total head increased by
having noticeable rest periods during which the pressure transducer readings remained
almost constant during the experiment. At 325 -375 PV, the total head of zone 1 was
almost constant. On this basis, the writer believes that these stagnated readings mean that
the pore space adjacent to the transducer is clogged, which may result in erroneous data.
Subsequently, the increase in total head agrees with the mathematical solution, thus
indicating a readjustment of flow paths within the column. At 580 – 690 PV, Al
precipitates in zone-1 re-dissolved when the pH was ~ 4; however, the redissolution of
Fe minerals did not start at the same time because it was not yet the suitable pH (see
Section 3.4.1). Instead, the formation of Fe(OH)3 continued due to the bacteria activities,
thus causing continuous pore blockage and another set of stagnated transducer readings
at the inlet. When Fe minerals began to re-dissolve after the pH in zone 1 dropped below
3, the flow paths altered accordingly, then again, the head variation followed a general
trend (Figure 5.1).
Overall, during the trial and error calibration process, there was a good match between
the experimental and analytical results, especially for the first two zones, apart from
unavoidable deviations in the experimental data. The trend for the final three zones was
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continuous because clogging at the outlet regions was minimal, and therefore the pressure
measurements were hardly affected. Nevertheless, in the final three zones, the observed
head was slightly lower than the modelled head. Although in reality there was a decrease
towards the outlet, the kinetic rate constants along the length of the column and biomass
growth were considered to be homogeneous in the model, so the maximum values
occurred at the inlet were used in the mathematical model. In reality, the head at the outlet
should be slightly lower than the head predicted because there was less clogging at the
outlet (x = 50 cm) than the other zones. Despite the above limitation, the proposed
mathematical model can be used to simulate bio-geochemical clogging of a porous
granular assembly.

5.6 Porosity reduction predicted by the mathematical model
Equations 5.1 and 5.4 are used to calculate the reductions in porosity due to biologically
catalysed mineral precipitation (∆𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ) and bacterial cell accumulation (∆𝑛𝑛𝑏𝑏𝑏𝑏𝑏𝑏 ),

respectively. The use of these mathematical expressions helps to identify the different

clogging components separately because it is difficult in the experimental observations.
For instance, Figure 5.2 shows the temporal variations of ∆𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and ∆𝑛𝑛𝑏𝑏𝑏𝑏𝑏𝑏 at the
CT2 inlet after the column was inoculated with iron oxidising bacteria.
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Figure 5.2: Reductions in porosity predicted by the model at CT2 inlet
At 200 PV, ∆𝑛𝑛𝑏𝑏𝑏𝑏𝑏𝑏 contributed 70% of the total reduction in porosity (∆𝑛𝑛𝑡𝑡 ), but it was

only 30% due to the chemical clogging ( ∆𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ). The growth in bacteria at the CT2

inlet increased rapidly from 200 PV to 550 PV (see Figure 3.10); this infers that the
accumulation of cell mass played a significant role in reducing the pore space during the
rapid growth phase of bacteria. The rate at which the porosity reduced due to secondary
mineral precipitation (∆𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ) had increased from 320 PV, possibly because after

bacteria assimilated into the column environment during the rapid growth phase
(200 PV – 550 PV), the oxidation of Fe accelerated. At 500 PV, where the bacterial
growth at the CT2 inlet was at its peak, the biologically accelerated formation of mineral
precipitates (∆𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ) and cell mass accumulation were equally responsible for the

total reduction in porosity (50% by each component). ∆𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 then overtook the rate

of biomass accumulation because the rate of bacterial growth at CT2 inlet began to reduce

at 550 PV (see Figure 3.10). A slight reduction in the rate of change of ∆𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 was
also noticeable at this point once the bacterial iron oxidation had become weak. However,

∆𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 that occurred by the formation of Fe and Al solids in chemical reactions seems

to have contributed to the total reduction in porosity afterwards. At the final stage of the
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experiment (at 750 PV) the contribution on ∆𝑛𝑛𝑡𝑡 from ∆𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 was 57% while from

∆𝑛𝑛𝑏𝑏𝑏𝑏𝑏𝑏 it was 43%. Therefore, both ∆𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and ∆𝑛𝑛𝑏𝑏𝑏𝑏𝑏𝑏 should be taken into the account
when evaluating the reduction in porosity for a particular granular assembly.

Based on the predicted reductions in porosity (∆𝑛𝑛𝑡𝑡 ), Equations 5.11 and 5.12 were then

used to evaluate the time varied total porosity (𝑛𝑛𝑡𝑡 ) along the length of the column

(Figure 5.3). The results were then compared with the porosity calculated from data

obtained in the experiment (see Section 3.7).

Figure 5.3: Porosity calculated by the model and experimental data

In the first two zones, the modelled porosity agreed with the experimental results, but in
the final zones the model overestimated the reduction in porosity, possibly because the
maximum value of the reaction rate kinetics and homogeneous biomass accumulation
were assumed for the entire length of the column, as explained in section 5.5. For instance,
at the end of the column test, the reduction in porosity due to coupled clogging in CT2
inlet was 67% according to the model calculations, but it was only 25% at the column
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outlet. The same reductions obtained by the experimental results were 68% and 20%,
respectively. However, the most critical reaction period was bicarbonate buffering
because the column effluent was almost neutral up to 200 PV in CT2. According to model
predictions and experimental outcomes, the reduction in porosity in the inlet at the end of
the bicarbonate buffering was only ~ 4 %, which proved minimal clogging, hence the
maximum alkalinity release [see Figure 3.5(b)] and acid neutralisation [see Figure 3.8(b)]
during bicarbonate buffering.

5.7 Upscaling the kinetic rate coefficients
A laboratory column mimics the flow of groundwater along transects that are parallel to
the direction of flow of a PRB (see Figure 3.3); i.e. despite the field scale, the flow along
the centreline of a PRB can be modelled well by a 1D column. While the same chemical
and biological reactions occur in the laboratory and a real-life PRB, the biochemical
process often accelerated during the laboratory simulations because the conditions were
stringently controlled (e.g., constant pH, concentrations of ions and bacteria in the
influent, accelerated flowrates, usually smaller particle sizes, and constant temperature).
Numerical codes (e.g. MODFLOW, RT3D) have been widely used for modelling the
reactive transport of chemical species in subsurface porous systems to improve the
understanding of the complex processes and to solve environmental problems related to
groundwater and subsurface contamination. In these computational processes, erroneous
outputs may be obtained if the mineral dissolution and precipitation in a real-life PRB are
modelled using the geochemical reaction kinetics measured in laboratory systems that
differ from natural systems; this is because laboratory experiments are designed to
intentionally homogenise porous material and avoid fluctuations in groundwater
flowrates and its chemical composition (Li et al. 2006b). It is therefore essential to scale
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up the biochemical rate kinetics calculated based on laboratory observations when the
field-scale contaminant transport was analysed numerically before installing an expensive
field application that could affect the environment. The scaling-up of geochemical
reaction kinetics has been studied in several past studies, and a discrepancy of several
orders of magnitude between the field and laboratory estimated rate kinetics has been
found (Lichtner & Tartakovsky 2003; Li et al. 2006b; Meile and Tuncay 2006).
Past researchers have used several upscaling approaches in subsurface hydrology such as
volume averaging, the method of moments, pore network models, homogenisation via
multiple-scale expansions and its modifications, and thermodynamically constrained
averaging (Battiato et al. 2009). Li et al. (2006b) used a pore-scale network model that
discretises the void space of a porous medium into a collection of pores within an
interconnected network to transform the rate kinetics. The volume averaging method is
a robust tool used in such studies to upscale the rate kinetics (Hochstetler & Kitanidis
2013; Lichtner & Tartakovsky 2003). In this study, the approach developed by Lichtner
and Tartakovsky (2003) and Tartakovsky et al. (2009) based on stochastic analysis was
used to scale up the kinetic rate coefficients for heterogeneous reactions in
advective- reactive transport in porous media. These researchers proposed equations for
upscaled rate coefficients using the Probability Density Functions (PDFs) based on
Volume Averaging Theory (VAT) associated with Dimensional Analysis (DA). These
equations were adapted to transform the calibrated rate kinetics in the laboratory into the
prototype field (PRB) scale so that the appropriate time factor and the scale effect would
be captured mathematically.
To formulate the problem, Tartakovsky et al. (2009) considered a heterogeneous chemical
reaction taking place in a porous medium between a dissolved species C and a solid C(s),
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(5.17)

𝛼𝛼𝛼𝛼 ↔ 𝐶𝐶(𝑠𝑠)
where 𝛼𝛼 is the stoichiometric coefficient.

The speed at which the concentration of the species 𝐶𝐶 (i.e. c) reaches its equilibrium level

(i.e. ceq) is designated as k, and referred to as the kinetic rate coefficient [(mol L-3)1-α T-1]
of the reaction and determined as:
1−𝛼𝛼
𝑘𝑘 = 𝑘𝑘𝑜𝑜 𝐴𝐴𝑐𝑐𝑒𝑒𝑒𝑒

(5.18)

where 𝑘𝑘𝑜𝑜 is laboratory-measured kinetic rate coefficient [molL-2 T-1] for reaction (5.17)

and 𝐴𝐴 [L-1] is the specific surface area of a porous matrix.

Tartakovsky et al. (2009) derived equations for upscaled rate coefficient (𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 ) used in
advection-dispersion and reaction equation (see Chapter 6), based on dimensionless

parameters. For the linear reaction with the stoichiometric coefficient 𝛼𝛼 = 1 the upscaled
rate coefficient is given by:

𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 = 1 −

�𝑘𝑘2 𝐷𝐷𝐷𝐷
𝜎𝜎

(5.19)

2

where 𝐷𝐷𝐷𝐷 is the Damkholer number and 𝜎𝜎�𝑘𝑘2 is the variance of the lognormal random

field 𝑘𝑘� (see Appendix E).

For a non-linear reaction with 𝛼𝛼 = 2, the upscaled kinetic rate coefficient is given by:
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 (𝑥𝑥,𝑡𝑡) =

2
[〈𝑐𝑐 2 〉
〈𝑐𝑐〉−1

− 2𝜎𝜎𝑘𝑘2 𝐷𝐷𝐷𝐷 (〈𝑐𝑐 3 〉 − 〈𝑐𝑐〉) − 1]

(5.20)

According to the stoichiometric coefficients of mineral dissolution and precipitation
reactions that occur inside a PRB (Table 5.1), the up-scaled reaction rates were evaluated
using Equations 5.17 -5.20, as shown in Table 5.2. Laboratory-scale rate coefficients are
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always higher than the filed scale values by almost three orders of magnitude. Therefore,
the step of scaling up of laboratory-scale reaction rate kinetics into the field scale plays a
vital role when applying the proposed mathematical model to predict the performance of
real-life PRBs.
Table 5.2: Laboratory rate kinetics and up-scaled kinetics for mineral
dissolution and precipitation in the PRB filled with limestone aggregates
(Medawela and Indraratna, 2020)
Kinetic rate coefficients (k)

Laboratory scale

Field-scale

(mol/Ls)

(mol/Ls)

CaCO3 � 𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 �

2.43E-07

7.21E-08

AlOH3 �𝑘𝑘𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴3 �

3.03E-07

8.98E-08

Fe(OH)3 �𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3 �

8.98E-08

2.81E-08

FeOOH ( 𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 )

8.49E-08

2.56E-08

Fe2O3 � 𝑘𝑘𝐹𝐹𝐹𝐹2 𝑂𝑂3 �

7.81E-08

2.62E-08

Fe2+aerobic oxidation ( 𝑘𝑘𝑐𝑐ℎ𝑒𝑒 )

5.62E-08

1.97E-08

Microbial Iron Oxidation (𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏 )

3.09E-07

9.82E-08

The laboratory-scale 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏

in Equation 5.6 can be scaled up using Equation 5.19

(Table 5.2), and then the rate of biological oxidation of Fe2+ into Fe3+ (𝑑𝑑[𝐹𝐹𝐹𝐹 2+ ]⁄𝑑𝑑𝑑𝑑) in

the field can be calculated. According to Monod (1949), Equation 5.21 calculates the rate

of substrate utilisation by bacteria, i.e., the rate of Fe2+ oxidation which acts as the
substrate for At. ferrooxidans growth. Therefore, by knowing the rate of substrate
utilisation in the field-scale by Equation 5.6, the growth rate of bacteria (𝑑𝑑𝑋𝑋𝑠𝑠 ⁄𝑑𝑑𝑑𝑑) in the
field-scale can also be calculated based on Monod kinetics (Equation 5.21).
𝑑𝑑�𝐹𝐹𝐹𝐹 2+ �
𝑑𝑑𝑑𝑑

=

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=

1 𝑑𝑑𝑋𝑋𝑠𝑠

𝑌𝑌 𝑑𝑑𝑑𝑑

(5.21)
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In the above, 𝑆𝑆 is the concentration of substrate (Fe2+), and 𝑌𝑌 is the yield coefficient which
was 1.42 x 1010 cells/g substrate.

Based on the upscaled kinetics, Equations 5.11 - 5.13 can then be used to calculate the
upscaled porosity and hydraulic conductivity input parameters needed to run the
MODFLOW-RT3D numerical code for predicting the performance of a field-scale PRB.
The numerical model development is elaborated in detail in Chapter 6.

5.8 Summary
Mineral molar volumes and biomass growth over time are important parameters in
assessing the total reduction in porosity in a porous matrix. The novel bio-geochemical
algorithm was developed to capture all the chemical and biological reactions that occur
inside a granular limestone assembly. The reaction rate coefficients of all the chemical
and biological reactions were found by trial and error calibration of the above analytical
model. The mathematical model was advantageous because the individual contribution
made by the mineral precipitates and biomass in the total reduction in porosity was
assessed; this is very important when identifying which clogging components are more
likely to hinder PRB performance. For instance, once the bacterial inoculation began in
the column, the reduction in porosity for half of the experiment was mainly due to the
bacteria growth, but this then changed to the secondary mineral precipitation after the
bacteria began to decay. Furthermore, the laboratory scale rate coefficients were upscaled
using an approach described in the literature, a combination of volume averaging theory
and dimensional analysis. The rate of reactions in the laboratory was noticed to be almost
three times higher than the field scale kinetics, which highlights the importance of using
upscaled values in field designs rather than the values determined by laboratory
experiments.
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Bio-geochemical reactive transport
model for PRBs
6.1 Introduction
A proper criterion that captures the bio-geochemical behaviour of a granular assembly for
determining the longevity of PRBs has not been established to date. Therefore this chapter
introduces an innovative numerical approach to assess the life span of PRBs accurately.
The step by step development of a bio-geochemical contaminant transport model that
combines hydraulics with geochemistry and microbiology within a PRB is presented.
MODFLOW, a finite-difference software can solve the flow equation, and RT3D can
solve the contaminant transport component of the model. It provides an option to define
a new reaction module by integrating the upscaled reaction kinetics and bio-geochemical
algorithm developed in Chapter 5 with RT3D code via FORTRAN subroutines. On this
basis, the performance of a PRB can be analysed by providing the initial dimensions,
influent water quality parameters, initial hydraulic conductivity, porosity and flow rate in
the selected area. The output of this numerical model will predict the behaviour of the
selected reactive material, its decaying over time, as well as the effluent water quality and
longevity of the PRB. This chapter describes how the model was applied to column
experiments explained earlier in Chapter 3, and the proposed PRB (PRB-2) and existing
PRB (PRB-1) explained earlier in Chapter 4. Moreover, when the current numerical
approach was compared with the previous models, the results were more reliable.
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6.2 The Bio-Geochemical reactive transport model
A computational approach that combines the chemical and biological clogging in a PRB
should be able to predict the temporal and spatial variations in the quality of the treated
effluent, as well as the porosity and hydraulic conductivity of its reactive granular
assembly. Physical clogging is assumed to be negligible in this bio-geochemical model
because the PRB has been wrapped in a geotextile (see Section 4.2), which will minimise
the migration of debris and fine particles into the granular assembly. It is convenient to
separate a model that captures the flow through porous media into a flow model to assess
flow characteristics, and a contaminant transport model to determine changes in the
properties of porous media and the water quality which occurred during seepage. The
flow model may include a set of equations to describe the dissolution and precipitation of
minerals due to chemical reactions, and interference from microbial cells and their end
products as they flow through the void space. It will also predict reductions in the
hydraulic conductivity and porosity of porous media as a function of clogging and
armouring. The second part is the development of transport equations that will describe
the fate and transport of aqueous and solid-phase species carried by the groundwater
through the porous media. This step may capture the time-dependent variations in
concentrations of precipitated minerals and biomass.
Indraratna et al. (2014b) used a similar approach to evaluate the geochemical changes in
contaminated water along a one-dimensional flow path, while ignoring the biological
component. However, this study evaluates the two-fold biotic role, i.e. (a) catalysing the
chemical reactions that will produce excessive precipitates while neutralising the acidic
groundwater, and (b) promoting the biological growth that will armour the particle
surfaces and clog the voids. Even in the simplest case of one-phase flow, the biological
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growth patterns and their connection with the already complex phenomena of subsurface
water flow and the advection and dispersion of contaminants and nutrients must be
understood. Moreover, the volumes of the most significant minerals precipitated, i.e.
aluminium and iron oxides/hydroxides with bacteria must be evaluated. Therefore, all of
the reactions that occur within the granular mass of PRB included in the novel biogeochemical algorithm introduced in Chapter 5 are used in the numerical analysis, and
the upscaled kinetic rate coefficients (see Section 5.7) are used to calculate the time varied
porosity and hydraulic conductivity of PRB-1 and PRB-2.
Equations for flow movement
The three-dimensional movement of groundwater of a constant density through porous
earth material can be described by the partial differential equation (Harbaugh 2005),
𝜕𝜕

𝜕𝜕ℎ

𝜕𝜕

𝜕𝜕ℎ

𝜕𝜕

𝜕𝜕ℎ

𝜕𝜕ℎ

�𝐾𝐾𝑥𝑥𝑥𝑥 𝜕𝜕𝜕𝜕 � + 𝜕𝜕𝜕𝜕 �𝐾𝐾𝑦𝑦𝑦𝑦 𝜕𝜕𝜕𝜕 � + 𝜕𝜕𝜕𝜕 �𝐾𝐾𝑧𝑧𝑧𝑧 𝜕𝜕𝜕𝜕 � + 𝑊𝑊 = 𝑆𝑆𝑠𝑠 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(6.1)

Where Kxx, Kyy, and Kzz are the values of hydraulic conductivity along the x, y, and z
coordinate axes which are assumed to be parallel to the major axes of hydraulic
conductivity [L/T] , h is the hydraulic head [L], W is the volumetric flux per unit volume
that represents the sources and/or sinks of water, where W < 0 for flow out of the
groundwater system and W > 0 for flow into the system [T-1], Ss is the specific storage of
the porous material [L-1], and t is time [T]. Generally, Ss, Kxx, Kyy, and Kzz may be
functions of space [Ss = Ss(x,y,z), Kxx = Kxx(x,y,z), and so forth], and W may be a function
of space and time [W = W(x,y,z,t)].
Equation 6.1 represents a subsurface flow system that explains the flow of groundwater
under non-equilibrium conditions in a heterogeneous and anisotropic medium. An
analytical solution for Equation 6.1 is an algebraic expression giving h(x,y,z,t) such that
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the initial and boundary conditions are satisfied when the derivatives of h with respect to
space and time are substituted into the equation. This algebraic expression characterises
the flow system using a time-varying head distribution in an aquifer boundary. Also, it
measures the energy of the flow, the volume of water being stored, and the directions and
rates of flow (Harbaugh 2005). The analytical solution for Equation 6.1 was developed
earlier in Chapter 5, for a simplified porous matrix that considers homogeneity and
one-dimensional flow. While analytical solutions for complicated systems are rarely
possible, there is a variety of numerical methods with which to obtain approximate
solutions. One is the Finite Difference Method (FDM). According to Harbaugh (2005),
the continuous system described by Equation 6.1 can be replaced by a finite set of discrete
points in space and time, while partial derivatives can be replaced by the terms calculated
from the differences in the heads at these discrete points. The time in this finite-difference
formulation is divided into several time steps, and then the corresponding numerical
solution can be determined, as described in the subsequent sections.
Equations for contaminant transport
The general macroscopic equations that describe the fate and transport of aqueous and
solid-phase species in a multi-dimensional saturated porous media are written as
(Clement 1997):
𝜕𝜕𝐶𝐶𝑘𝑘𝑇𝑇
𝜕𝜕𝜕𝜕

𝑑𝑑𝐶𝐶�
𝚤𝚤𝚤𝚤
𝑑𝑑𝑑𝑑

=

𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖

= 𝑟𝑟̃𝑐𝑐

�𝐷𝐷𝑖𝑖𝑖𝑖

𝜕𝜕𝐶𝐶𝑘𝑘𝑇𝑇
𝜕𝜕𝑥𝑥𝑗𝑗

�−

𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖

𝑞𝑞

�𝑣𝑣𝑖𝑖 𝐶𝐶𝑘𝑘𝑇𝑇 � + ∅ 𝐶𝐶𝑠𝑠𝑘𝑘 + 𝑟𝑟𝑐𝑐
𝑇𝑇

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒, 𝑖𝑖𝑖𝑖 = 1,2, … . . (𝑘𝑘𝑇𝑇 − 𝑚𝑚)

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑘𝑘𝑇𝑇 = 1,2, … . . 𝑚𝑚

(6.2)

(6.3)

Equation 6.2 is known as the Advection-Dispersion- Reaction Equation (ADRE), where
𝑘𝑘𝑇𝑇 is the total number of species, m is the total number of aqueous-phase (mobile) species,

189

(𝑘𝑘𝑇𝑇 − 𝑚𝑚) = total number of solid-phase or immobile species, Ck is the aqueous-phase

th
concentration of the 𝑘𝑘𝑇𝑇 th species [ML-3], 𝐶𝐶�
𝚤𝚤𝚤𝚤 is the solid-phase concentration of the im

species, either [MM-1] or [ML-3], Dij is the hydrodynamic dispersion coefficient [L2T-1],
v is the pore velocity [LT-1], ∅ is the porosity of soil, qs is the volumetric flux of water

per unit volume of aquifer representing sources and sinks [T-1], Cs is the concentration of

source/sink [ML-3], rc represents the rate of all the reactions that occur in an aqueous
phase [ML3T-1], and 𝑟𝑟̃𝑐𝑐 represents the rate of all reactions that occur in a solid-phase, i.e.
[MM-1T-1] or [ML3T-1].

6.3 Numerical solutions for flow and contaminant transport equations
The modular three-dimensional finite-difference groundwater flow model (MODFLOW)
is a commercially available software code (Groundwater Modelling System- GMS 10.3)
that can solve the groundwater flow equation (Equation 6.1) and find the temporal and
spatial head variations of subsurface flow (Glasgow et al. 2003; Khadri & Pande 2016;
Newman et al. 2017).
RT3D (Reactive Transport in 3 Dimensions in Groundwater Modelling SystemGMS 10.3) is a computer code that can solve the coupled partial differential equations
(Equation 6.2) that describe the reactive flow and transport of multiple mobile and
immobile species in three-dimensional saturated groundwater systems (Clement 1997).
The RT3D code is flexible enough to simulate various types of chemical and microbial
reaction kinetics (Clement 1997; Conan et al. 2003; Ehtiat et al. 2018; Wei et al. 2018).
The seepage velocity of flow through porous media and the spatial and temporal
variations of the hydraulic head of a finite-difference domain are the vital inputs for the
RT3D code that solve the contaminant transport equation. MODFLOW can calculate the
hydraulic head and seepage velocity, which is then fed into the RT3D code to determine
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the concentration of contaminants in the water at a particular time step. In this current
study, MODFLOW and RT3D software codes were run in tandem to determine the time
varied pH and concentration of ions in the PRB effluent and thus identify the time at
which the quality of effluent water begins to degrade; this will then be the longevity of
the PRB.
MODFLOW
MODFLOW iteratively calculates the head solution of Equation 6.1 at each time step
using a block-centred, finite-difference approach. In MODFLOW the continuity equation
(Equation 6.4) is used to develop the groundwater flow equation (Equation 6.1) in a finitedifference form (Harbaugh 2005).
∆ℎ

∑ 𝑄𝑄𝑖𝑖 = 𝑆𝑆𝑆𝑆 ∆𝑉𝑉
∆𝑡𝑡

(6.4)

In the above, 𝑄𝑄𝑖𝑖 is the flow rate into the cell [L3T-1], 𝑆𝑆𝑆𝑆 is the volume of water that can

be injected per unit volume of aquifer material per unit change of head [L-1], i.e. specific
storage, ∆𝑉𝑉 is the volume of the cell [L3], and ∆ℎ [L] is the change in head over the time

interval ∆𝑡𝑡 [T]. The continuity equation states that the rate of change in storage within

the cell must be equal to the sum of all the flows into and out of the cell. Assuming that
the density of groundwater is constant, the outflow and losses are represented as negative
inflows and negative gains, respectively (Harbaugh 2005).
In MODFLOW, when utilising iterative methods to solve the system of finite-difference
equations for each time step, the head values at the end of a particular time step are
calculated by arbitrarily assigning a trial value for the head at each node at the end of that
time step. Theoretically, an iterative process would eventually converge to the same result
regardless of the initial head values, and then the computed head at the end of each time
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step can be used as the initial trial values for the following time step; these calculations
can be repeated for all the time steps. The head for the very first time step in the simulation
must be specified to start the simulation, and Equation 5.15 developed in Chapter 5 can
be used for this purpose. Therefore, the objective of a transient MODFLOW simulation
is generally to predict the distributions of head at successive times, the hydraulic
parameters, the properties of the aquifer (hydraulic conductivity, top and bottom elevation
and starting head), and the external stresses (rivers, wells, and recharge) (Clement 1997).
When the flow through a PRB is to be analysed, the temporal variations of hydraulic
conductivity in the model must be incorporated because it affects the predicted longevity.
However, MODFLOW cannot automatically update the variations of hydraulic
conductivity and porosity in each time step and therefore Equations 5.11 - 5.13 can be
incorporated with upscaled reaction kinetics to generate an array of time varied hydraulic
conductivity that can then be introduced to the MODFLOW simulation as an input file.
This includes the reduction in hydraulic conductivity over time caused by the biologically
catalysed mineral precipitation and the biomass that accumulates in the void space.
RT3D
A numerical solution for Equation 6.2 may predict the time varied concentration of
contaminant of the PRB effluent (i.e. Al, Fe and pH fluctuations). The seepage velocities
(vi) needed to solve Equation 6.2 are calculated by flow equations 6.5 and 6.6
(Zheng 1992). The hydraulic head values needed to solve these equations are computed
by solving the three-dimensional groundwater flow model (MODFLOW).
𝜕𝜕ℎ

𝜕𝜕

𝜕𝜕ℎ

𝑆𝑆𝑠𝑠 𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑥𝑥 �𝐾𝐾𝑖𝑖𝑖𝑖 𝜕𝜕𝑥𝑥 � + 𝑞𝑞𝑠𝑠
𝑣𝑣𝑖𝑖 = −

𝑖𝑖

𝐾𝐾𝑖𝑖𝑖𝑖 𝜕𝜕ℎ

∅ 𝜕𝜕𝑥𝑥𝑖𝑖

𝑖𝑖

(6.5)

(6.6)
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where h is the hydraulic head [L], Ss is the specific storage coefficient [L-1], and Kii are
the principal components of the hydraulic conductivity tensor [LT-1] (non-principal
components are assumed to be zero), qs is the volumetric flux of water per unit volume
of aquifer representing sources and sinks [T-1], and vi is the pore velocity [LT-1].
MOLDFLOW code must be run before running RT3D code because the MODFLOW
output provides essential inputs to run RT3D.
In RT3D, the transport term (advection and dispersion) of Equation 6.2 is solved with an
explicit finite difference scheme that is forward in time, central in space for dispersion,
and upwind for advective transport. The reaction term 𝑟𝑟𝑐𝑐 of each element is calculated

for each time step as the sum of all equilibrium and non-equilibrium reaction rates. The

numerical approach adopted in RT3D to solve the essential components of the ADRE is
a split-operator scheme. By using the Operator Splitting (OS) strategy, the mobile species
in transport equation (6.2) are first divided into four distinct equations: (Clement 1997);
Advection:

𝜕𝜕𝜕𝜕

Dispersion:

𝜕𝜕𝜕𝜕

Source/sink mixing:

𝜕𝜕𝜕𝜕

Reactions:

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

=−

𝜕𝜕(𝑣𝑣𝑖𝑖 𝐶𝐶)
𝜕𝜕𝑥𝑥𝑖𝑖

𝜕𝜕

(6.7)
𝜕𝜕𝜕𝜕

= − 𝜕𝜕𝑥𝑥 �𝐷𝐷𝑖𝑖𝑖𝑖 𝜕𝜕𝑥𝑥 �
𝑞𝑞

= ∅ 𝐶𝐶

= 𝑟𝑟

𝑖𝑖

𝑗𝑗

(6.8)
(6.9)
(6.10)

The term r represents all possible reaction terms that appear in a typical transport equation
for mobile species. In the equation for immobile species (Equation 6.3), the advection,
dispersion, and source-sink mixing terms are zero, and only the reaction term exists.
When applying the operator splitting strategy in RT3D code, the calculation steps are the
advective transport (Equation 6.7), determining the equilibrium and kinetically controlled
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chemical reaction rate (Equation 6.10), dispersive transport (Equation 6.8), and again
calculating the chemical reaction rates (Equation 6.10) (Clement 1997). The overall result
is presented in the output file in terms of temporal and spatial variations of concentrations
of all the chemical species included in the model. This solution approach in RT3D differs
from most of the other hydro-geochemical transport models where the kinetic and
equilibrium chemical reactions are calculated after both advection and dispersion steps
(Yeh & Tripathi 1989). In RT3D code, Equation 6.7 can be solved by the method of
characteristics, by the modified method of characteristics, by the hybrid method of
characteristics, or by the upstream finite-difference solution scheme. Explicit finite
difference approximations are adopted for the dispersion (Equation 6.8) and source-sink
mixing packages (Equation 6.9) (Zheng & Wang 1999). Adopting the operator splitting
method reduces the numerical dispersion and the need to iterate between chemistry and
transport. A major advantage of the split-operator scheme is the numerical accuracy and
stability obtained by adjusting the time step according to the grid size for the individual
parts of the equation (Parkhurst & Appelo 1999).
RT3D supports seven pre-programmed reaction modules that can simulate different types
of reactive contaminants. RT3D also has a user-defined reaction option that can be
customised to simulate any other type of user-specified reactive transport systems; this is
the most versatile option available in this computer code. In the current study, a new
reaction module was compiled as a dynamic link library and then introduced into RT3D
via FORTRAN subroutines. This new module incorporates all the chemical and
biological reactions described in the novel bio-geochemical algorithm developed in
Chapter 5. When MODFLOW and RT3D codes run simultaneously, the model output
describes the water quality that varies with the position and time within the PRB. It is an
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integrated solution that includes hydraulic conductivity and reduced porosity in the
selected granular assembly.

6.4 Applying the bio-geochemical reactive transport model into the
column experiment
By considering the laboratory columns described in Chapter 3 as a confined aquifer in
transient flow conditions (Figure 6.1), the bio-geochemical reactive transport model was
used to simulate one-dimensional flow through the columns. The granular limestone
assembly was assumed to be a homogeneous and isotropic aquifer with uniformly graded
4 - 5 mm particles inside the column. A uniform gradation was selected to alleviate the
boundary effects of modelling works, because, Indraratna and Vafai (1997) indicated that
for granular media, the ratio between the width or diameter of the test chamber and
maximum particle size should be more than 8 to ensure negligible boundary effects
(i.e. since the column is 50 mm in diameter, this ratio ≥10). It was also hypothesised that
the particle angularity is generally similar throughout the aquifer. Flow through the
column was assumed to be horizontal so that the lateral and vertical flow inside the
limestone aquifer was minimal. A single layer grid was considered in the model to
represent the one-dimensional flow through a layer of unit thickness across the centreline
of the 500 mm long by 50 mm wide column, as shown in Figure 6.1(a). Figure 6.1(b)
illustrates the discretisation of the finite difference domain. The whole domain was
uniformly discretised with 5 x 50 grid cells that are 10 mm long by 10 mm wide. The inlet
and outlet were initially considered as specific head boundaries, and the sides of the
columns were no-flow boundaries. The flow was introduced by defining wells with a
positive flow rate at the inlet. Model input parameters are summarised in Table 6.1. The
FORTRAN subroutine that formulated the user-defined module is given in Appendix F.
195

(a)

Layer through the centreline

Influent

50 mm

Effluent

500 mm

(b)
Outlet

Inlet

Figure 6.1: (a) Layer through the centreline of the column (b) Model domain for
bio-geochemical reactive transport model

The mathematical model used to estimate the kinetic rate coefficients (k) was calibrated
by trial and error so that the analytical solution could reproduce the measured hydraulic
head in the columns (see Section 5.5). The accuracy of these calibrated rate coefficients
can be confirmed if the user-defined reaction module in MODFLOW-RT3D can
reproduce the contaminant concentrations measured along the column. If the
model-predicted and measured concentrations of column effluent do not agree, the
laboratory scale kinetic rate coefficients must be readjusted because accurate lab-scale
kinetics are vital for determining correct up-scaled field kinetics.
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Table 6.1: Input parameters for the application of the
bio-geochemical model into columns
Input parameter

Value

Flow rate

1.2 mL/min

Initial porosity (n0)

0.68

Initial hydraulic conductivity (K0)

1·8 ×10−5 m/s

Influent pH

3.0

Top elevation of the layer

50 mm

Bottom elevation of the layer

0

Ca2+ of influent

152 mg/L

Fe3+ of influent

49 mg/L

Fe2+ of influent

91 mg/L

Al3+ of influent

54 mg/L

Bacteria Concentration of influent

107 cells/ cm3

Initial Ca2+ of the aquifer

700 mg/L

Initial Fe3+ of the aquifer

0

Initial Fe2+ of the aquifer

0

Initial Al3+ of the aquifer

0

Initial Bacteria Concentration of the aquifer

0

Kinetic rate coefficients

see Table 5.2

The numerical model results and the dissolved concentrations of contaminants in the
column effluent agree (Figures 6.2, 6.3 and 6.4) especially during the first half of the
experiment where the variations of pH predicted by the model for CT2 matched the
variations observed at the column inlet (0 - 10 cm), middle (10 - 40 cm), and outlet
(40 cm -50 cm) regions ( Figure 6.2). Some slight discrepancies occurred during the final
stage of the experiment, which stemmed from the application of maximum kinetic rates
throughout the column (see Section 5.5). This is why lower pH values were estimated by
the model, whereas in reality, the pH was higher. Also, the removal of problematic ions
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(i.e. Fe and Al) was predicted accurately by the numerical model, as shown in Figures 6.3
and 6.4, respectively. The concentration of heavy metal at the outlet met the standards for
water quality by ANZECC (2000) until the pH of the effluent began to drop below 6.5.
These temporal and spatial variations of pH drop and ion removal within the columns are
discussed in detail in Chapter 3. These results confirmed the accuracy of the calibrated
kinetic rate coefficients.
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(a)

(b)

Inlet

Outlet

At 16 PV

At 350 PV

At 790 PV
Figure 6.2: (a) Modelled and measured pH along CT2 (b) Variation of pH in the model domain
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(a)

(b)

Inlet

Outlet

At 16 PV

At 350 PV

At 790 PV

Figure 6.3: (a) Modelled and measured Fe concentration along CT2 (b) Variation of the intensity of Fe in the model domain
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(a)

(b)

Inlet

Outlet

At 16 PV

At 350 PV

At 790 PV
Figure 6.4: (a) Modelled and measured Al concentration along CT2 (b) Variation of the intensity of Al in the model domain
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6.5 Model application for predicting the performance of a PRB at the
design stage
The bio-geochemical reactive transport model was used to design a real-life PRB filled
with limestone (PRB-2 described in Chapter 4) on the basis that long term column
experiments had confirmed the treatability of limestone. The proposed PRB was to be
installed in the acidic floodplain at Shoalhaven. The dimensions of the PRB used in the
model were 18 m x 1.2 m x 3 m, and the up-scaled kinetic rates (see Table 5.2) were used
in the hybrid MODFLOW- RT3D finite-difference model to analyse the reactivity and
treatability of the granular limestone assembly installed in the field. The one-dimensional
flow along the centreline of the proposed PRB and the other imaginary transects that are
parallel to the direction of flow was used to monitor the removal of acidity and metal
from groundwater flowing through the porous limestone media over a 20 year period.
The writer has assumed that there are no crossflows or flow divergence away from the
centreline and the other imaginary transects, i.e. crossflows or flow divergence away from
the centreline and the other imaginary transects were considered to be negligible.
This granular assembly was assumed to be a homogeneous and isotropic aquifer with a
uniform particle size of 40 mm and a particle angularity that is generally similar
throughout the aquifer. As Figure 6.5 shows, there are two methods to discretise a layer
of unit thickness along the centreline of the PRB (ABCD and EFGH) to simulate
horizontal flow through the PRB. The PRB can be sliced into several vertical layers
across its entire length, similar to the ABCD layer, which coincides with the centreline,
as shown in Figure 6.5(a). The ABCD layer has a unit thickness and visualises a
1.2 m x 3 m layer [model domain = 12 x 30 grid cells, as shown in Figure 6.5(b)]. When
the vertical and lateral flows are assumed to be very small, one-dimensional horizontal
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flow through this layer [i.e. the flow through each row of ABCD as shown in
Figure 6.5(b)] can be assessed. Thus, by adding a number of identical ABCD layers next
to each other from one end to the other, horizontal flow through the full length of the PRB
can be represented. The PRB can also be sliced into several imaginary horizontal layers
across its entire depth, similar to the EFGH layer, which coincides with the PRB
centreline, as shown in Figure 6.5(a). The EFGH layer has a unit thickness and visualises
a 1.2 m x 18 m layer [model domain = 12 x 180 grid cells, as shown in Figure 6.5(c)].
When the vertical and lateral flows are assumed to be very small, one-dimensional
horizontal flow through this layer [i.e. the flow through each column of EFGH as shown
in Figure 6.5(c)] can be assessed. Thus, by adding a number of identical EFGH layers of
unit thickness on top of each other from the top to the bottom of the PRB, horizontal flow
through its full depth can be represented. If accurate input parameters are used, the results
from these two grid discretisations should be similar, because, they both represent
one-dimensional horizontal flow through the PRB. However, either of them can be used
considering the computation time and the dimensions of the PRB being designed. For
instance, the ABCD layer took less computation time for the PRB dimensions selected in
this study.
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Figure 6.5: (a) Layers through the centreline of the PRB
(b) Model domain for ABCD Layer (c) Model domain for EFGH layer
(Medawela and Indraratna 2020)
The inlet and outlet of the model domain were initially considered as specific head
boundaries, whereas both sides of the layers were considered to be no-flow boundaries.
Wells with positive flow rates were defined at the inlet boundary to introduce flow into
the domain. The input parameters of the model are summarised in Table 6.2. The influent
pH and ion concentrations remained constant throughout the simulation. These
concentrations of input ions, flow rates, and acidity are based on the data collected during
preliminary site investigations at the Shoalhaven floodplain for one and a half years
(see Section 2.7.2). Although the maximum concentration of contaminants recorded was
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introduced as the constant model input (Table 6.2), in reality, the up-gradient water
quality, i.e., pH and ion concentrations at the PRB input, fluctuated over time according
to the environmental conditions, as explained in Section 4.3.2. However, using these
maximum possible concentrations of contaminants as the model input means that viable
predictions regarding the earliest time at which the effluent water quality begins to
degrade can be made. This approach is a safe way to determine the correct time for
maintaining the PRB.

Table 6.2: Input parameters for applying the bio-geochemical model into
the proposed PRB (Medawela and Indraratna 2020)
Input parameter

Value

Flow rate

1.1 x 106 L/year

Initial Porosity (n0)

0.69

Initial hydraulic conductivity (K0)

0.9565 m/d

Influent pH

3.4

Top elevation of the layer

50 mm

Bottom elevation of the layer

0

Ca2+ of influent

152 mg/L

Fe3+ of influent

49 mg/L

Fe2+ of influent

91 mg/L

Al3+ of influent

54 mg/L

Bacteria Concentration of influent

107 cells/ cm3

Initial Ca2+ of the aquifer

700 mg/L

Initial Fe3+ of the aquifer

0

Initial Fe2+ of the aquifer

0

Initial Al3+ of the aquifer

0

Initial Bacteria Concentration of the aquifer

0

Effective rate coefficients

see Table 5.2
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Predicting the longevity of the proposed PRB (PRB-2)
Figures 6.6 and 6.7 show the variations of Fe concentration in different time steps in the
EFGH and ABCD layers. At the end of the 1st year, the concentration of Fe at the outlet
(CD side) of the proposed PRB will be 0.15 mg/L [Figure 6.7(a)] and will increase to
0.44 mg/L [Figure 6.7(d)] within 16 years. After 17 years, the concentration of Fe at the
outlet will be more than 0.5 mg/L [Figure 6.7(e)]. This is the acceptable limit for the
amount of iron in surface water bodies based on ANZECC guidelines (ANZECZ 2000).
Therefore, the efficiency with which the granular limestone assembly can produce
iron-free effluent will decrease after 16 years. As Figure 6.8 shows, in the 17th year of
operation, the concentration of Al at the outlet will increase to 0.57 mg/L, which exceeds
the ANZECC (2000) guidelines (i.e. 0.54 mg/L). Therefore PRB-2 will generate an
effluent that is free of Fe and Al over the first 16 years.
According to the model predictions, the initial pH of the effluent will rise to 6.67
[Figure 6.9(a)], and then eventually reduce to 6.75 within 16 years [Figure 6.9(d)],
whereas the pH at the outlet will become acidic in the 17th year [Figure 6.9(d)]. Therefore,
PRB-2 will generate a near-neutral effluent over the first 16 years.
In conclusion, PRB-2 will have an overall acid neutralising and toxic metal removal
ability about 16 years, after which the effluent water quality will degrade. However, the
concentration of Fe (Figure 6.7) and Al (Figure 6.8) at the inlet will increase considerably
from the 5th year and thus reduce the pH (Figure 6.9). Therefore, if the limestone
granulates at the inlet are replenished after about 5 years, the entrance zone will be
reactivated, and the outlet may also become better at removing contaminants, all of which
will increase the lifespan of this PRB filled with limestone aggregates (PRB-2) to more
than 16 years.
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Figure 6.6: Variation of total Fe concentration along the centreline of the proposed PRB (EFGH layer)
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Is the effluent water quality
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Lifespan of the PRB in
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terms of [Fe] at the outlet
Figure 6.7: Longevity prediction of the proposed PRB (limestone) based on Fe concentration
(a) Variation of [Fe] in ABCD layer at the end of 1st year (b) 5th year (c) 10th year (d) 16th year (e) 17th year (Medawela and Indraratna 2020)
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Figure 6.8: Longevity prediction of the proposed PRB (limestone) based on Al concentration
(a) Variation of [Al] in ABCD layer at the end of 1st year (b) 5th year (c) 10th year (d) 16th year (e) 17th year (Medawela and Indraratna 2020)
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Figure 6.9: Longevity prediction of the proposed PRB (limestone) based on the acid neutralising properties
(a) Variation of the pH in ABCD layer at the end of 1st year (b) 5th year (c) 10th year (d) 16th year (e) 17th year (Medawela and Indraratna 2020)
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6.6 Applying the model into an existing PRB (PRB-1)
The acidic floodplain at Shoalhaven has undoubtedly experienced iron oxidising bacteria
because the presence of the bacteria was confirmed in the pilot-scale PRB site by previous
UOW researchers (McDonald 2013; Rudens 2001), and in the current study, bacteria have
been enumerated over the past three years (see Figure 4.17). Thus, the pH and ionic
concentrations of the specimens taken from PRB-1 over the past 13 years include the
effect of bacteria inside the recycled concrete granular assembly, even though past
researchers did not evaluate the biotic influence separately.
Modification of bio-geochemical algorithm to recycled concrete
Indraratna et al. (2014b) found laboratory-scale kinetic rate coefficients for mineral
dissolution and precipitation in a recycled concrete granular assembly, but since they did
not include the effect of bacteria, scaling them up and then applying them to an existing
PRB may be erroneous. Therefore, the bio-geochemical algorithm developed for
limestone in Chapter 5 was modified for biologically catalysed chemical reactions that
occur in recycled concrete. Dissolution of portlandite minerals in recycled concrete is
described in Equations 4.1-4.3. Chemical reactions for the formation of Fe and Al
oxides/hydroxides and the effect of bacteria on Fe oxidising in a granular waste concrete
assembly are similar to Equations given in Table 5.1, except for differences in the reaction
kinetic rates from a granular limestone assembly. Following the procedure explained
earlier in Section 5.3.1, expressions were developed for individual reaction rates of the
bio-chemical reactions occurred in a recycled concrete granular assembly described in
Table 6.3.
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Table 6.3: Bio-geochemical reactions occurred in a recycled concrete granular assembly (Source: Pathirage 2014)
Reaction type
Dissolution of Ca bearing
minerals from recycled concrete

Chemical/ aerobic ferrous
oxidation
Microbial ferrous oxidation

Mineral precipitates in recycled
concrete granular assembly
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The overall reaction rates (𝑅𝑅𝑘𝑘𝑇𝑇 ) for each species (i.e. 𝑅𝑅𝐶𝐶𝐶𝐶 , 𝑅𝑅𝐴𝐴𝐴𝐴 , 𝑅𝑅𝐹𝐹𝐹𝐹3+ and 𝑅𝑅𝐹𝐹𝐹𝐹 2+ ) can then
be calculated using the following equations.

𝑅𝑅𝐶𝐶𝐶𝐶 =
𝑅𝑅𝐴𝐴𝐴𝐴 =

𝑑𝑑�𝐶𝐶𝐶𝐶2+ �
𝑑𝑑𝑑𝑑

𝑑𝑑�𝐴𝐴𝐴𝐴3+ �

𝑅𝑅𝐹𝐹𝐹𝐹 3+ =

𝑅𝑅𝐹𝐹𝐹𝐹 2+ =

𝑑𝑑𝑑𝑑

𝑑𝑑�𝐹𝐹𝐹𝐹 3+ �
𝑑𝑑𝑑𝑑

=

=

𝑟𝑟1�𝐴𝐴𝐴𝐴3+� − 𝑟𝑟2�𝐶𝐶𝐶𝐶2+𝐴𝐴𝐴𝐴3+�

(𝑎𝑎𝑎𝑎) �𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

=

2𝑟𝑟1�𝐹𝐹𝐹𝐹 2+� +

(6.11)

𝑟𝑟2�𝐶𝐶𝐶𝐶2+𝐴𝐴𝐴𝐴3+� − 𝑟𝑟3�𝐶𝐶𝐶𝐶2+� + 𝑟𝑟4�𝐶𝐶𝐶𝐶2+�

= 𝑟𝑟1�𝐹𝐹𝐹𝐹 3+� + 𝑟𝑟2�𝐹𝐹𝐹𝐹 3+� + 2𝑟𝑟3�𝐹𝐹𝐹𝐹 3+� + 𝑟𝑟�𝐹𝐹𝐹𝐹 2+

𝑑𝑑�𝐹𝐹𝐹𝐹 2+ �
𝑑𝑑𝑑𝑑

− 𝑟𝑟1�𝐶𝐶𝐶𝐶2+� −

2𝑟𝑟2�𝐹𝐹𝐹𝐹 2+ � − 𝑟𝑟�𝐹𝐹𝐹𝐹 2+

(𝑎𝑎𝑎𝑎) �𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(6.12)

+ 𝑟𝑟�𝐹𝐹𝐹𝐹 2+

(𝑎𝑎𝑎𝑎) �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

− 𝑟𝑟�𝐹𝐹𝐹𝐹 3+

(𝑎𝑎𝑎𝑎) �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(6.13)
(6.14)

The kinetic rate coefficients of individual reactions that occurred in the field PRB were
initially

estimated

(i.e. 𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 , 𝑘𝑘𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴3 , 𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3 , 𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 𝑘𝑘𝐹𝐹𝐹𝐹2 𝑂𝑂3, 𝑘𝑘𝑐𝑐ℎ𝑒𝑒, 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏 )

and

then

Equation 5.15 was used to evaluate the hydraulic head along the centreline of the PRB.
This hydraulic head could also be calculated by using the piezometer readings over the
past 13 years (see Figure 4.18). Afterwards, following the method explained in
Section 5.5, the estimated reaction rate coefficients in the modified bio-geochemical
algorithm for recycled concrete were adjusted so that the head obtained by the
mathematical model (Equation 5.15) corroborates with the head observed in the field. The
above step was useful in determining the kinetic rate coefficients for mineral precipitation
and dissolution in a real-life PRB filled with recycled concrete (PRB-1) (Table 6.4). The
coupled MODFLOW-RT3D numerical codes were then used to determine the
concentrations of contaminants in the effluent. The same input parameters listed in Table
6.2 were used, except the initial concentration of Ca2+ in the aquifer consisted of recycled
concrete was considered to be 550 mg/L. The predictions made by the model and those
measured were then compared. This process is similar to the method explained in
Section 6.4, where the accuracy of laboratory-scale kinetics rates was re-checked based
on column experiment data.
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Table 6.4: Kinetic rate coefficients for mineral dissolution and
precipitation in a PRB filled with recycled concrete
Kinetic Reaction rate coefficients (k)
CaCO3 � 𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 �
AlOH3 �𝑘𝑘𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴3 �

Fe(OH)3 �𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3 �
FeOOH ( 𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 )

Fe2O3 � 𝑘𝑘𝐹𝐹𝐹𝐹2 𝑂𝑂3 �
Fe2+aerobic oxidation ( 𝑘𝑘𝑐𝑐ℎ𝑒𝑒 )
Microbial Iron Oxidation (𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏 )

Value
3.81E-08
9.70E-08
2.68E-08
2.17E-08
3.01E-08
1.72E-08
8.79E-08

Model predictions of acid neutralising
The pH and Ca2+ concentration of water specimens taken from OW 21 (inlet),
20 (middle), and 19 (outlet) of PRB-1 are plotted against time in Figure 6.10 to represent
the alkalinity being released from recycled concrete and the time varied acid neutralising
along a transect of the PRB in the groundwater flow direction. Although the upgradient
pH near the entrance of PRB-1 was fluctuating between 3.4 to 6.55, with an average of
4.4 in the field [see Figure 4.8(a)], the input pH for the model was taken as 3.4 to capture
the worst water quality in the model.
The values predicted by the model at the inlet of PRB-1 agreed with the measured pH
values and concentrations of Ca2+. As explained in Section 4.3.3, the pH in the PRB-1
was initially elevated to ~10 (see Figure 4.13) due to an initial dissolution of minor
amounts of portlandite releasing hydroxyl and carbonate alkalinity (see Figure 4.16)
while reaching an equilibrium. Therefore, the initial peak pH occurred when higher
concentrations of Ca2+ were released, but since this carbonate alkalinity could not
maintain a higher pH for an extended period, it gradually decreased during bicarbonate
alkalinity.
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Figure 6.10: Model predictions and measured values of pH and [Ca2+] in PRB-1 (a) pH at the inlet (b) [Ca2+]
at the inlet (c) pH at the middle (d) [Ca2+] at the middle (e) pH at the outlet (f) [Ca2+] at the outlet
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The patterns of pH variation within the PRB-1 have been discussed in Chapter 4. Starting
from 2012, the pH at the inlet varied between 5 and 6.5 in the bicarbonate buffering
plateau [Figure 6.10(a)] until 2016, whereas the value predicted by the model was within
that exact range. Afterwards, the predicted pH gradually decreased while the observed
values fluctuated between 5 and 6. This infers that the continuous reduction in pH
[Figure 6.10(a)] and concentrations of Ca predicted by the model [Figure 6.10(b)] stems
from the model’s constant input acidity, so the numerical calculations conjectured a faster
degradation of water quality at the inlet during the final time steps. For instance, the
measured average pH in 2019 at the PRB inlet was 4.16, while the model input was 3.4;
therefore the actual acidity at the PRB inlet was lower than the predicted [Figure 6.10(a)]
in the final years of the monitoring period.
In the middle and outlet zones of PRB-1, the pH [Figure 6.10(c) and (e)] and Ca2+
[Figure 6.10(d) and (f)] predicted by the model were accurate enough until 2014, but then
the computational results deviated slightly from actual acidity. This is because, first, the
input acidity to the PRB fluctuated despite a constant input to the model, which made
fluctuations in pH and Ca2+ of partially treated effluent flow from the inlet region to the
middle region, and then to the outlet zone. Second, when non-homogeneous treatment
occurred and partially treated water flowed into successive regions, the rates of Ca
dissolution, the release of alkalinity and the formation of precipitate within the PRB
changed, even though the kinetic rate coefficients determined for the PRB inlet were
applied along the entire length of the model domain. Also, porosity and hydraulic
conductivity were introduced into the model at every time step by assuming a
homogeneous and maximum reduction of these parameters along the transects. However,
in reality, the reductions in porosity and hydraulic conductivity were lower in the middle
and outlet regions than the inlet, as explained in previous chapters. Therefore, the
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application of homogeneous model parameters along the length of the selected transect
caused the model to predict a lower pH than those actually measured in the middle and
outlet regions, and it resulted in predictions with adequate safety margins. The difference
between the predicted and actual levels of pH increased towards the outlet region, and
these deviations increased over time when the differences caused by the above facts
accumulated. Since the deviation of pH predictions in the middle and outlet regions was
only 4.8% and 6.2% in August 2019, after 13 years of operation, this proved that the
model performed very well. Although temporal and spatial variations of input acidity, ion
concentrations, kinetic rate coefficients, hydraulic conductivity, and porosity with zonal
variations of treatment can be introduced, then the model becomes more complex, and so
increases the associated computation time as converging may not always occur.
Therefore, by introducing the maximum concentrations of pollutants and reductions in
porosity and hydraulic conductivity at each time step (these occur at the PRB inlet)
throughout the finite-difference model, the longevity of the PRB can be predicted reliably.
Model predictions for metal removal
The model predicted the concentration of dissolved Fe at the inlet accurately, despite
slight fluctuations in the middle and end zones, especially during the final stage of data
collection [Figure 6.11(a)]. Starting from 2015, i.e. after 9 years of operation, the
predicted concentrations of dissolved Fe were higher than the measured values. The
difference between the measured and predicted data at the inlet in August 2019 was
4.4%, and 7.8% and 19.5% at middle and end zones, respectively. There was less
armouring and clogging of the reactive granular assembly than the model suggested
because the input Fe varied continuously, most of the time it was less than 140 mg/L,
which was the model input. Thus, the actual reduction in the efficiency of iron removal
was less than the predicted rate due to changes in influent concentrations and the other
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reasons explained in Section 6.6.2. After 2015, the predicted concentrations of Al began
to increase more than the measured values such that in August 2019; the percentage
differences between measured and predicted concentrations of Al were 6.8%, 7.4% and
16.7% at the inlet, middle and end zone, respectively [Figure 6.11(b)].

Figure 6.11: Model predictions and measured values of dissolved ions in
PRB-1 (a) Total Fe (b) Al3+ (Medawela and Indraratna 2020)
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The longevity of the existing PRB (PRB-1)
Figure 6.12 shows the predicted pH in the ABCD layer that passes through the centreline
of the PRB filled with recycled concrete aggregate. The model calculated that the pH of
the outlet would decrease to 7.98 after 5 years [Figure 6.12(b)], and 6.87 after 10 years
[Figure 6.12(c)], and since these values are almost neutral, the recycled concrete granular
assembly will remove acid during these years. However, in the 11th year, the pH at the
outlet becomes acidic [Figure 6.12(d)], and this will increase further in the 13th year
[Figure 6.12(e)]. The computational results suggested that PRB-1 will generate an almost
neutral effluent only for the first ten years after the installation.
Figure 6.13 shows the Fe at the outlet is less than 0.5 mg/L (ANZECC guidelines for Fe
in surface water bodies) until the 10th year, and then it increases beyond the standards
starting from the 11th year [Figure 6.13(d)]. These calculations predict the PRB will
generate iron-free effluent during the first ten years. Similarly, the concentration of Al at
the outlet will be 0.51 mg/L [Figure 6.14(c)] after a decade, which is acceptable according
to the ANZECC criteria ([Al] = 0.54 mg/L in water bodies), but it will increase to
0.62 mg/L in the following year [Figure 6.14(d)]. Therefore, PRB-1 will generate an
effluent that is free of Fe and Al for the first ten years.
In conclusion, the effective lifespan of PRB-1 is considered to be about 10 years, because,
the effluent will be free of contaminants during this time, and subsequently, the
effectiveness of treatment will diminish as the PRB material is chemically consumed over
time. Nevertheless, field observations showed that although the pH had begun to decrease
slowly, the effluent was still almost neutral (Figure 6.10), and ion concentrations were
within the acceptable limits, even after 13 years (Figure 6.11). This verifies the
conservative model predictions made by applying the maximum concentrations of
contaminants and reaction rates along the centreline of the PRB.
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Figure 6.12: Longevity prediction of PRB-1 (recycled concrete) based on the acid neutralising properties
(a) Variation of the pH in ABCD layer at the end of 1st year (b) 5th year (c) 10th year (d) 11th year (e) 13th year (Medawela and Indraratna 2020)
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For the same influent characteristics and dimensions, the longevity predicted by the
bio-geochemical model for a PRB filled with limestone aggregates (see Section 6.5) will
have a longer lifespan (about 16 years), than a PRB filled with recycled concrete
aggregates (10 years). Note that recycled materials are subjected to the effects of ageing,
and their chemical composition may vary from one batch to another, whereas the
chemical properties of fresh limestone are usually more consistent so the chemical
treatment is expected to last longer than aged concrete aggregates.

6.7 Comparison of geochemical model and bio-geochemical model
Indraratna et al. (2014b) applied their reactive transport model into the centreline of the
PRB for the water quality parameters observed in the year 2012. Variations of porosity at
each time step were introduced using Equation 6.15 to evaluate chemical clogging, unlike
Equation 5.11 which captured bio-geochemical clogging in the current study.
𝑁𝑁

𝑚𝑚
𝑛𝑛𝑡𝑡 = 𝑛𝑛0 − ∑𝑘𝑘=1
𝑀𝑀𝑘𝑘 𝑅𝑅𝑘𝑘 𝑡𝑡

(6.15)

The numerical approach described in Section 6.6 was applied to the centreline of PRB-1
to determine the treatment pattern in 2012 and then compare it with the predictions made
by the previous geochemical model (Indraratna et al. 2014b) for the same year. The
differences between the two models are shown in Figures 6.15 (a), (b), and (c), which
indicate the removal of acidity, Fe, and Al from groundwater. The pH and concentration
of ions predicted by the current model conformed with the measured values, particularly
at the entrance, whereas the previous model deviated from the measured values.
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Figure 6.15: Comparison between the geochemical model and the bio-geochemical model
with respect to the measured field data in 2012 in PRB-1 (a) pH (b) Total Fe (c) Al3+
(Medawela and Indraratna 2020)
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There is a noticeable gap between the predictions obtained by the two models, because,
the equations for time varied hydraulic conductivity and porosity used in the geochemical
model did not capture the catalysing effect of bacteria on mineral precipitation and
accumulation of biomass inside the voids. Because of that, the geochemical model
calculated less depletion of alkalinity and clogging compared to the results from the novel
bio-geochemical model. Also, Indraratna et al. (2014b) directly used laboratory scale rate
kinetics in the field predictions, which caused errors in the numerical procedure due to
the scale effect. Furthermore, the growth of bacteria at the inlet is higher because the load
of nutrient supplement from the PRB influent is higher, as explained in Section 3.4.3.
Therefore, the effect of biological clogging on the reduction of overall porosity and
hydraulic conductivity should be significant at the inlet. When the pH of the water
increased and the concentration of Fe decreased towards the outlet, the ability of bacteria
to reduce the permeability of the granular assembly decreased towards the outlet. This
explains the larger gap at the inlet between the curves obtained by two models
(bio-geochemical model which captures the effect of bacteria, and geochemical model
which cannot capture the effect of bacteria) for pH and ion concentrations, and the smaller
gap at the outlet (Figure 6.15).
Overall, the geochemical model delivered better water quality than the actual situation,
and therefore the predicted longevity was inaccurate. For example, the average
concentration of Fe measured at the outlet of PRB-1 in 2012 was 0.43 mg/L, and the
bio-geochemical model predicted the concentration to be 0.47 mg/L, whereas the
geochemical model predicted 0.36 mg/L [Figure 6.15(b)]. The average concentration of
Al measured at the outlet was 0.41 mg/L, whereas the bio-geochemical and geochemical
model predicted 0.46 mg/L and 0.32 mg/L [Figure 6.15(c)]. On this basis, the predictions
made from the newly developed bio-geochemical model were at least 9% greater than the
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actual field values, and hence it could conservatively determine the lifespan of PRB. The
overall lifespan predicted for PRB-1 by the geochemical model was 19 years, but only 10
years by the bio-geochemical model (Section 6.6.4). This difference stems from the
reasons explained above, but primarily from ignoring the biotic role within the PRB.

6.8 Significance of the bio-geochemical model
Figure 6.16 summarises how the bio-geochemical reactive transport model can predict
the longevity of a proposed PRB, investigates the performance of an existing PRB, and
checks the accuracy of laboratory-scale kinetic rates. To the best of the writer`s
knowledge, this is the first time a numerical approach which combines all the biological
and chemical reactions that occur inside a particular porous matrix has been used to
determine the longevity of a PRB. On this basis, the bio-geochemical reactive transport
model is useful for predicting the performance of a PRB in the design stage, and it can
also be used to determine the reaction rate coefficients and longevity of an existing PRB.
If the predicted lifespan is not enough for a field application from an economic
perspective, the initial dimensions can be changed and the simulation repeated until the
predictions for effluent concentrations meet the standards required for a particular area,
while still having sufficient longevity. Furthermore, when the chemical and biological
reactions have been defined accurately, the numerical model can be extended to any
granular porous media, as well as other applications such as drains and water filters.
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Figure 6.16: Development of bio-geochemical reactive transport model to determine the
longevity of PRBs (Medawela and Indraratna 2020)
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6.9 Limitations of the model
The maximum values of acidity, the concentration of contaminants and reaction rate
coefficients were applied along the complete flow path of a bio-geochemical model to
make it conservative, albeit these parameters will decrease towards the outlet. Moreover,
the lifespan of the PRB was determined based on the predicted variation of water quality
along the centreline. However, the lifespan for any other transect parallel to the direction
of groundwater flow would be the same when the highest pH and concentrations of metals
were used as the model input. More sophisticated longevity calculations are possible for
large scale industrial applications by applying spatial and temporal variations of pH, ion
concentrations, and reaction rate kinetics along the centreline, as well as several other
transects parallel to the groundwater flow. Slightly different life spans will be then
determined for each transect according to the input parameters, with the average being
the final result. Although this makes the model complicated and time-consuming to
converge, it is still encouraging to simulate the bio-geochemical clogging of a PRB
conservatively.

6.10 Summary
A bio-geochemical reactive transport model that combines a flow model and a transport
model was developed. MODFLOW and RT3D finite-difference codes were run
simultaneously using the operator splitting method to solve the flow movement equation
and the advection, dispersion, and reaction equation. Upscaled kinetic rate coefficients
and the bio-geochemical algorithm was integrated with the numerical code using
FORTRAN subroutines to introduce a new reaction module into RT3D. The numerical
model provided a better agreement with the measured effluent pH and toxic ion
concentrations in the column experiments, thus confirming the accuracy of calibrated
228

kinetic rate coefficients. Once the computational approach was used to assess the
behaviour of a proposed PRB of the dimensions 18 m x 1.2 m x by 3 m and filled with
limestone aggregates, it predicted a lifespan of about 16 years and recommended
rejuvenation after five years of operation.
This bio-geochemical reactive transport model was also used to mimic the flow along a
transect in the flow direction of an existing PRB in the Shoalhaven floodplain. The data
obtained at the site over the past 13 years agreed with the numerical results, especially
during the first ten years of operation. However, there were deviations due to continuous
variations of input concentrations in the field and the beginning of excessive clogging.
The inlet values matched the predictions, which proved the model was accurate near the
entrance boundary of the domain. By applying the model to this existing PRB and
comparing it with the measured data, the relevant field-scale reaction rate coefficients
were determined.
The bio-geochemical model was compared with a previous model that did not capture the
biological activities inside the recycled concrete granular assembly. The results from the
current model were reliable because it captured the role of bacterial clogging, and also
used the up-scaled kinetic rates in the computations as influenced by the biological
reactions.
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Conclusions and Recommendations
7.1 Introduction
This chapter concludes the study of PRBs while considering the influence of
bio-geochemical processes that take place in acid sulphate soil terrains. The research
outcomes are significant because the biological activities in the porous media were
analysed critically, unlike previous studies which analysed only the chemical clogging.
The long term experimental results verified that limestone performed well as the reactive
material; these results were also used to investigate the coupled clogging processes in a
granular assembly. A novel criterion was proposed to evaluate the longevity of PRBs; it
included the use of an original mathematical and numerical model. This innovative
application will help to maintain the PRB and analyse the subsurface flow through other
granular earth media. This chapter also includes the limitations of this study and
recommendations for future research to help improve the performance of PRBs.

7.2 Conclusions
The chemical characteristics of soil and water at the selected study site confirmed the
contamination of groundwater due to the production of acid and subsequent dissolution
of metals (Al, Fe) above ANZECC (2000) standards. Soil properties such as high TAA
combined with low pH and low Cl-: SO42- ratio indicated the presence of acid in AASS
and the potential of the PASS layer to oxidise and generate acid. The population of iron
oxidising bacteria was higher in the shallow depths of soil at the site (up to 0.5 m), due to
the high organic content.
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Permeable Reactive Barriers (PRBs) consisting of alkaline granulates can remove the
acidity and metal toxicity from subsurface water by acting as an underground barrier for
pollutants. The design of a PRB should be a combination of long term laboratory
simulations and numerical approaches. A proper design criterion for PRBs that captures
the hybrid effect of chemical and biological clogging has not been established to date,
which is why the current study suggested an innovative approach to predict the
effectiveness and longevity of PRBs for treating acidic groundwater.
A column used in the laboratory column experiments mimicked the one-dimensional flow
of groundwater through the centreline of the pilot-scale PRB in the Shoalhaven
floodplain. The acid neutralisation and heavy metal removal properties of limestone
containing 97% CaCO3 were examined. The mechanism by which acid and metals are
removed from groundwater flowing through an alkaline porous media are dissolutionprecipitation reactions such as leaching the Ca bearing minerals from limestone and the
formation of Al and Fe oxides and hydroxides in the granular assembly. Column
experiments proved that limestone could be used for PRBs that will treat acidic
groundwater flowing through acid sulphate (pyritic) soil. The three distinct pH plateaus
observed during the column experiments can be attributed to three different pH buffering
reactions.
1. dissolution of Ca bearing minerals and the associated release of
carbonate/bicarbonate alkalinity from limestone at a neutral pH (bicarbonate
buffering zone),
2. re-dissolution of precipitated Al hydroxide minerals at pH ~ 4, and
3. re-dissolution of precipitated ferric oxy/hydroxide minerals at pH < 3.
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The most satisfactory treatment was observed during bicarbonate buffering where the pH
of the column effluent became almost neutral, and the rate at which Al and Fe was
removed peaked at 96-99%. It is important to identify the threshold point at which effluent
becomes acidic with unacceptable concentrations of heavy metal, particularly when the
hydraulic conductivity of the granular assembly begins to drop due to armouring and
clogging. These factors will highlight when the reactive aggregates should be replaced
towards the end of a PRB’s life-span. In the column experiments, combined bio-geochemical clogging caused this particular limit to occur at 685 PV when the normalised
hydraulic conductivity (K/K0) at the inlet began to drop below 0.35.
Armouring and clogging of the granular limestone assembly were predominant close to
the column inlet (i.e., flow entrance) and decreased towards the outlet. This means the
line of treatment of a PRB would progress deeper into the granular matrix in the direction
of flow when the reactivity of the aggregates near the inlet diminishes over time. The
almost 70% reduction in the rate of Ca dissolution and 80% reduction in hydraulic
conductivity at the inlet of the column could be attributed to significant bio-geochemical
clogging, whereas at the far outlet the corresponding values were only 55% and 10%.
When there was no bacterial inoculation, only chemical clogging occurred; the resulting
reduction in hydraulic conductivity at the column inlet was 60%, which demonstrated the
importance of capturing chemical and biological clogging when predicting the longevity
of a PRB.
The mineralogical analysis (XRD and SEM-EDS) of armoured limestone and the mineral
coating extracted by washing these aggregates also proved the non-homogeneous nature
of bio-geochemical clogging. For instance, a quantitative XRD analysis confirmed that
after 800 PV of acidic water had passed through the limestone column, the formation of
232

Fe2O3 and FeOOH decreased by 48% and 70% towards the outlet. Qualitative differences
in the formation of minerals and the depletion of alkalinity in different zones due to
chemical clogging and bio-geochemical clogging were evident in the XRD
diffractograms and EDS spectrograms where, iron, calcium and aluminium concentration
peaks at the inlet, middle and exit zones were clearly visible. The formation of orange Fe
precipitates which turned bright red over time, and white Al precipitates within the
column were observed during the experiment. After dismantling the columns, the bright
red/yellow coating of particles was clearly noticeable. The SEM micrographs also
illustrated the zonal armouring patterns in different zones. A speciation calculation of the
zonal effluents of the column proved the dissolution of Ca by negative saturation indices,
while the formation of Fe and Al precipitates was evident from the positive saturation
indices.
The removal of acidity and metals by the recycled concrete aggregates has been
confirmed in previous studies. However, the current study confirmed that fresh limestone
is better than a recycled material for PRBs because it will prolong and maintain the
treatment, which makes it more economical in terms of material replacement and
rejuvenation. Recycled concrete aggregates are subjected to the effects of ageing, so their
reactivity varies over time, and the composition of waste material differs between batches.
Therefore, numerical calculations and model predictions are only valid for the particular
chemical composition of selected waste material.
The long term laboratory experiments could assess the predominant chemical and
biological processes that occur inside a particular granular media at a small-scale;
however, monitoring the performance of a PRB under variable environmental conditions
is very important. Field monitoring the pilot-scale PRB over 13 years, as reported in
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previous UOW research and the current study, indicated that recycled concrete adequately
removed the acidity and total Fe and Al3+ from contaminated water, similar to the column
experiments. However, in 2017 the pH at the PRB inlet dropped slightly, perhaps due to
the armouring and clogging in this zone. This was also evident from the ICP-OES analysis
of water specimens exhumed from the existing PRB, the SEM images of the aggregates
taken from the PRB, the aqueous speciation calculation of PRB effluents, and the
increased piezometric head within the PRB.
Chemical constituents in upgradient water (i.e. the PRB influent) fluctuated with the
environmental factors. Localised variations of pyrite oxidation due to changes in the
weather conditions and the groundwater table are the primary factors that control the
upgradient acidity and concentrations of dissolved heavy metals. Despite these variations,
the PRB generated a neutralised and contaminant-free effluent throughout the past years,
verifying that PRB technology is a cost-effective alternative to other conventional
techniques (e.g. floodgates, weirs, soil liming) for the spot treatment of acidic
groundwater in ASS terrain.
Despite the excellent performance of recycled concrete inside the PRB, the water quality
at downgradient improved marginally because the treated effluent is diluted by the in situ
generation of acid due to pyrite oxidation in downgradient and acid mixing from the sides
of the PRB. However, the effluent acidity was still acceptable close to the PRB; i.e. up to
3 m from the outlet.
A novel bio-geochemical algorithm, an analytical model, and a bio-geochemical reactive
transport model were developed in this study to establish a proper computational
approach that monitors the coupled chemical and biological performance within a PRB,
and hence its longevity. The bio-geochemical algorithm consists of all the chemical and
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biological reactions that occur inside a granular limestone assembly. The analytical model
determines the hydraulic head at a particular point along a flow passing through a porous
matrix. It is essential to scale up the reaction rate kinetics from laboratory scale to field
scale to obtain accurate model outputs. For instance, the lab-scale reaction rates
determined in this current study were almost three times larger than the field scale
kinetics. The computational approach that incorporated the finite-difference software
codes MODFOW and RT3D can simulate a 1D flow path through a porous media to
predict the temporal and spatial variations in the water quality of treated effluent, as well
as the porosity and hydraulic conductivity of its reactive granular assembly. The use of
maximum concentrations of contaminants in groundwater and maximum reaction rate
coefficients along the entire model domain enabled conservative model predictions.
According to the computational results for a PRB of 18 m x 1.2 m by 3 m that is to be
installed in the Shoalhaven floodplain and filled with calcitic limestone aggregates, the
outlet will maintain acceptable standards of pH, and Fe and Al concentrations for more
than 15 years. Furthermore, the current model verified that the reactivity of the inlet
aggregates would decrease faster within one-third of the total lifespan due to
bio-geochemical clogging, whereas fouling at the outlet would be less.

7.3 Limitations of the study and recommendations for future research
This research has proved the successful performance of PRBs in acid sulphate soil terrain.
Based on the experimental and numerical simulations, the existing PRB in the Shoalhaven
floodplain has recently been extended using calcitic limestone as the reactive media.
Although the competent treatment of limestone was confirmed in the laboratory and by
the model predictions, continuous monitoring is required under actual environmental
conditions to confirm its successful performance over the years. As the bio-geochemical
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reactive transport model suggested, the inlet aggregates in the extension should be
replaced after about five years, but the exact time of rejuvenation should be determined
based on the actual field behaviour. The accuracy of the predictions of bio-geochemical
reactive transport model should be confirmed by monitoring this new prototype PRB.
Furthermore, the real-time behaviour of two PRB materials in the field (waste concrete
and limestone aggregates) can be compared while examining the treatment pattern in the
interface of the two materials.
Depletion of downgradient water quality a long way from the PRB outlet was observed
at this site. As the water quality of the effluent was satisfactory closer to the PRB outlet,
the treated water should be collected before further dilution and diverted in pipes to the
desired location in large scale industrial applications. Another option is to have a
sequence of small PRBs in which the downgradient water quality does not degrade until
it reaches the desired end. However, further investigations are required to determine the
PRB dimensions in this sequence. Alternatively, the dimensions of a PRB could be
increased in the direction of groundwater flow, and then a larger PRB could be made to
maximise the treatment length and the groundwater residence time. This may prevent the
effect of in-situ acid generation on treated effluent. However, further insight through
research is required to confirm these suggestions because their hydrogeological behaviour
should be carefully analysed while planning for an economical and environmentally safe
application.
The mathematical model and the bio-geochemical reactive transport model were
developed for a 1D flow path to avoid complexity, even though its 3D behaviour would
more accurately predict the performance and longevity of PRBs by capturing the lateral
and vertical flow behaviour (Darcian/non-Darcian) affected by bio-geochemical
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armouring and clogging. The activity of bacteria may affect vertical clogging of the
granular assembly because the population of bacteria in the acidic terrain at Shoalhaven
varied with the depth and organic content. The numbers of facultative IOBs were higher
at shallow depths, whereas anaerobic bacterial strains (e.g. Sulphate Reducing Bacteria)
grow better deeper down in the soil profile. The formation of secondary minerals was
assumed to be independent of gravity, although some reaction kinetics may be affected
by the availability of oxygen and temperature deep down in the granular assembly.
Moreover, the detachment of biotic products and secondary mineral precipitates attached
to the particle surfaces may influence the clogging of a porous media in a vertical
direction. It would, therefore, be interesting to look at the variations of bio-geochemical
clogging in a granular assembly at depth and then analyse with the results obtained from
clogging in a horizontal flow path.
Some studies have confirmed that the formation of gas bubbles during bacterial
metabolism in porous media prevented the flow of liquid and increased the friction of the
pore channel (Soares et al., 1989, Baveye et al., 1998). Microorganisms produce a wide
range of poorly soluble gases such as CO2, N2, H2, and CH4. The production of nitrogen
has mostly been studied in relation to reductions in hydraulic conductivity due to porous
media blocking. If this indirect impact induced by the generation of gas during microbial
growth is also captured, then a comprehensive examination of bio-clogging in porous
media can be conducted. Moreover, in this study, one specific bacterial strain that
catalyses the formation of iron hydroxides was targeted. However, several other bacterial
strains that may have a significant influence on porous media clogging of PRBs due to
biotic activities could be not be analysed in this PhD study, and the growth of these
different bacteria groups in a single porous matrix should be modelled in a future study.
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The model output would be more accurate if the temporal and spatial variations of influent
into the PRB (e.g. pH and iron concentrations), porosity, hydraulic conductivity, and the
reaction rate kinetics were introduced as the model input. The lifespan of the PRB was
determined based on the model predictions of variations in the water quality along the
centreline. However, due to localised variations of chemical constituents in the influent
produced in the upgradient, a numerical analysis of groundwater characteristics along
several imaginary transects that are parallel to the groundwater flow may calculate
slightly different life spans for each transect, but if the average of these result is
considered, the life prediction will be more accurate. Even though such advancements
would make the model simulations more time consuming to converge and may require
computers with better performance, it would be valuable in the design stage of large scale
PRBs for industry requirements.
The bio-geochemical reactive transport model can be modified to evaluate flow behaviour
through any other natural or human-made porous media, by introducing accurate
chemical and biological reactions and their rate kinetics via a user-defined reaction
module in RT3D. Thus the clogging of drains, water filters and monitoring instruments
such as piezometers can be quantified. These assessments may be relevant not only in
acidic terrain but also in the construction of porous earth structures in different soils.
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Table A.1: Physical phase mole transfer of minerals from inverse geochemical modelling -July 2008*
Mineral

Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Chemical formula
Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-1.32E-03
-3.96E-04
+7.12E-04
+3.03E-03
+4.65E-04
-1.76E-03
-1.32E-03
-1.76E-03
-8.79E-04
-1.76E-03

-3.96E-04
7.12E-04
3.03E-03
3.03E-03
1.70E-03
-1.76E-03
-1.76E-03
1.10E+01

-1.32E-03
-3.96E-04
7.12E-04

-1.32E-03
-4.68E-04

-1.32E-03
-3.96E-04

3.83E-03
3.03E-03
1.70E-03
-1.32E-03
-1.76E-03
8.61E-05

9.25E-04
-1.32E-03

-8.79E-04
-1.76E-03

Phase mole transfer of minerals

-1.76E-03

2.81E-03
9.21E-04
-1.76E-03
-1.32E-03
-1.76E-03
1.02E-03
-8.79E-04
-1.76E-03

-1.32E-03
-3.96E-04
-8.88E-04
3.60E-03
3.82E-03
8.11E-04
-1.76E-03
-1.32E-03

-1.32E-03
-3.96E-04

-4.68E-04

3.83E-03

3.83E-03

8.11E-04

9.25E-04

-1.32E-03
-1.76E-03

-1.32E-03
-1.76E-03
2.25E-04
-8.79E-04
-1.76E-03

8.94E-04
-8.79E-04
-1.76E-03

-1.32E-03
-3.96E-04
-8.88E-04
3.82E-03
3.82E-03
8.11E-04
-1.76E-03
-1.76E-03
8.94E-04

-1.32E-03
-4.68E-04
2.26E-04
3.25E-03
8.11E-04
-1.76E-03
-1.32E-03
-9.84E-04
-8.79E-04

-1.76E-03

-4.68E-04
-8.88E-04
3.25E-03
3.03E-03
8.11E-04
-1.32E-03
-1.76E-03
-8.79E-04
-1.76E-03

*Positive (mass entering water) and negative (mass leaving water) phase mole transfers indicate dissolution and precipitation, respectively, as mmol kg-1
Table A.2: Physical phase mole transfer of minerals from inverse geochemical modelling - June 2009

Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-2.02E-04
1.57E-04
2.68E-03
5.48E-03
3.01E-03
1.51E-04
-3.02E-04
-1.39E-05
-3.02E-04

-3.02E-04

-6.03E-04
2.68E-03
3.01E-03
6.34E-03
7.00E-05

-3.02E-04
1.55E-03
-1.51E-04
-2.02E-03

-1.39E-05
1.17E-04
2.68E-03
5.48E-03
7.04E-05
-3.02E-04
-1.39E-05
4.21E-03
-1.51E-04

-5.83E-03
5.58E-05
2.68E-03
3.01E-03
1.51E-04
-3.02E-04
-3.02E-04
6.54E-03
-3.02E-04

1.57E-04
3.01E-03
1.51E-04
-2.02E-04
-3.02E-04
-1.51E-04
-3.02E-04

-1.81E-03
-6.03E-04
2.68E-03
5.48E-03
7.00E-05
-3.02E-04
-1.39E-05
5.80E-03
-3.02E-04

-1.81E-03
-6.03E-04
2.68E-03
6.34E-03
3.01E-03
7.00E-05
-3.02E-04
-3.02E-04
1.51E-03
-1.51E-04
-2.02E-03

1.17E-04
2.68E-03
3.23E-03
5.48E-03
7.03E-05
-3.02E-04
-3.02E-04
-1.51E-04
-7.48E-04

-5.83E-03
1.10E-04
3.01E-03
5.48E-03
7.04E-05
-3.02E-04
-3.02E-04
1.22E-03
-1.51E-04
-7.48E-04
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Table A.3: Physical phase mole transfer of minerals from inverse geochemical modelling - June 2010
Mineral
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Chemical
formula

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-4.97E-04
-1.73E-04
9.54E-03
-4.67E-03
-4.04E-03
-7.27E-04
-2.11E-03
-2.11E-03
-1.05E-03
-2.11E-03

-3.23E-04
-1.26E-03
-4.04E-03
-7.26E-04
-5.02E-04
-2.11E-03
6.13E-03
-1.05E-03
-2.11E-03

-5.02E-04
-1.73E-04
8.91E-03
-4.04E-03
-4.40E-03
-7.27E-04
-2.11E-03
-2.11E-03
-1.05E-03

-5.01E-04
-1.73E-04
9.54E-03
-4.66E-03

Phase mole transfer of minerals

-7.27E-04

-5.02E-04
-1.73E-04
9.54E-03
-4.66E-03
-7.27E-04

-5.02E-04
-2.11E-03
5.97E-03

-5.02E-04

-2.11E-03

-2.11E-03

5.92E-03

-5.01E-04
-3.23E-04

-5.01E-04
-3.23E-04

-4.78E-03
-8.64E-04
-7.27E-04
-2.11E-03

-1.26E-03
-7.26E-04
-2.11E-03

-2.11E-03
5.74E-03
-1.05E-03

-2.11E-03
6.13E-03
-1.05E-03
-2.11E-03

-1.73E-04
9.27E-03
-4.40E-03
-2.73E-03
-7.27E-04
-4.99E-04
-2.11E-03
-1.05E-03
-2.11E-03

-1.73E-04
8.91E-03
-4.04E-03
-4.40E-03
-7.27E-04
-2.11E-03
-4.99E-04

-1.73E-04
8.91E-03
-4.40E-03
-4.04E-03
-7.27E-04
-2.11E-03
-4.99E-04

5.97E-03

5.92E-03
-1.05E-03

-2.11E-03

-4.97E-04
-1.73E-04
9.54E-03
-4.67E-03
-7.27E-04
-2.11E-03
-2.11E-03
5.74E-03
-2.11E-03

Table A.4: Physical phase mole transfer of minerals from inverse geochemical modelling - June 2011
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-8.79E-04
-1.12E-04
3.35E-03
5.92E-03
-2.88E-03
-4.01E-05
-6.12E-05
-1.18E-02
-2.26E-03
1.18E-02

-2.94E-04
1.08E-02
-7.20E-03
-2.88E-03

-8.79E-04
-2.94E-04
3.35E-03

-6.72E-03
5.92E-03
-2.88E-03
-4.01E-05

-6.25E-05
1.42E-02
-2.98E-02
5.95E-02

-6.65E-05

-1.18E-02
1.03E-02
1.18E-02

-6.25E-05

-6.25E-05

-1.12E-04

-2.88E-03
-4.01E-05
-6.12E-05
1.03E-02
-2.79E-02
5.57E-02

1.49E-02
-1.13E-02
-2.88E-03
-6.65E-05
-9.27E-02
1.42E-02
9.27E-02

1.08E-02
-7.20E-03
-1.13E-02
-2.88E-03
-6.12E-05
-5.23E-03
-2.98E-02
5.95E-02

1.08E-02
-7.20E-03
-2.88E-03
-4.01E-05
-6.12E-05
1.03E-02
-2.98E-02
5.95E-02

-1.12E-04
1.08E-02
-1.06E-02
9.83E-03
-2.88E-03
-6.46E-05
-8.65E-02
1.42E-02
8.65E-02

-6.12E-05
-2.94E-04

-6.12E-05
-2.94E-04
1.49E-02

-6.72E-03
6.48E-03
-2.88E-03

-6.72E-03
-2.88E-03

-9.27E-02
1.03E-02
-2.79E-02
5.57E-02

-6.65E-05
-5.23E-03
1.03E-02
-2.79E-02
5.57E-02

-8.79E-04
-2.93E-04
1.49E-02
-1.13E-02
3.60E-03
-2.88E-03
-4.01E-05

-6.46E-05
1.08E-02

-9.27E-02

-7.20E-03
-2.88E-03
-4.01E-05
-6.25E-05
-8.65E-02

9.27E-02

-2.98E-02
5.95E-02
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Table A.5: Physical phase mole transfer of minerals from inverse geochemical modelling - June 2012

Mineral

Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Chemical formula
Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

Phase mole transfer of minerals
-2.88E-02
-7.43E+00
3.95E-01
5.47E-01
-1.14E-01
-4.57E-02
-9.06E-02
-4.60E-02
6.96E+00
-7.97E-02

-9.06E-02
-2.88E-02
-7.40E+00
3.34E-01
-1.17E-01
-4.57E-02

-9.35E-02
-2.88E-02
-7.43E+00
3.95E-01
-1.14E-01
-4.57E-02
-9.06E-02

-9.35E-02
-2.88E-02
-7.40E+00
6.10E-01
3.34E-01
-1.17E-01

-4.83E-01
6.22E-01
6.10E-01
-1.58E-01
-4.57E-02

-9.06E-02

-9.35E-02
-2.89E-02
-7.36E+00
3.34E-01
6.10E-01
-1.60E-01

6.96E+00
-7.97E-02

7.00E+00
-2.28E-02
-2.09E-01

-4.83E-01
6.22E-01
-1.58E-01
-4.57E-02

-9.06E-02
-4.60E-02

7.00E+00
-2.28E-02
-2.28E-02

-9.35E-02

-2.15E-01
-2.28E-02
-2.09E-01

-2.13E-01

-4.60E-02
6.96E+00
-2.28E-02
-2.09E-01

-9.35E-02
-2.88E-02
-7.42E+00
6.22E-01
3.34E-01
-1.17E-01
-4.57E-02
-9.06E-02
7.02E+00
-2.13E-01

Table A.6: Physical phase mole transfer of minerals from inverse geochemical modelling - August 2013
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-1.31E-03
-2.14E-04
1.16E-03
5.80E-03
6.02E-03
-1.99E-03
-1.31E-03
1.16E-03
-8.57E-04
-1.72E-03

-1.31E-03
-2.14E-04
6.02E-03
3.01E-03
-2.64E-03
-1.72E-03
-1.72E-03
1.59E-03
-8.57E-04
-1.72E-03

-1.71E-04
1.37E-03
7.60E-03
-2.64E-03
-1.07E-03
-1.72E-03
1.16E-03
-8.57E-04
-1.72E-03

-1.31E-03
1.41E-03
3.77E-03
7.60E-03
-1.72E-03
-1.31E-03
2.17E-03
-1.72E-03

-1.31E-03
-1.71E-04

-1.31E-03

6.45E-03
3.77E-03
9.07E-04

2.80E-03
7.60E-03
-2.64E-03
-1.72E-03
-1.31E-03
-1.72E-03
1.19E-03
-5.35E-04
-1.72E-03

-1.31E-03
-1.72E-03
1.96E-03
-8.57E-04

-1.31E-03
-4.35E-04
1.41E-03
3.56E-03

-1.07E-03
-1.31E-03
-1.72E-03

-1.75E-03

-3.99E-04
7.60E-03
2.80E-03
-2.64E-03

-1.72E-03
2.17E-03
-8.57E-04
-1.75E-03

-1.31E-03
-4.35E-04
1.16E-03
3.77E-03
1.45E-03
-1.07E-03
-1.31E-03
3.51E-03
-8.57E-04
-1.72E-03
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Table A.7: Physical phase mole transfer of minerals from inverse geochemical modelling - August 2014

Mineral
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Chemical
formula

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

Phase mole transfer of minerals
-6.70E-05
-2.88E-05
-7.24E-02
-7.04E-03
3.56E-03
-2.13E-04
-2.14E-04
2.37E+01
-7.16E-05
-2.37E+01

-1.24E-04
-2.13E-04
1.92E-03
1.92E-03
-6.14E-04
-2.13E-04
-2.13E-04
-1.07E-04
-6.90E-04

-2.88E-05
-6.40E-02
6.81E-03
6.77E-04
-2.13E-04
-1.24E-04
6.34E-02
-1.07E-04

-1.24E-04
-2.37E+01
-7.04E-03
7.49E-03
3.56E-03
-2.14E-04

2.37E+01
-7.16E-05

-2.94E-04
-1.14E-03
7.11E-03
7.49E-03
-3.21E-03
-2.14E-04
-2.13E-04
-1.07E-04
-6.90E-04

-2.77E-04
5.89E+00
1.70E-03
1.70E-03
-1.09E-03
-1.24E-04
-5.89E+00
-1.11E-03

-6.70E-05
-2.88E-05

7.53E-03
-3.40E-03
-2.14E-04
-2.13E-04
7.08E-02
-1.07E-04

-1.24E-04
-2.88E-05
1.67E-03
2.18E-03
-6.14E-04
-1.24E-04
-2.14E-04
7.10E-02
-1.07E-04
-6.88E-04

-1.24E-04
-5.86E-03
-1.36E-03
7.11E-03
-3.40E-03
-2.14E-04
-1.24E-04
1.67E-03
-6.88E-04

-2.94E-04
-7.24E-02
7.49E-03
7.75E-03
-3.40E-03
-2.14E-04
-2.13E-04
7.10E-02
-1.07E-04
-6.88E-04

Table A.8: Physical phase mole transfer of minerals from inverse geochemical modelling - August 2015
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-8.79E-04
-1.99E-04
2.35E-02
3.31E-03

-5.95E-04
-1.99E-04
2.44E-02
5.49E-03

-5.83E-04
-1.49E-03

-1.77E-03
-1.49E-03
-5.95E-04

-1.49E-03
-2.21E-02
-1.50E-03

-2.28E-02
-7.47E-04

-5.45E-04
-1.99E-04
2.35E-02
3.31E-03
-5.83E-04
-5.95E-04
-2.21E-02
-7.47E-04
-1.50E-03

1.29E+01
9.67E-03
3.41E-03
-3.05E-03
-1.49E-03
-8.79E-04

-5.95E-04
-1.99E-04
2.86E-02

-5.45E-04
-1.98E-04
1.45E-03

5.49E-03
-1.77E-03
-1.49E-03

3.33E-03
-5.78E-04
-1.49E-03
-5.96E-04

-1.29E+01

-1.49E-03
-2.70E-02

-2.67E-02

-2.21E-03

-3.67E-03

-1.54E-03

-1.99E-04
2.36E-02
5.49E-03

-1.99E-04
2.38E-02
5.49E-03

-1.77E-03
-1.49E-03

-1.77E-03

-2.20E-02
-7.47E-04
-3.84E-03

-5.95E-04
-1.49E-03
-2.22E-02
-7.47E-04

-4.28E-04
-1.99E-04
2.36E-02

-8.79E-04

5.49E-03
-1.77E-03
-1.49E-03

9.67E-03
-3.05E-03

-2.20E-02
-7.47E-04
-5.32E-03

1.29E+01

-5.96E-04
-1.49E-03
-1.29E+01

-5.96E-04
-1.99E-04
2.44E-02
1.98E-03
5.49E-03
-1.77E-03
-1.49E-03

-2.28E-02
-7.47E-04

-2.21E-03
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Table A.9: Physical phase mole transfer of minerals from inverse geochemical modelling - May 2016

Mineral
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Chemical
formula

Phase mole transfer of minerals

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-2.55E-04
-9.56E-05
8.32E-05
2.46E-03
-9.12E-05
-7.04E-03

-1.20E-04
1.51E-04
2.31E-03
-1.25E-04

-1.90E-03
4.07E-05

-2.62E-02

-1.90E-03

-1.90E-03

-4.54E-03
-6.54E-05
2.69E-03

-1.20E-04
2.31E-03

-4.54E-03
-4.49E-05
1.82E-02

-2.74E-04

2.59E-03
-1.25E-04
-1.03E-02

-2.07E-04
-1.90E-03
4.07E-05
-9.47E-04

-1.90E-03
1.55E-04

-9.24E-05

-1.90E-03

-2.02E-02

-1.26E-04

-5.67E-04
-9.99E-05
8.06E-05
2.51E-03
-1.25E-04
-7.04E-03

-4.54E-03

-1.20E-04
1.51E-04
2.31E-03
2.69E-03
-2.74E-04

-2.07E-04
-1.20E-04
1.51E-04
2.34E-03
2.31E-03
-1.25E-04

-1.90E-03

-5.67E-04

3.91E-04

-9.30E-05
-9.47E-04
-1.90E-03

-1.90E-03
-9.47E-04
-1.90E-03

-1.18E-04
-4.33E-03
6.48E-03
2.31E-03
-3.11E-04

-3.17E-04
-4.49E-05

-5.66E-04
-9.99E-05
8.01E-05

1.82E-02
-1.26E-04
-1.90E-03

1.82E-02
-1.26E-04

-5.67E-04
-2.62E-02
1.51E-04

-4.54E-03
1.42E-04

-9.24E-05

-1.91E-03

8.38E-03

-2.02E-02

-2.07E-04
-1.20E-04
1.51E-04
2.31E-03
2.31E-03
-1.25E-04
-2.09E-04
-1.90E-03
-9.47E-04
-1.90E-03

-2.09E-04
-1.20E-04
-5.01E-03
7.16E-03
2.07E-03
9.74E-04
-7.19E-03
-1.90E-03
3.91E-04
-1.90E-03

Table A.10: Physical phase mole transfer of minerals from inverse geochemical modelling- November 2016
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-1.73E-02

-8.54E-03

-2.07E-02

-4.09E-04

-3.97E-04

-4.08E-04

-4.00E-04

-3.97E-04

-4.55E-02

-5.04E-04

2.92E-03

-3.27E-04

-5.04E-04

2.90E-03

2.88E-03

1.99E-03
-3.26E-05

2.72E-03
1.73E-03

-4.40E-05
-1.50E-03

-3.78E-05

-3.75E-05
-6.29E-02

-8.54E-05
-1.53E-03

-1.53E-03

4.51E-02

-4.91E-04

-7.94E-04
-1.53E-03

-4.04E-04

-1.73E-02

-3.72E-04

-4.00E-04

-4.01E-04

-2.33E-04

-3.27E-04

2.74E-03

2.92E-03

1.62E-03

-2.07E-02
-4.15E-04

-4.85E-04
4.23E-04

2.74E-03

6.53E-03

2.88E-03

2.71E-03

2.90E-03

2.63E-03

2.72E-03

-4.40E-05
-1.18E-03

-4.04E-05

-3.83E-05

-4.62E-05
-1.53E-03

-3.75E-05

-4.24E-05
-6.29E-02

-4.04E-05

-1.57E-03

-1.54E-03

-1.53E-03

-1.18E-03

-1.57E-03

-2.82E-04

8.56E-04

-8.54E-05
-1.54E-03
-7.50E-04

-7.58E-04

-1.56E-03

-1.60E-03

2.63E-03
1.53E-03
-1.50E-03

-8.54E-05

-4.71E-04

-1.78E-04
-7.94E-04

-1.54E-03

2.71E-03

-1.21E-03

-8.54E-05
-1.54E-03
-2.82E-04

-7.94E-04
-1.56E-03

-2.07E-02
-4.15E-04

-7.94E-04

-3.12E-04

-1.57E-03

-1.59E-03

-7.58E-04
-1.57E-03

268

Table A.11: Physical phase mole transfer of minerals from inverse geochemical modelling - May 2017

Mineral
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Chemical
formula

Phase mole transfer of minerals

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-1.69E-03

-1.78E-03

-1.55E-04

-1.55E-04

-2.17E-02

-2.21E-02

2.94E-03

2.07E-02

-1.39E-02

3.21E-03

2.94E-03

2.07E-02

-2.30E-04

-2.84E-03

-2.15E-03

-2.15E-03

-1.69E-03

-1.78E-03
-2.15E-03

-1.55E-04

-1.55E-04

-2.17E-02

-1.81E-02

-2.28E-02

-1.39E-02

-2.30E-04
-1.69E-03

3.95E-02

2.94E-03

2.07E-02

-1.74E-02

-2.30E-04

-2.84E-03

-4.15E-04

-2.15E-03

-1.78E-03

2.15E-03

2.34E-02
-1.68E-02

-1.78E-03
-2.21E-02

-1.39E-02

2.94E-03

2.07E-02

-2.30E-04

-2.84E-03

-1.78E-03

-1.72E-03

-2.91E-05

-2.91E-05

-5.92E-04

-5.93E-04

-1.94E-02

-1.81E-02

-1.39E-02

4.52E-03

3.95E-02

2.07E-02

-5.40E-04

-1.74E-02

-2.84E-03

-1.69E-03

-1.77E-03

-1.87E-02

-1.78E-03
-2.15E-03

2.41E-02

-2.15E-03

-1.69E-03

4.20E-02

-1.78E-03

-1.08E-03

-1.77E-03

1.11E-02
-1.87E-02

-4.15E-04

2.15E-03

2.27E-02
-2.70E-03

-2.15E-03

-1.69E-03

-2.91E-05

3.21E-03

-2.30E-04

2.27E-02

-1.69E-03
-1.55E-04

-4.15E-04

-2.15E-03

2.34E-02

1.72E-02

-2.70E-03

-2.70E-03

-1.68E-02

-1.68E-02

-2.15E-03
1.72E-02
-1.08E-03

-1.08E-03

2.34E-02
-2.70E-03

-1.08E-03

-1.68E-02

-9.63E-03

Table A.12: Physical phase mole transfer of minerals from inverse geochemical modelling- November 2017
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-1.88E-04

-1.88E-04

-5.65E-05

-7.23E-05

-1.61E-01

-1.85E-04
-4.32E-04

-2.02E-01

-2.00E-01

-2.00E-01

-2.00E-01

-1.61E-01

1.65E-01

4.99E-02

1.95E-03

1.84E-03

1.84E-03

1.95E-03

1.17E-02

1.95E-03

3.26E-02

1.89E-03

1.84E-03

-2.10E-04

-1.67E-04

-1.73E-04

-2.01E-04

-1.73E-04

8.53E-04

-2.23E-04

-2.02E-04

-4.88E-04

-1.34E-03

-1.85E-04

-3.33E-04

-5.13E-04

-1.83E-04

1.64E-03
1.82E-03

4.99E-02

1.95E-03

-1.67E-04

-1.67E-04

-1.73E-04

-1.25E-03

-1.25E-03

-1.88E-04
2.03E-01

-1.86E-04

2.01E-01

1.62E-01

-1.34E-03

-1.33E-03

-1.88E-04

-3.26E-04

-4.55E-02

-1.85E-04

-2.27E-04

1.84E-02

2.86E+00

1.79E-03

1.03E-03

-4.28E-04
-1.61E-01

-1.61E-01

-1.97E-01

1.58E-01

4.93E-02

-1.34E-03
-6.70E-04

-1.33E-03

-1.88E-04

-1.25E-03

-1.88E-04

-1.34E-03

-1.88E-04

-6.70E-04

1.62E-01

-1.34E-03

-1.33E-03

-1.65E-01

9.20E-03

1.62E-01

-1.34E-03

-1.34E-03

-1.33E-03

1.84E-03
2.48E-04

-1.99E-04
-1.34E-03

-1.29E-03

-1.22E-03
-1.78E-02

4.69E-01

-1.85E-04
-1.34E-03

1.98E-01

-1.58E-01

-1.78E-02

2.86E+00

-6.68E-04

-6.68E-04

-6.68E-04

-5.94E-04

-1.34E-03

-1.34E-03

6.59E-04
-1.34E-03
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Table A.13: Physical phase mole transfer of minerals from inverse geochemical modelling- May 2018

Mineral
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Chemical
formula

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

Phase mole transfer of minerals
-1.05E-04
-2.74E+01
-6.95E-03
5.48E-03
3.48E-03
-2.40E-02

-2.40E-04
-1.05E-04
-2.74E+01
-6.93E-03
3.48E-03

-8.40E-04
-5.15E-04
-2.74E+01
-9.38E-03
3.48E-03
-2.40E-02

-2.40E-04
8.14E-05
2.74E+01
-4.39E-05

2.74E+01

8.14E-05
2.74E+01

5.22E-05

2.43E-03

8.05E-03
-6.95E-03
3.48E-03
-2.40E-04
8.14E-05

-1.05E-04
7.33E-04
1.64E-03
5.48E-03
-1.78E-03
-9.99E-03

-2.74E+01
-6.74E-04
-1.18E-02
5.93E-03
-1.55E-03

1.03E-02
-1.33E-03

2.74E+01

-1.96E-03

5.22E-05

-5.47E+01

8.05E-03
-6.95E-03
3.48E-03
-2.40E-04
1.10E+02

-1.05E-03
-1.05E-04
3.71E-04
5.47E-03
-1.78E-03
-1.06E-02
3.38E-04

-5.47E+01
-1.96E-03

-2.74E+01
-6.74E-04
-9.38E-03
3.48E-03

8.14E-05
2.74E+01
-1.85E+01
2.43E-03

-1.56E-04
-1.80E-03
3.85E-03
1.69E-03
-1.06E-02
-1.55E-03

-1.41E-03
-5.15E-04
3.71E-04
3.79E-03

3.71E-04
-1.05E-04
5.82E-04

2.56E-03

1.79E-03
-1.06E-02

-2.40E-04
1.11E-03

2.49E-02
-2.61E-03

2.74E+01
-4.65E+00
-5.12E-03

-2.42E-04
-1.06E-04
5.47E-03
-9.38E-03
1.79E-03
-2.40E-02
-1.55E-03
2.51E-02
5.78E-04

-5.47E+01
-3.72E-03

-3.72E-03

-7.84E-04

-7.84E-04

Table A.14: Physical phase mole transfer of minerals from inverse geochemical modelling- November 2018
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

-7.84E-04

-6.87E-05

-1.83E-04

-1.83E-04

-1.83E-04

-2.42E-04

6.84E-04

1.06E-03

6.84E-04

-1.08E-02

-9.09E-03

2.79E-03

4.82E-03

4.57E-03

4.64E-03

-1.73E-03

-1.73E-03

-1.73E-03

-1.48E-03

-2.00E-03

4.64E-03

-7.84E-04
-2.00E-03

2.79E-03
-1.73E-03

-1.48E-03

2.79E-03

-7.84E-04
-2.00E-03

-7.84E-04

-7.84E-04

-3.42E-05

-2.42E-04

1.48E-02
4.83E-03

4.57E-03

4.82E-03

-1.73E-03

-1.74E-03

-1.73E-03

-1.48E-03

-2.00E-03

-7.84E-04

-2.00E-03

5.63E-03

3.24E-03
2.54E-03

-7.84E-04
-2.00E-03

-1.83E-04
8.11E-04

3.24E-03

-1.48E-03

-2.00E-03
-2.83E-04

-1.83E-04

-1.08E-02

-1.73E-03

-7.84E-04

3.06E-04
-2.83E-04

-2.42E-04

2.61E-03
4.82E-03

2.99E-03
4.82E-03
-1.73E-03

-1.48E-03

-2.00E-03

-2.00E-03

-7.84E-04

-7.84E-04

-7.84E-04

-2.00E-03

-2.00E-03

3.06E-04

1.19E-02

9.91E-03

1.19E-02

1.06E-03

-1.40E-02

1.36E-03

-1.40E-02

-1.00E-03

-2.83E-04

-1.00E-03

-2.83E-04

-7.40E-04

-1.00E-03

-7.40E-04

-2.00E-03

-2.00E-03

-2.00E-03

-2.00E-03

3.24E-03

-1.73E-03

-2.83E-04

-2.00E-03

-3.42E-05
6.26E-04

-2.01E-03

-2.00E-03
1.84E-03

8.11E-04
-7.40E-04

-2.00E-03
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-2.00E-03

Table A.15: Physical phase mole transfer of minerals from inverse geochemical modelling- May 2019

Mineral
Al(OH)3(a)
Alunite
Anhydrite
Aragonite
Calcite
Dolomite
Fe(OH)3(a)
Gibbsite
Goethite
Gypsum
Hematite
Siderite

Chemical
formula

Al(OH)3
KAl3(SO4)2(OH)6
CaSO4
CaCO3
CaCO3
CaMg(CO3)2
Fe(OH)3
Al(OH)3
FeOOH
CaSO4:2H2O
Fe2O3
FeCO3

Phase mole transfer of minerals
-1.31E-05

-1.31E-05

1.77E-04
1.69E-04
-2.06E-05
-8.17E-05
-1.31E-05
-8.18E-05
-4.09E-05
1.19E-04

1.69E-04
-2.10E-04
-2.07E-05

8.29E-05
-2.60E-02
-1.57E-04
-2.25E-05
-8.17E-05

-1.31E-05
1.77E-04
1.69E-04
-1.57E-04
-2.06E-05

-1.31E-05
1.31E-03
-4.09E-05

-8.18E-05
2.62E-02

-8.18E-05
-4.09E-05

1.19E-04

1.77E-04
1.69E-04
-2.06E-05
-8.18E-05
-1.31E-05
-8.18E-05
-4.09E-05

-1.31E-05
1.77E-04
1.69E-04
-2.10E-04
-2.06E-05
-1.31E-05

-4.09E-05
1.21E-04

-1.31E-05
8.29E-05
1.77E-04
1.69E-04
-2.06E-05
-8.17E-05
-1.31E-05
-8.18E-05
1.31E-03
-4.09E-05

3.05E-04
-2.10E-04
-2.05E-05

8.29E-05
-2.59E-02
1.57E-04
1.69E-04
-2.25E-05
-8.18E-05

-1.31E-05
1.29E-03
1.05E-04

-8.17E-05
-4.09E-05
-4.09E-05
1.21E-04

-1.31E-05
8.29E-05
-2.60E-02
-2.10E-04
-2.25E-05
-8.17E-05
-1.31E-05
2.61E-02

-1.31E-05

-2.10E-04
1.69E-04
-2.07E-05

8.29E-05
1.77E-04
3.05E-04
1.69E-04
-2.06E-05
-1.31E-05

-8.18E-05
1.31E-03
-4.09E-05

1.21E-04
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2.62E-02
-4.09E-05
1.19E-04

APPENDIX C
Development of Bio-geochemical algorithm
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Microbial growth rate can be expressed using Monad kinetics (Monod, 1949) as:

𝜇𝜇𝑛𝑛𝑛𝑛𝑛𝑛 =

1 𝑑𝑑𝑑𝑑

(C.1)

𝑋𝑋 𝑑𝑑𝑑𝑑

Net specific growth rate (𝜇𝜇𝑛𝑛𝑛𝑛𝑛𝑛 ) is the difference between the gross specific growth rate

and (𝜇𝜇𝑔𝑔 ) and the rate of loss of cell mass due to cell death (𝑘𝑘𝑑𝑑 ) as defined in Equation
C.2.

(C.2)

𝜇𝜇𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜇𝜇𝑔𝑔 − 𝑘𝑘𝑑𝑑

In the current study, the loss of biotic cell mass due to cell death was neglected. Assuming
that the majority of decaying cell mass is to remain inside the column attached to the
reactive matrix,
𝜇𝜇𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜇𝜇𝑔𝑔 =

𝜇𝜇𝑚𝑚 𝑆𝑆

(C.3)

𝐾𝐾𝑠𝑠 +𝑆𝑆

Where 𝜇𝜇𝑚𝑚 is the maximum specific growth rate, S is the substrate concentration and 𝐾𝐾𝑠𝑠

is the half-saturation constant which is equal to the concentration of the rate-limiting
1

substrate when 𝜇𝜇𝑔𝑔 = 2 𝜇𝜇𝑚𝑚 .
When the above kinetics are arranged in the form of a logistic equation (Shuler & Kargi
2000), bacterial growth can be expressed in terms of carrying capacity. Thus,
𝑋𝑋

𝜇𝜇𝑔𝑔 = 𝑘𝑘𝑐𝑐 �1 − 𝑋𝑋 �

(C.4)

𝑑𝑑𝑑𝑑

(C.5)

∞

𝑑𝑑𝑑𝑑

𝑋𝑋

= 𝑘𝑘𝑐𝑐 𝑋𝑋 �1 − 𝑋𝑋 �
∞
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The integration of Equation C.5 with the boundary condition 𝑋𝑋 (0) = 𝑋𝑋𝑜𝑜 , i.e. assuming

that when the bacterial solution is pumped into the column the initial microbial
concentration at the column inlet is equal to the concentration in the bacterial solution,
therefore cell growth can be expressed as,

Xs =

𝑋𝑋0 𝑒𝑒 𝑘𝑘𝑐𝑐 𝑡𝑡
𝑋𝑋0
1−
(1−𝑒𝑒 𝑘𝑘𝑐𝑐𝑡𝑡 )
𝑋𝑋∞

(C.6)

By fitting the growth data of batch culture of selected bacteria strain (Figure C.1), the
growth kinetics can be calculated, thus 𝑋𝑋0 = 7x 107 cells/ cm3, 𝑋𝑋∞ = 2.5 x 108 cells/ cm3

and 𝑘𝑘𝑐𝑐 =0.1272 d-1.

Figure C.1. Batch growth curve for iron oxidising bacteria

Effect of accumulated biomass on porosity can be written as:
X

𝑛𝑛𝑡𝑡𝑏𝑏 = �𝑛𝑛0 − 𝜌𝜌s �
𝑐𝑐

(C.7)

The associated reduction in porosity due to secondary mineral precipitation is given in
Equation C.8 (Steefel and Lasaga 1994).
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𝜕𝜕∅𝑘𝑘
𝜕𝜕𝜕𝜕

(C.8)

= 𝑀𝑀𝐾𝐾𝑇𝑇 𝑅𝑅𝐾𝐾𝑇𝑇

where ∅𝑘𝑘 is the volume fraction of a mineral, 𝑀𝑀𝐾𝐾𝑇𝑇 is the molar volume (m3mol-1) of a

mineral and 𝑅𝑅𝐾𝐾𝑇𝑇 is the overall reaction rate for the mineral (molm-3S-1).

Reduction in porosity caused by secondary mineral precipitates can then be written as:
𝑁𝑁

(C.9)

𝑚𝑚
𝑛𝑛𝑡𝑡𝑐𝑐 = 𝑛𝑛0 − ∑𝑘𝑘=1
𝑀𝑀𝐾𝐾𝑇𝑇 𝑅𝑅𝐾𝐾𝑇𝑇 𝑡𝑡

where the reaction rate of each precipitation reaction is calculated based on the transition
state theory using Equation C.8.
𝐼𝐼𝐼𝐼𝐼𝐼

(C.10)

𝑟𝑟 = −𝑘𝑘 �1 − 𝐾𝐾 �
𝑒𝑒𝑒𝑒

Effective rate constants (𝑘𝑘) were calibration parameters of the mathematical model
developed in this study. Values of 𝑘𝑘 was changed until the measured hydraulic head

corroborated with the modelled head as explained in Section 5.5. Values for 𝑘𝑘 obtained
by calibration are shown in Table C.1.

Table C.1.Values for 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 in a granular limestone assembly obtained by
model calibration
Mineral

𝒌𝒌 (mol/Ls)

Mineral molar

CaCO3

2.43E-07

36.92

Al(OH)3

3.03E-07

31.96

Fe(OH)3

8.98E-08

20.79

Fe(OOH)

8.49E-08

20.79

Fe2O3

7.81E-08

30.26

Chemical Iron Oxidation

5.62E-08

5.09

Microbial Iron Oxidation

3.09E-07

5.09

Volume
(cm3/mole)

275

By combining major dissolution and precipitation reactions, a bio-geochemical algorithm
was developed (see Table 5.1) so that individual reaction rates (𝑟𝑟) could be calculated,
and thus the overall reaction rate, 𝑅𝑅𝑘𝑘 could be evaluated.Thus the porosity of limestone

media at time t is given by:
𝑁𝑁

X

𝑚𝑚
𝑛𝑛𝑡𝑡 = 𝑛𝑛0 − ∑𝑘𝑘=1
𝑀𝑀𝑘𝑘 𝑅𝑅𝑘𝑘 𝑡𝑡 − �𝜌𝜌s �
𝑐𝑐

(C.11)
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APPENDIX D
Developing the solution for hydraulic head along the
flow path through a porous media
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The flow of transient groundwater in one dimension can be written as (Harbaugh 2005;
Indraratna et.al. 2014b):
𝜕𝜕2 ℎ
𝜕𝜕𝑥𝑥 2

=

𝑆𝑆

𝜕𝜕ℎ

(D.1)

� �
𝐾𝐾𝐾𝐾 𝜕𝜕𝜕𝜕

From Kozeny-Carmen equation, normalised hydraulic conductivity can be written as:

𝐾𝐾 = 𝐾𝐾0 �

𝑛𝑛0 −∆𝑛𝑛𝑡𝑡 3
𝑛𝑛0

� /�

1−𝑛𝑛0 +∆𝑛𝑛𝑡𝑡 2

�

1−𝑛𝑛0

(D.2)

The total reduction in porosity due to mineral precipitation and the accumulation of solidphase biomass in the porous media can be written as follows:
X

𝑁𝑁

𝑚𝑚
∆𝑛𝑛𝑡𝑡 = �∑𝑘𝑘=1
𝑀𝑀𝑘𝑘 𝑅𝑅𝑘𝑘 𝑡𝑡 + �𝜌𝜌s �� = 𝑓𝑓(𝑡𝑡)
𝑐𝑐

(D.3)

By substituting D.2 and D.3 to D.1,
𝜕𝜕2 ℎ
𝜕𝜕𝑥𝑥 2

𝜕𝜕ℎ

(D.4)

= 𝑔𝑔(𝑡𝑡). 𝜕𝜕𝜕𝜕

where 𝑔𝑔(𝑡𝑡) = 𝐵𝐵

(1−𝑛𝑛0 +𝑓𝑓(𝑡𝑡))2
(𝑛𝑛0 −𝑓𝑓(𝑡𝑡))3

𝑁𝑁

𝑚𝑚
𝑓𝑓(𝑡𝑡) = ∑𝑘𝑘=1
𝑀𝑀𝑘𝑘 𝑅𝑅𝑘𝑘 𝑡𝑡 +

𝑆𝑆𝑛𝑛0 3
2
0 (1−𝑛𝑛0 )

and, 𝐵𝐵 = 𝑏𝑏𝐾𝐾

𝑋𝑋0 𝑋𝑋∞ 𝑒𝑒 𝑘𝑘𝑐𝑐𝑡𝑡

𝜌𝜌𝑐𝑐 �𝑋𝑋∞ −𝑋𝑋0 (1−𝑒𝑒 𝑘𝑘𝑐𝑐𝑡𝑡 )�

(D.5)

(D.6)

, a constant.

Assuming a solution of separating the type of variable,
ℎ(𝑥𝑥, 𝑡𝑡) = 𝑋𝑋(𝑥𝑥). 𝑌𝑌(𝑡𝑡)

(D.7)

𝜕𝜕ℎ

(D.8)

𝜕𝜕𝜕𝜕

= 𝑌𝑌𝑌𝑌′
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𝜕𝜕2 ℎ
𝜕𝜕𝑥𝑥 2

𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

(D.9)

= 𝑌𝑌𝑌𝑌′′

(D.10)

= 𝑋𝑋𝑋𝑋′

Substituting D.9 and D.10 to D.4 yields:
𝑌𝑌𝑋𝑋 ′′ = 𝑔𝑔(𝑡𝑡)𝑋𝑋𝑋𝑋′
Let −𝐶𝐶 2 =

𝑋𝑋``
𝑋𝑋

(D.11)
𝑌𝑌`

(D.12)

= 𝑔𝑔(𝑡𝑡) 𝑌𝑌

where 𝐶𝐶 is an arbitrary constant.
Therefore,
𝑋𝑋``
𝑋𝑋

= −𝐶𝐶 2

(D.13)
𝑌𝑌`

−𝐶𝐶 2 = 𝑔𝑔(𝑡𝑡) 𝑌𝑌
𝑡𝑡 −𝐶𝐶 2

∫𝑡𝑡

𝑜𝑜

(D.14)

𝑡𝑡 𝑌𝑌`

𝑑𝑑𝑑𝑑 = ∫𝑡𝑡
𝑔𝑔(𝑡𝑡)

𝑜𝑜

𝑌𝑌(𝑡𝑡) = 𝑌𝑌(𝑡𝑡𝑜𝑜 ). 𝑒𝑒

(D.15)

𝑌𝑌

𝑡𝑡 −𝐶𝐶2

∫𝑡𝑡 𝑔𝑔(𝑡𝑡) 𝑑𝑑𝑑𝑑
𝑜𝑜

(D.16)

By Solving Equation D.13 gives:
(D.17)

𝑋𝑋(𝑡𝑡) = 𝑐𝑐1 𝑆𝑆𝑆𝑆𝑆𝑆(𝐶𝐶𝐶𝐶) + 𝑐𝑐2 𝐶𝐶𝐶𝐶𝐶𝐶(𝐶𝐶𝐶𝐶)

D.7 can now be rearranged as follows:

ℎ(𝑥𝑥, 𝑡𝑡) = {𝑐𝑐1 𝑆𝑆𝑆𝑆𝑆𝑆(𝐶𝐶𝐶𝐶) + 𝑐𝑐2 𝐶𝐶𝑜𝑜𝑜𝑜(𝐶𝐶𝐶𝐶)}. �𝑌𝑌(𝑡𝑡𝑜𝑜 ). 𝑒𝑒

𝑡𝑡 −𝐶𝐶2

∫𝑡𝑡 𝑔𝑔(𝑡𝑡) 𝑑𝑑𝑑𝑑
𝑜𝑜
�

(D.18)
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Let 𝑐𝑐1 𝑌𝑌(𝑡𝑡𝑜𝑜 ) = 𝐶𝐶1 𝑎𝑎𝑎𝑎𝑎𝑎

𝑐𝑐2 𝑌𝑌(𝑡𝑡𝑜𝑜 ) = 𝐶𝐶2 𝑎𝑎𝑎𝑎𝑎𝑎
𝑡𝑡 −𝐶𝐶 2

ℎ(𝑥𝑥, 𝑡𝑡) = {𝐶𝐶1 𝑆𝑆𝑆𝑆𝑆𝑆(𝐶𝐶𝐶𝐶) + 𝐶𝐶2 𝐶𝐶𝐶𝐶𝐶𝐶(𝐶𝐶𝐶𝐶)}. 𝑒𝑒𝑒𝑒𝑒𝑒 �∫𝑡𝑡

𝑜𝑜

𝑔𝑔(𝑡𝑡)

𝑑𝑑𝑑𝑑�

(D.19)

The values of 𝐶𝐶, 𝐶𝐶1 and 𝐶𝐶2 are found using the following initial conditions:
ℎ(0,0) = ℎ1
ℎ(𝑙𝑙, 0) = ℎ2
𝜕𝜕ℎ
= 𝐻𝐻
𝜕𝜕𝜕𝜕 (0,0)

𝑡𝑡 −𝐶𝐶 2

𝐿𝐿𝐿𝐿𝐿𝐿 ∫𝑡𝑡

𝑜𝑜

𝑔𝑔(𝑡𝑡)

(D.20)

𝑑𝑑𝑑𝑑 = 𝐹𝐹(𝑡𝑡)

Thus the general solution to Equation D.1 captures the effects of chemical and biological
clogging, hence:
ℎ(𝑥𝑥, 𝑡𝑡) = 𝐹𝐹(𝑥𝑥). 𝑒𝑒 𝐹𝐹(𝑡𝑡)

(D.21)

In the above,

(D.22)

𝐹𝐹(𝑥𝑥) = (𝐶𝐶1 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐶𝐶2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
𝐹𝐹(𝑡𝑡) =

−𝐶𝐶 2
𝐵𝐵

𝑛𝑛𝑜𝑜 + 1] +

�−

𝑁𝑁

𝑚𝑚 𝑀𝑀 𝑅𝑅 𝑡𝑡 2
∑𝑘𝑘=1
𝑘𝑘 𝑘𝑘

2

𝑋𝑋

𝑋𝑋

𝑋𝑋

+ 𝜌𝜌 ∞
𝑙𝑙𝑙𝑙 �1 − 𝑋𝑋 0 (1 − 𝑒𝑒 𝑘𝑘𝑐𝑐 𝑡𝑡 )� + (𝑛𝑛𝑜𝑜 + 2)𝑡𝑡 − 3𝑙𝑙𝑙𝑙[𝑓𝑓(𝑡𝑡) −
𝐾𝐾
𝑐𝑐 𝑐𝑐

∞

1

3𝑙𝑙𝑙𝑙 �𝜌𝜌0 − 𝑛𝑛𝑜𝑜 + 1� + 𝑓𝑓(𝑡𝑡)−𝑛𝑛
𝑐𝑐

𝑜𝑜 +1

−

1
�
𝑋𝑋
� 0 −𝑛𝑛𝑜𝑜 +1�

(D.23)

𝜌𝜌𝑐𝑐
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APPENDIX E
Upscaling the reaction rate coefficients
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Following the approach of Lichtner and Tartakovsky (2003), Tartakovsky et al. (2009)
derived an equation for upscaled rate coefficient used in advection, dispersion and
reaction equation (see Chapter 6) based on dimensionless parameters using stochastic
analysis. Summary of their derivation for upscaled rate kinetics is presented below.
They considered a heterogeneous chemical reaction taking place in a porous medium
between a dissolved species C and a solid C(s),
𝛼𝛼𝛼𝛼 ⇔ 𝐶𝐶(𝑠𝑠)

(E.1)

where 𝛼𝛼 is the stoichiometric coefficient. The speed at which the concentration of the
species 𝐶𝐶 (i.e. c) reaches its equilibrium level, i.e. ceq is designated as k and referred to as
the kinetic rate constant [(mol L-3)1-α T-1] of the reaction and determined as,
1−𝛼𝛼
𝑘𝑘 = 𝑘𝑘𝑜𝑜 𝐴𝐴𝑐𝑐𝑒𝑒𝑒𝑒

(E.2)

Where 𝑘𝑘𝑜𝑜 laboratory measured kinetic rate constant [molL-2 T-1] for reaction E.1 and 𝐴𝐴 is

the specific surface area 𝐴𝐴 [L-1] of a porous matrix. For example, for cubical grains with
side 𝑙𝑙 ` , the specific surface area 𝑎𝑎 is given by,
𝑎𝑎 =

6λ∅𝑠𝑠
𝑙𝑙`

(E.3)

Where λ is the roughness factor and ∅𝑠𝑠 is the volume fraction occupied by solid.
Assuming that the 𝑘𝑘 is independent of time in the absence of dispersion in on the local

scale, Tartakovsky et al. (2009) proposed the reaction rate coefficient 𝑘𝑘 as a statistically

homogeneous (second-order stationary) multi-variate lognormal random field (Equation
E.4), from which one can compute its ensemble mean 〈𝑘𝑘〉, variance 𝜎𝜎𝑘𝑘2 , and two-point
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correlation function 𝑝𝑝𝑘𝑘 (𝑥𝑥, 𝑥𝑥`) = 𝜌𝜌𝑘𝑘 (𝑑𝑑) where 𝑑𝑑 = |𝑥𝑥1 − 𝑥𝑥2 | the distance between

points 𝑥𝑥1 and 𝑥𝑥2 , and has a correlation length 𝑙𝑙𝑘𝑘 .
𝑝𝑝𝑘𝑘 (𝑘𝑘) =

1

𝑘𝑘√2𝜋𝜋𝜎𝜎2

(𝑙𝑙𝑙𝑙 𝑘𝑘+ 𝜎𝜎2 /2)2

𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝜎𝜎𝑘𝑘2
�
〈𝑘𝑘〉2

where 𝜎𝜎 2 = ln �1 +

2𝜎𝜎2

(E.4)

�

is the variance of the random field ln 𝑘𝑘.

Introducing dimensionless parameters Tartakovsky et al. (2009) defined the Damkohler
number for advective transport, i.e. the ratio between advective time scale and reactive
time scale (𝑡𝑡𝑎𝑎 / 𝑡𝑡𝑟𝑟 ) as,
𝐷𝐷𝐷𝐷 ≡

𝛼𝛼−1
� 𝑐𝑐𝑒𝑒𝑒𝑒
𝜏𝜏𝑞𝑞 𝑘𝑘

(E.5)

∅

Where 𝜏𝜏𝑞𝑞 = 𝑙𝑙/𝑈𝑈 is the advection time scale that defines the time it takes solute
transported by advection with characteristic (e.g., average) velocity 𝑈𝑈 to travel one
correlation length l. Other dimensionless parameters include,

𝑘𝑘� ≡

𝑘𝑘
〈𝑘𝑘〉

,

𝑐𝑐� ≡

𝑐𝑐

𝑐𝑐𝑒𝑒𝑒𝑒

,

𝑥𝑥� ≡

𝑥𝑥

𝑙𝑙𝑘𝑘

,

𝑡𝑡� ≡

𝑡𝑡

𝜏𝜏𝑞𝑞

To relate the statistics of the dimensionless reaction rate constant 𝑘𝑘� to those of its
dimensional counterpart 𝑘𝑘, Reynolds decomposition was employed to represent the

random field 𝑘𝑘 as the sum of its ensemble mean 〈𝑘𝑘〉 and zero-mean fluctuations 𝑘𝑘`. In the

dimensionless form that gave,
𝑘𝑘� = 1 + 𝑘𝑘�`,

𝑘𝑘� ` =

𝑘𝑘`
〈𝑘𝑘〉

, 〈𝑘𝑘�`〉 = 0

(E.6)

That gives, 〈𝑘𝑘�〉 = 1 and 𝜎𝜎�𝑘𝑘2 = 𝜎𝜎𝑘𝑘2 / 〈𝑘𝑘〉2 .
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Now, the single point PDF of log-normal 𝑘𝑘� takes the form,
𝑝𝑝𝑘𝑘� (𝑘𝑘) =

1

�
𝑘𝑘√2𝜋𝜋𝜎𝜎

𝑒𝑒𝑒𝑒𝑒𝑒 �−
2

� 2 /2)2
(𝑙𝑙𝑙𝑙 𝑘𝑘+ 𝜎𝜎
�2
2𝜎𝜎

(E.7)

�

where 𝜎𝜎� 2 = ln(1 + 𝜎𝜎�𝑘𝑘2 ) is the dimensionless variance of the random field ln 𝑘𝑘�.

Using the above expressions, Tartakovsky et al. (2009) derived an equation for upscaled

effective rate coefficient:

𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 (𝑥𝑥,𝑡𝑡) =

1
1
∫ �|1
〈𝑐𝑐 𝛼𝛼 〉−1 0

− 𝜎𝜎�𝑘𝑘2 |𝐷𝐷𝐷𝐷

𝑑𝑑𝑓𝑓𝛼𝛼
𝑑𝑑𝑑𝑑

(E.8)

� 𝑓𝑓𝛼𝛼 (𝑐𝑐)𝑝𝑝(𝑐𝑐; 𝑥𝑥. 𝑡𝑡)𝑑𝑑𝑑𝑑

𝑓𝑓𝛼𝛼 (𝑐𝑐) = 𝛼𝛼 ( 𝑐𝑐 𝛼𝛼 − 1) , and 𝑝𝑝(𝑐𝑐; 𝑥𝑥. 𝑡𝑡) is the PDF that describes the distribution of

concentration at a point (x, t) which is approximately Gaussian for 𝜎𝜎� = 1.
For the linear reaction with the stoichiometric coefficient 𝛼𝛼 = 1:
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 = 1 −

�𝑘𝑘2 𝐷𝐷𝐷𝐷
𝜎𝜎

(E.9)

2

For a non-linear reaction with 𝛼𝛼 = 2, the upscaled kinetic rate constant is given by,
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 (𝑥𝑥,𝑡𝑡) =

2
[〈𝑐𝑐 2 〉
〈𝑐𝑐〉−1

− 2𝜎𝜎�𝑘𝑘2 𝐷𝐷𝐷𝐷 (〈𝑐𝑐 3 〉 − 〈𝑐𝑐〉) − 1]

(E.10)

The initial value of the upscaled kinetic rate constant is evaluated as,
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 (𝑥𝑥,0) = 2

2 (𝑥𝑥)−2𝜎𝜎 2
3
𝑐𝑐𝑖𝑖𝑖𝑖
𝑘𝑘 𝐷𝐷𝐷𝐷 �𝑐𝑐𝑖𝑖𝑖𝑖 (𝑥𝑥)−𝑐𝑐𝑖𝑖𝑖𝑖 (𝑥𝑥)�−1

𝑐𝑐𝑖𝑖𝑖𝑖 (𝑥𝑥)−1

(E.11)

2

Where 𝑐𝑐𝑖𝑖𝑖𝑖 (𝑥𝑥) = 1 − 𝑒𝑒 −𝑥𝑥1 /2
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APPENDIX F
FORTRAN Subroutine for RT3D
User-defined reaction module
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&

SUBROUTINE rxns(ncomp,nvrxndata,j,i,k,y,dydt,
poros,rhob,reta,rc,nlay,nrow,ncol,vrc)

c ***** Block 1: Comments block *******
c23456789012345678901234567890123456789012345678901234567890123456789012
c ncomp - Total number of components
c nvrxndata - Total number of variable reaction parameters to be input via RCT file
c J, I, K - node location (used if reaction parameters are spatially variable)
c y - Concentration value of all component at the node [array variable y(ncomp)]
c dydt - Computed RHS of your differential equation [array variable dydt(ncomp)]
c poros - porosity of the node
c reta - Retardation factor [array variable reta(mcomp)]
c rhob - bulk density of the node
c rc - Stores spatially constant reaction parameters (up to 100 values)
c nlay, nrow, ncol - Grid size (used only for dimensioning purposes)
c vrc - Array variable that stores spatially variable reaction parameters
c ***** End of Block 1 *******
c *** Block 2: Please do not modify this standard interface block ***
!MS$ATTRIBUTES DLLEXPORT :: rxns
IMPLICIT NONE
INTEGER ncol,nrow,nlay
INTEGER ncomp,nvrxndata,j,i,k
INTEGER First_time
DATA First_time/1/
DOUBLE PRECISION y,dydt,poros,rhob,reta
DOUBLE PRECISION rc,vrc
DIMENSION y(ncomp),dydt(ncomp),rc(50)
DIMENSION vrc(ncol,nrow,nlay,nvrxndata),reta(50)
C ****** End of block 2 *******Rca
C *** Block 3: Declare
DOUBLE PRECISION
DOUBLE PRECISION
DOUBLE PRECISION
DOUBLE PRECISION
DOUBLE PRECISION
DOUBLE PRECISION
DOUBLE PRECISION
DOUBLE PRECISION
C ***** End of Block 3

your problem-specific new variables here ***
TBF,kbio,X !variables for bacteria concentration
Ca,kc,Sc ! variables for [Ca]
Al,ka,Sa ! variables for [Al]
Fe,kf,kff,kfff,Sf,Sff,Sfff ![Fe3+]
FERROUS,kp,kpp,Sp,Spp ! [Fe2+]
p,b,kpc,kpb,Spc,Spb ! chemical and biological
FeHydroxide, Goethite, Hematite,FeOH,Siderite
HI,HII
******

C *** Block 4: Initilize reaction parameters here, if required ***
IF (First_time .EQ. 1) THEN
kc = rc(1) !CaCO3
ka = rc(2) !AlOH3
kf = rc(3) !FeOH3
kff = rc(4) !FeOOH
kfff = rc(5) !Fe2O3
kp = rc(6) !Fe(OH)2
kpp = rc(7) !FeCO3
kpc = rc(8 !chemical Fe
kpb = rc(9) !Biological Fe
X
= rc(10) !bacteria
First_time = 0 !reset First_time to skip this block later
END IF
C ***** End of Block 4 ******
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C

*** Block 5: Definition of other variable names ***
Ca = y(1)
Al = y(2)
FeHydroxide = y(3)
Goethite= y(4)
Hematite= y(5)
FeOH = y(6)
Siderite = y(7)
p = y(8)
b = y(9)
Fe = y(10)
FERROUS = y(11)
TBF = y(12)
HI = y(13)
HII = y(14)
Sc = rc(11)
Sa = rc(12)
Sf = rc(13)
Sff = rc(14)
Sfff = rc(15)
Sp = rc(16)
Spp = rc(17)
Spc = rc(18)
Spb = rc(19)
kbio = rc(20)

C ***** End of Block 5
c

******

*** Block 6: Definition of Differential Equations ***
dydt(1) = 4*kc*Sc
dydt(2) = ka*Sa
dydt(3) = kf*Sf
dydt(4) = kff*Sff
dydt(5) = kfff*Sfff
dydt(6) = kp*Sp
dydt(7) = kpp*Spp
dydt(8) = kpc*Spc
dydt(9) = kpb*Spb
dydt(10) = dydt(3)+dydt(4)+dydt(5)+dydt(8)+dydt(9)
dydt(11) = 2*dydt(6)+2*dydt(7)-dydt(8)-dydt(9)
dydt(12) = kbio*TBF*(X-TBF)*0.00000005
dydt(13) = dydt(1)*0.25-dydt(8)-dydt(9)-3*dydt(3)-3*dydt(4)
dydt(14) = -6*dydt(5)-3*dydt(2)

C ***** End of Block 6
RETURN
END

******
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