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ABSTRACT

The effectiveness of manipulating drain water levels using weirs in flood mitigation
drains to improve the groundwater and drain water quality was investigated for
agricultural land affected by previously oxidised acid sulfate soil near Berry on the
South Coast of New South Wales. Groundwater elevation data measured prior to the
installation of the weirs showed that significant groundwater drawdown was caused by
the low water level in the drains. Drawdown from the drains, in conjunction with high
rates of evapotranspiration, caused the groundwater elevation to fall into the pyritic soil
causing the oxidation of pyrite and the generation of acidic oxidation products. The
high hydraulic gradient caused by the low water level in the drains facilitated the rapid
transport of these acidic oxidation products into the drains for discharge into a nearby

waterway.

Installation of the weirs promoted higher groundwater elevations by reducing the
influence of groundwater drawdown from the drain. The lower hydraulic gradients
established under the influence of the higher drain water level maintained by the weir
reduced the rate of discharge of acidic oxidation products from the groundwater to the
drain. In addition to the assessment of installing weirs in drains to manipulate the
groundwater table, numerical simulations combining groundwater flow and pyrite
oxidation models were used to predict the magnitude and distribution of pyrite oxidation
for various boundary conditions that simulate potential groundwater management
strategies. Application of these simulation models shows that substantial reductions in
the volume of pyritic soil exposed to oxidising conditions can be achieved by
maintaining a higher water level in the drains and/or applying regular irrigation. The
rate of acid generation was also investigated in the laboratory by maintaining samples at
a constant suction for a specific length of time. Simple multiple regression equations
can predict the magnitude and rate of acid generation accurately using these easy to

measure independent variables.
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Higher groundwater levels did not substantially improve the groundwater quality. High
concentrations of stored acidity in the form of acidic cations on the cation exchange
sites of the soil as well as the presence of aluminium and iron sulfate minerals formed
under acidic conditions ensures that the groundwater has low pH (3.5-4) and high
concentrations of dissolved aluminium (30-100 mg/L). The hydrolysis of jarosite and
the oxidation of pyrite by Fe** under acidic, reducing conditions may also give rise to
low pH in the groundwater. The maintenance of poor groundwater quality was further
investigated by using geochemical models to simulate the effect of the dissolution of
acidic minerals and the importance of acidic cation exchange sites. Similarly, acid
management strategies including controlled saline intrusion into drains and the injection

of dilute lime slurry into the soil were investigated.

Implementation of weirs in flood mitigation drains was shown to be beneficial in terms
of reducing the generation of ‘new’ acid from the oxidation of pyrite in the sulfidic soil
as well as facilitation the slow leakage of acid products into waterways rather than the
discharge of low pH/high aluminium slugs. However, the management of groundwater
elevation alone will not substantially improve groundwater quality without due attention

to the ‘stored” acid in the soil profile.
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Chapter 1: Introduction

1.1 General background

Acid sulfate soils pose significant constraints with respect to the implementation of
environmentally sustainable development within coastal lowland areas in Eastern
Australia. Where inappropriate land management strategies have been practiced on land
affected by acid sulfate soils, severe environmental, social and economic problems have
become apparent as a result of the discharge of large volumes of sulfuric acid and other
pyrite oxidation products into estuarine waterways. Strategies that minimise acid
generation and/or its discharge to waterways require development, validation and
implementation in order to address some of the problems induced by the inappropriate

management of acid sulfate soils.

The processes that lead to the generation of acidic pyrite oxidation products and their
transport to estuarine waterways in Eastern Australia are now well understood and have
been linked to the installation and operation of coastal lowland drainage schemes
(Sammut ef al., 1996; Pease et al., 1997, White et al., 1997, Wilson et al., 1999). In
short, groundwater drawdown from the operation of deep, floodgated drains and
evapotranspiration from crops or pastures can cause the groundwater table to fall into or
below the elevation of the pyritic soil layer thereby creating the necessary conditions for
pyrite oxidation. Pyrite oxidation, particularly in the absence of soil neutralising
capacity, generates sulfuric acid and dissolved Fe**. After rainfall causes the
groundwater table to rise through the oxidised zone, the acidic pyrite oxidation products
are entrained into the groundwater. The groundwater in areas of drained, oxidised
pyritic soils is often about pH 3 and has concentrations of dissolved aluminium and iron -
many orders of magnitude greater than Australian New Zealand Environment
Conservation Council (1992) water quality guidelines. The acidic groundwater can be
transported to drains via groundwater flow in accordance with the hydraulic gradients

caused by the low water level in the drains or by overland flow during flood events.



Very large volumes of acidic drain water have been measured discharging into estuarine
waterways from drainage schemes that may result in significant environmental

degradation, damage to engineering infrastructure and loss of agricultural/fisheries

productivity.

Although the processes that contribute to the generation of acidic pyrite oxidation
products from coastal lowlands and their transport to estuarine waterways are
understood, this information has not been applied to the development and validation of
acid sulfate soil management strategies that are applicable at the sub-catchment scale.
Dent (1986), Indraratna er al. (1995) and Pease er al. (1997) recommended that the
generation and transport of pyrite oxidation products could be reduced through the
installation of weirs in flood mitigation drains. This research focuses on the validation
of improved drain management techniques with respect to the management of pyritic

soils.

1.2 Objectives of the study

The specific objectives of this research were:

e The implementation of a comprehensive field trial to verify that groundwater table
management using adjustable weirs in flood mitigation drains can achieve
significant improvement of the groundwater and drain water quality in areas where

acid sulfate soil occur;

e Evaluate the impact of drain management and climatic factors on the groundwater
and drain water elevation, soil and water chemistry and drainage of floodwater from

a field study site using manual and automatic monitoring techniques;



e The development and application of computer aided geo-hydraulic models to predict
the changes in the groundwater regime from the installation of improved drain

management techniques and associated changes in acid generation;

e The experimental determination of the rate of acid generation from pyritic soil with
field and artificially made macropore structures to develop empirical equations that
enable the magnitude of acid generation to be estimated using easy to measure

independent variables such as time and depth to the groundwater table;

e Application of geo-chemical equilibrium models to investigate the long term water
quality from acid sulfate soils that have acid saturated cation exchange complexes
and acidic minerals such as jarosite and alunite that forms under highly acidic

conditions caused by pyrite oxidation.

1.3 Thesis organisation

This thesis is divided into five major parts. A brief outline of each part and its

component Chapters is described below.

1.3.1 Part 1. Literature review

The nature and properties of acid sulfate soil are described in Chapter 2. This includes a
review of the formation and distribution of acid sulfate soils in Australia. In addition,
the chemical processes that are involved in pyrite oxidation, the soil physical properties
that determine the rate of acid generation and the hydrological interactions between the

climate, vegetation, the groundwater regime and acid generation are discussed.



In Chapter 3, a review of pyrite oxidation studies and management strategies is
presented. This Chapter discusses field and laboratory studies of acid generation and
management of in pyritic soils, simulation models that attempt to predict the magnitude,
rate and distribution of acid from pyrite oxidation in both acid sulfate soils and pyritic
rock dumps, and the development of acid sulfate soil management strategies at the sub-

catchment scale.

1.3.2 Part II: Field trial of groundwater table management using weirs

A major component of this research was the investigation and validation of
manipulating groundwater table elevation by the installation of adjustable weirs in flood

mitigation drains. Part II of the thesis is divided into five Chapters.

Chapter 4 describes the location and geomorphology of the study site and the equipment
used to monitor both physical and chemical attributes of the groundwater and drain
water. The design, installation and operation of the three weirs that were placed in the
flood mitigation drains at different elevations relative to the pyritic soil layer is also

described in Chapter 4.

In Chapter 5, the climatic variables relating to the addition or removal of water from the
groundwater aquifer at the study site are presented. The rainfall and evapotranspiration
data are presented in two parts, namely, the pre-weir and post-weir periods. The
importance of the Southern Oscillation Index for the study period with respect to
understanding the climatic conditions that may have caused acid generation and
discharge in the past is discussed. Temperature, wind speed and solar radiation data.

measured during the study period are also shown and briefly discussed in Appendix A.



The chemical, physical and morphological properties of the soils found at the beginning
of the monitoring period are described in Chapter 6. A comprehensive soil investigation
process was carried out to provide a detailed baseline description of the site conditions
at the start of the field trial and to provide site specific input data for initialisation of

geo-hydraulic models used in Part III.

The groundwater elevation data measured at the study site are presented in Chapter 7.
The groundwater data, and its interpretation, are divided in two parts, namely the pre-
and post-weir periods. For the pre-weir period, the dynamic nature of the groundwater
table is explained by exploring the processes that contribute to falling and rising
groundwater tables. The contributions of evapotranspiration, drawdown from the flood
mitigation drains and rainfall to the rise and fall of the groundwater table are presented
and discussed. The elevation of the groundwater table is assessed relative to the height
of the acid sulfate soil layer at the study site. The distribution and magnitude of acid
sulfate soil exposed to oxidising conditions across the study site were determined. The
implications of the magnitude and distribution of exposed acid sulfate soil for water and
soil quality at the study site is discussed. The influence of installing the weirs at
different levels relative to the pyritic soil layer on the groundwater regime is discussed
in the post-weir section of Chapter 7. A comparison between the pre and post weir
groundwater table dynamics is presented and potential improvements with respect to the
adoption of adjustable weirs is also discussed. The change in the drain water level as a
result of the installation of the weirs is presented and shown to have negligible influence

on the removal of excess floodwater after heavy rainfall.

The changes in soil chemistry, groundwater and drain water quality parameters that
occurred with respect to the groundwater dynamics are described in Chapter 8. The
temporal changes in soil pH and electrical conductivity are presented and discussed.
These data showed that the generation of acid is determined by the groundwater
elevation, and that maintenance of high groundwater levels after pyrite oxidation does
not substantially improve the chemical properties of the soil. The second part of this
Chapter describes changes in the groundwater and drain water chemical properties. The

groundwater and drain water chemical properties that were measured at the site are
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described and related to the groundwater hydrology that influences the generation and
transport of pyrite oxidation products. The evolution of groundwater toxicity from
pyrite oxidation is explored, and an assessment technique for interpreting the general

toxicity of groundwater after pyrite oxidation events is presented.

1.3.3 Part llI: Development and application of geo-hydraulic models

In order to predict the consequences of groundwater management strategies prior to the
installation of expensive engineering structures, geo-hydraulic models can be applied to
simulate the groundwater regime and the generation and transport of acidic pyrite
oxidation products. Three Chapters are presented in Part Il of this thesis which use,
extend and develop numerical models to investigate the influence of a variety of

groundwater management strategies.

Chapter 9 evaluates water management options that may be applicable for the
management of acid sulfate soils at the Berry study site using two numerical models. In
addition, the utility of the numerical models used for this purpose is also assessed.
Groundwater regimes were simulated using FEMWATER, a 3D finite element flow and
transport model for variably saturated media (Lin et al. 1997), and the oxidation of
pyrite was simulated using the Simulation Model for Acid Sulfate Soils (SMASS)
developed by Bronswijk and Groenenberg (1992). The modelling period includes a wet
period with groundwater being close to the surface as well as a prolonged dry period

that resulted in the groundwater falling below the acid sulfate soil layer.

In Chapter 10, a model that simulates the magnitude and distribution of pyrite oxidation
in pyritic soil in a three dimensional landscape is described. In the first part of the
Chapter, the relevant equations which describe the transport of oxygen through soil
macropores and then laterally into the soil matrix where aerobic conditions exist, are

derived using a similar approach to that used by Bronswijk er al. (1993). The second
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part of this Chapter shows how these equations are solved numerically. A description of
how the 1D pyrite oxidation numerical scheme is linked to the 3D soil moisture content
distribution produced from the simulation of saturated/unsaturated conditions using
FEMWATER is also given. A comparison of the analytical and numerical solutions for
the oxygen consumption terms derived in the pyrite oxidation model gives very good
agreement, indicating that the numerical approach adopted in the ASS3D Fortran code

accurately simulates that amount of pyrite oxidised in the soil matrix.

The accuracy and application of the ASS3D model described in Chapter 10 is
investigated in Chapter 11. In the first part of this Chapter, ASS3D is validated by
comparing the model output to measured field data. ASS3D output compares
favourably with the change in pyrite concentration measured at the end of the period
simulated. The second part of this Chapter demonstrates the application of the ASS3D
model. Four drain management alternatives were simulated, namely the existing drained
state, maintenance of elevated drain water levels at -0.5 and -0.3 m AHD through the
installation of weirs at these elevations, and the effect of removing the floodgates to

allow tidal ingress into the drains.

1.3.4 Part IV: Modeling of acid generation and geochemistry

The magnitude and rate of acid generation from the oxidation of pyrite and the
maintenance of acidic groundwater after the cessation of pyrite oxidation was

investigated and the outputs reported in Part IV of the thesis.

In Chapter 12, the rate of acid generation from the oxidation of pyrite was determined
for field and laboratory structured pyritic soil. The magnitude of the change in acid
production is linked to the height of the pyritic soil above the groundwater table and the
time that the pyritic soil remains in that state. Empirical equations that describe the acid

generation rate for homogenous and macropore structured soil are presented.
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Application of these equations enable land managers to determine the amount of acid
produced during periods, where the groundwater table is below the pyritic soil in a semi-

quantifiable fashion.

The management of the existing acid that was present in the soil, groundwater and
drains is addressed by the application of geochemical concepts in Chapter 13. Two
potential acid management strategies were investigated. Firstly, the potential benefits
associated with allowing a controlled volume of saline water to intrude into the flood
mitigation drains during high tide is investigated. A worked example is used to
illustrate the potential improvement in water quality discharged from the drains to
Broughton Creek. The second area of investigation is associated with the iron and
aluminium geochemistry of acidic minerals in the actual acid sulfate soil. Two
geochemical equilibrium models are used to demonstrate that: the groundwater quality
will remain poor for a substantial period of time due to the dissolution of acidic iron and
aluminium minerals, and the injection of a calcium carbonate slurry into the soil will
improve the groundwater quality and facilitate the rapid dissolution of these acidic

minerals.

1.3.5 Part V: Conclusions and recommendations

Conclusions are given in Chapter 14 which summarises the findings of this research in
relation to the effectiveness of manipulating groundwater tables by the installation of
weirs in flood mitigation drains to control the generation and discharge of pyrite
oxidation products. For the benefit of future studies related to the management of
pyritic soils, a number of recommendations and issues that require further research are

discussed.



Chapter 2: Introduction to acid sulfate soils

This Chapter presents a discussion of the nature and properties of acid sulfate soil. The
development and implementation of rehabilitation strategies aimed at mitigating the
impact of acid discharge from areas of poorly managed acid sulfate soils requires a
through understanding of their chemical, physical and hydrological properties and how
these properties are interrelated. The behaviour of acid sulfate soils in response to wet
and dry climatic conditions and artificial drainage is also described in order to highlight
the challenges involved in the development of sustainable management practices land
affected by for acid sulfate soils. Identification and understanding of the mechanisms
that lead to acid generation from either climatic or management factors provides
information that may be employed to rehabilitate degraded actual acid soil areas or at
least mitigate against extreme acid discharge events. The first part of this Chapter briefly
describes what constitutes acid sulfate soils, how these soils form and how they are
distributed, both world wide and in Australia. The behaviour of acid sulfate soil is

described in the second part of this Chapter.

2.1 Acid sulfate soil

Acid sulfate soil is the common name given to coastal floodplain soil and sediment
containing oxidisable, or partly oxidised, sulfide minerals. The usual form of these
sulfides is cubic iron pyrite (FeS,). Other sulfide compounds, such as iron monosulfide
(FeS), greigite (Fe3Ss) and various organic sulfides, may also exist in small

concentrations (Bush and Sullivan, 1996).

Where acid sulfate soils remain under reducing conditions, the sulfides remain

chemically stable. These soils are called ‘potential acid sulfate soils’. Sulfide oxidation



can occur where the pyritic soils are exposed to oxygen or other oxidising agents.
Oxidising conditions usually occur when potential acid sulfate soils are drained thereby
enabling oxygen to enter the pyritic layers. The oxidation reaction generates acidic
products which acidifies both the soil and soil water. These acidic soils are called
‘actual acid sulfate soils’. In many instances, oxidising conditions overlie reducing
conditions in a soil profile so that actual and potential acid sulfate soils exist in the same
soil profile. The term acid sulfate soils refers to the whole soil profile regardless of its
oxidation/reduction status. White ez al. (1996) suggest that the term acid sulfate soil
should be used to convey the notion that these soils can pose a significant threat to the

integrity of the environment and should be handled with caution.

2.2 Formation of acid sulfate soils

Acid sulfate soils form part of the global sulfur cycle. In short, dissolved sulfates are
reduced to sulfides which precipitate in sediments. When these sediments are exposed
to oxygen in the air, the sulfides are oxidised to either soluble sulfates or gases, such as
sulfur dioxide. The generalised component of the sulfur cycle, relevant to the formation

and oxidation of acid sulfate soils, is described by Equation (2.1).

reducing oxidising

SO —» S¥  — SO” 2.1)

sulfate sulfide sulfate

Pyrite is formed in low energy estuarine systems by a bacterial catalysed reaction
requiring a reducing environment, a source of sulfate, presence of labile organic matter
and a source of iron (Dent, 1986). A reducing environment can be maintained in coastal
floodplains where excess rainfall, regular tidal inundation and long water retention times

create waterlogged conditions that are essential for the existence of sulfate reducing
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bacteria.  Dissolved sulfate is abundant in seawater with a concentration of
approximately 2700 mg/L. Inundation of low lying land by brackish or sea water
provides an ample source of dissolved sulfate for the formation of pyrite. Sulfate

reducing bacteria require a source of organic matter for energy as described by Equation

2.2)
bacteria

S04 (aq) + 2CH,0(5) —— HaS(g) + 2HCO3 g (2.2)

Mangroves and coastal wetlands exist in brackish, reducing environments and produce
large amounts of organic matter. Iron is abundant in low-lying clay soil and alluvial
sediments. Under anoxic conditions, Fe** is be reduced to Fe** and made available for

pyrite formation.

The formation of pyrite and other associated sulfidic compounds is complex and poorly

understood. However, a generalised reaction has been described by Dent (1986) as:

reducing conditions

Fe,035) + 45047 (ag) + 8CH,0 + 1,0, —— FeSy() + 8HCO;3™ + 4H,0 (2.3)

iron sulfate organic matter pyrite bicarbonate

A schematic cross section of a mangrove tidal swamp showing the necessary conditions

for pyrite formation is given in Figure 2.1.
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Bactena, breaking down organic matter in a saline waterlogged environment,
reduce sulphate to sulphide, resulting in the formation of pyrite

Figure 2.1 Environmental conditions required for pyrite formation

[from Naylor et al. 1995].

Pons (1973) showed that the formation of pyrite in acid sulfate soils is proportional to
the organic content of the sediment. Pyrite concentrations have been reported as high as
15% (by mass) in acid sulfate soils from South East Asia, though Australian climatic

conditions generally limit the formation of pyrite to concentrations less than 5%.

Even under favourable conditions, the rate of formation of pyrite is very slow. Dent
(1986) suggested that it may take in the order of 100 years to form 1% pyrite (by mass)
in reduced sediments. The conversion of iron monosulfide (FeS) to pyrite (FeS,) is a
typically slow solid-solid reaction. However, the precipitation of pyrite from dissolved
Fe?* reacting with dissolved S04 is significantly quicker. Warmer temperatures and

slightly acidic conditions enhance the kinetics for the pyrite formation pathways.

Wada and Seisuwan (1988) propose that pyrite is formed at the interface of oxidising
and reducing conditions in the sediment profile. Sediments closer to the surface have a
higher oxidation status than deeper sediments that will enable Fe?* to be oxidised to
Fe**. H,S, produced by the microbial reduction of sulfate at depth (see Equation 2.2),
diffuses towards the surface. Where upwardly diffusing H,S meets with dissolved F e,

pyrite will form. Where sediment accumulation occurs at a slow rate, the zone of pyrite
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formation rises with the height of the deposited sediment leading to the increasing

thickness of a pyritic layer in the sediment over time.

Pons (1973) described the formation of pyrite by a primary and secondary reaction.
Pyrite accumulates by the primary reaction through the reaction of seawater (SO4*) and
the sediment (Fe’) at the soil-water interface when inundation occurs. Pyrite is evenly
distributed throughout the sulfide layer although the concentration of pyrite is generally
low (<1%). Secondary accumulation of pyrite occurs where favourable conditions are
present In micro-environments, usually associated with root channels or decaying
organic matter covered by sediment. The distribution of pyrite in the sediment formed

by the secondary reaction is extremely heterogenous.

Bush and Sullivan (1996) confirmed the secondary accumulation process and reported
that the distribution of pyrite is strongly correlated to structural features in the sediment.
In non-root soil material, Bush and Sullivan (1996) found that framboidal, irregular
massive clusters and unordered loose microcrystalline clusters were found in planar
fissures, other structural pores, and within the clay matrix. Partly decomposed root
remnants were frequently filled and coated with botryoidal clusters of pyrite framboids
and loose clusters of unordered micro-crystals. A large variation was also reported in
the size distribution of pyrite in the sediment, ranging from 0.5 pm for individual pyrite

crystals to 20 um for framboids.

Alkalinity in the form of bicarbonate ions is a reaction product of pyrite formation
reaction (Equations 2 and 3). In waterlogged environments, bicarbonate ions cannot be
precipitated from the soil solution and are subsequently lost from the soil by leaching.
Loss of stored alkalinity from the soil has significant implications with respect to the
rate and concentration of acid generated during oxidation of pyrite. Where the
concentration of pyrite is in excess of the acid buffering capacity of the sediment, there

is potential for the system to be a net generator of acid.



2.3 Distribution of acid sulfate soils

The area of acid sulfate soils deposited during the Holocene epoch occupies between

10-10% ha throughout the world (Brinkman, 1982) as shown in Table 2.1.

Table 2.1: World wide distribution of acid sulfate soils

(after Brinkman, 1982)

Region Area of ASS (x 10° ha)
Africa 3.7
Asia 6.7
Latin America 2.1
Australia 1.0

The conditions suitable for the formation of pyrite in sediments lend useful clues to the
location of acid sulfate soils in the coastal zone (Naylor ef al., 1995). Acid sulfate soils
occur in wave protected mangroves and marches, outer barrier tidal lakes, and
backswamp areas where the accumulation of organic matter and reduced sediments can
occur (Naylor et al. 1995). Roy (1984) shows that these geomorphological features
extend the length of the NSW coastline. Since tectonic activity in eastuer Australia has
been limited it is important to recognise that acid sulfate soils also exist in relics of these
environments. The distribution of acid sulfate soils mapped by Naylor ef al. (1995) 1s

shown in Figure 2.2.
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Figure 2.2: Distribution of acid sulfate soils in coastal NSW.

[after Naylor et al., 1995]
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The surface of the sulfidic horizon should be close to the elevation of mean sea level
when the acid sulfate soil was being formed. In eastern Australia, this is about 1 m
above the current mean sea level or 1 m Australian Height Datum [AHD]. The acid
sulfate soil has been buried by a variable thickness of alluvial or peat soil, usually to a
depth of less than 10 m. It is, therefore, a reasonable assumption to preclude the

presence of acid sulfate soils from coastal land at elevations in excess of 10 m AHD.

The extent of acid sulfate soils in Australia estimated by Brinkman (1982) in Table 2.1
appears to be understated. Naylor ef al. (1995) have mapped landform elements likely
to contain acid sulfate soils for the coast of New South Wales (approximately 1500 km
in length). These maps show that New South Wales has 0.4-0.6 x 10° ha of acid sulfate
soils. White et al. (1997) suggest that acid sulfate soils are likely to occur through
extensive areas of Queensland, the Northern Territory and Western Australia. If the
extent of acid sulfate soils throughout Northern Australia is similar to that in New South
Wales, then more than 3 x 10° ha of acid sulfate soils may exist in Australia (White er
al., 1997). The potential for acid generation from acid sulfate soils was reported during
the period of aggressive implementation of flood mitigation works in NSW by Walker
(1972), however, his recommendations with respect to the drainage these soils were not

adopted.

2.4 Properties of acid sulfate soils

The chemical, physical and biological reactions, and the interactions between these
processes, that occur during the oxidation of pyrite in acid sulfate soils, are complex and
not well understood (Dent, 1986). In general terms, three principal processes combine
to generate and transport toxic acidic products from acid sulfate soils to the broader
environment. These processes include the chemistry of pyrite oxidation and the

generation of acidic toxicants, soil physical processes that enable oxidation to occur, and

16



the landscape hydrology that controls the water balance across the site. A summary of

how these processes influence acid sulfate soils is described below.

2.4.1. Oxidation processes

Pyrite in moist acid sulfate soils will oxidise when its is exposed to oxygen. As the soil
pH falls below 4, oxidation occurs rapidly through a temperature dependant, bacteria
catalysed reaction. The oxidation reaction involves the conversion of solid pyrite to
dissolved iron and sulfate through a series of complex oxidation steps (Willett et al.,

1992). This reaction can be summarised as:

FeSy+ '/,0, + HO —> Fe?* + 280, + 2H" (2.4)

pyrite dissolved iron acid

Dissolved Fe** produced in Equation (2.4) may be oxidised to Fe**, a reaction which
generates more acid. If the pH > 4, a precipitate of ferric hydroxide will form. If the pH
< 4, Fe** can remain in solution. Fe** can directly oxidise pyrite whilst it undergoes a
reduction reaction, thereby promoting an Fe* <> Fe’* cycle, which accelerates the pyrite
oxidation process. This reaction, catalysed by the influence of Thiobacillus

ferrooxidans, can be described by:

FeS, + 14Fe** + 8H,0 — 15Fe*" +280,% + 16H" (2.5)

Where inundation of oxidised acid sulfate soils occurs, thereby limiting the source of
oxygen, oxidation of pyrite by the reduction of Fe’* can still occur as described in
Equation (2.5), provided the soil remains at pH < 4. This reaction may continue until

such a time as sufficient Fe’* is leached from the soil to stop the oxidation of pyrite.
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Under acidic conditions, Fe** liberated as shown in Equations (2.4) and (2.5) is soluble
and can be transported into streams at a considerable distance from the source of pyrite
(Nguyen and Wilander, 1995). In the stream, Fe** oxidises to produce ferrihydrite
(FeOOH), the characteristic red-brown floc, and a further 2 moles of acid. This reaction

can be described by:

Fe?* + /40, + */;H,0 —— FeOOHY + 2H" (2.6)

floc acid

Iron flocs contribute to environmental and infrastructure damage by smothering benthos
(Sammut er al, 1996) and clogging bores and filters. The Fe** oxidation reaction
consumes oxygen from the water column and can give rise to low dissolved oxygen

concentrations in streams.

The overall reaction for the complete oxidation of pyrite in moist sediments has been

described by Dent (1986) as:

FeS, + '3/,0, + 7,H,0 —> Fe(OH); + 2SO0, + 4H" (2.7)

For each mole of pyrite that is oxidised, four moles of acid are produced. Partial
oxidation products such as jarosite, the pale yellow coloured mineral, KFe3(SO4)2(OH)s,
are commonly formed under strongly acidic conditions during the reaction process and
can be used as an indicator of previous pyrite oxidation. The formation of jarosite is

described by:

3Fe(OH); + 2H,S04 + K* ——> KFe3(SO4q)2(OH)s + 3H,0 + H' (2.8)

acid jarosite



Jarosite hydrolyses slowly and represents a substantial store of acidity in the oxidised

soil profile as shown in Equation (2.9).

KFe3(SO4)2(OH)s + 3H,0 — 3Fe(OH); + SO,% + K + 3H (2.9)

Jjarosite acid

Clay minerals can dissolve under strong acidic conditions to release silica and metal
ions. Nriagu (1978) showed that the hydrolysis of the common estuarine clay, illite,
under acidic conditions liberates soluble aluminium, iron, potassium, sodium and
magnesium. Willett ef a/. (1992) and van Breeman (1973) showed that manganese and
trace heavy metals can also be released. Blunden et al. (1997), Sammut et al. (1996)
and many others report that the concentration of dissolved metals, particularly
aluminium and iron, is logarithmically proportional to the soil solution and/or

groundwater pH. This is illustrated in Figure 2.3 using data from Blunden et al. (1997),
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Figure 2.3: Relationship between pH and the concentration of A’ and Fe’*

Metal toxicity is dependent on the nature and concentration of the specific metal ions,

the nature and concentration of suspended particulate matter, pH, redox potential,
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salinity, alkalinity, temperature, competing cations and a host of other physio-chemical
factors (Ferguson and Eyre, 1996). However, the solubility of monomeric forms of
common metal ions (for example, Al, Fe) increases as pH falls below pH~5.5. Sammut
et al. (1995) reported that dissolved species of monomeric aluminium and iron
contribute to the injury and death of fish and crustaceans. ANZECC (1992)
recommended that aluminium concentrations in coastal waterways should be less that
Sug L' when the pH < 6.5 to ensure ecosystem protection. Sammut e al. (1996),
Indraratna and Blunden (1997) and many others have reported dissolved aluminium
concentrations up to three orders of magnitude in excess of these guideline
recommendations in surface and groundwater discharged from oxidising acid sulfate

soils.

Various metals, such as nickel and cobalt, may substitute for iron during pyrite
formation. Similarly, copper, zinc, lead and arsenic sulfides are related to pyrite and
may exist in small concentrations in acid sulfate soil environments. During sulfide

oxidation, these metals may be released in soluble forms (van Breeman, 1992).

The pH decrease caused by pyrite oxidation is mitigated by the neutralising capacity of
the soil (van Breeman, 1992). Calcium carbonate, clay dissolution and exchangeable
bases are important for instantaneous in situ acid neutralisation. Where acid
neutralising materials are abundant and of sufficiently small particle size to react
instantaneously with acid, the rate of pyrite oxidation is retarded by reducing the
catalytic effect of the Fe’* reduction-pyrite oxidation reaction. Caution must be
exercised when assessing the buffering capacity of acid sulfate soil so that non-reactive
calcium carbonate (such as coarse shells) is excluded from any calculation of in situ
neutralising capacity (Blunden and Naylor, 1995). Also of concern is the change in
composition of cations on the cation exchange complex of soil under severely acidic
conditions. Where low soil pH occurs, agriculturally beneficial cations such as calcium,
magnesium and potassium are replaced on the exchange complex by acidic cations such
as hydrogen and aluminium, both of which are toxic to plants in elevated

concentrations.
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The chemistry and kinetics of pyrite oxidation are more complex than suggested by
Equations 2.4-2.7. Different sulfur species of intermediate oxidation states (S° to $**)
may be formed, and various autotrophic iron and sulfur bacteria are involved in different
oxidation steps (van Breeman, 1992). However, for practical purposes relating to the
management and rehabilitation of acid sulfate soils, the descriptions of the reactions

described above are adequate.

2.4.2 Soil physical properties

The physical properties of acid sulfate soils determine the rate of acid generation and
discharge to the surrounding environment. Potential acid sulfate soils are generally
saturated estuarine clays. In many instances, the potential acid sulfate soils have
volumetric moisture contents between 80-120% giving rise to a soil texture approaching
that of a gel (White and Melville, 1993). These soils are texturally uniform with a fine,
tortuous, heterogenous pore space. The absence of large and/or continuous pore space
ensures that the hydraulic conductivity and oxygen diffusivity of these soils is extremely
low. Chapman (1994) reported saturated hydraulic conductivities between 0.83-1.21
mm h'for potential acid sulfate located near Berry, NSW. Low hydraulic conductivity
impedes drainage of these soils and the influx of oxygen into the profile, thereby

limiting any potential for the oxidation of pyrite.

After burial of acid sulfate soils by younger alluvial sediments and less frequent tidal
inundation, sodium is leached from the cation exchange sites on the clays by fresh water
and is replaced by higher valance cations, such as calcium and magnesium. Similarly,
hydrogen and aluminium ions are liberated from the cation exchange sites. When
higher valance basic cations occupy the cation exchange sites, the clays flocculate,
forming aggregates. Such aggregation causes significant change in the pore size

distribution (i.e., tending towards larger pores) thereby allowing greater drainage and
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diffusion of oxygen into the soil profile. Oxygenation of the soil also gives rise to
exploration by plant roots and soil fauna in search of soil moisture. Roots and burrows
increase the macroporosity, permeability and diffusivity of the soil. The establishment
of vegetation above potential acid sulfate soils also gives rise to dewatering of the
profile by evapotranspiration. Entry of oxygen into the potential acid sulfate soil layer
causes oxidation of pyrite in accordance with Equation (2.7). Inherent in the pyrite
oxidation process are irreversible changes to the colloidal structure of the clay fraction
of the soil. This process is called ‘ripening’ by van Breeman (1973) and Dent (1986).
In the ripening process, potential acid sulfate soils undergo irreversible shrinkage due to
the removal of water from the profile and are transformed over geological time scales

into dryland, non-acid sulfate soils.

Water is lost through consolidation of the saturated potential acid sulfate sediment by
the overlying alluvial material deposited on top of it, evaporation from the surface and
through extraction of water by plant roots. Oxidation of pyrite is promoted down
preferred pathways created by old roots. Severe acidification caused by oxidation of
pyrite strips clay colloids of some cations. The soluble oxidation products help
flocculate the unconsolidated clays. The flocculated clays form an aggregated soil
structure which is more permeable to oxygen and therefore enhances the oxidation of
pyrite in the ripening acid sulfate soil. Oxidation products are transported more rapidly
through the more porous flocculated soil matrix and macropores caused by roots.
Flocculation of the clay by oxidation products leads to the irreversible shrinkage of the
deposited clays. White and Melville (1993) reported that a potential sulfate soil with
80% volumetric moisture content had a shrinkage of 50% upon complete drying. The
flocculated clays do not disperse on rewetting that occurs during rainfall or flooding.
Thus, the ripening process gives rise to accelerated rates of pyrite oxidation in the acid
sulfate soil layers as the generation of acid leads to greater ripening. Arresting the self
promoting ripening-oxidation cycle is extremely difficult but necessary to prevent the

generation and discharge of acid.

Ripening of potential acid sulfate soils to actual acid sulfate soils occurs above the water

table in unsaturated soil horizons where sufficient oxygen can react with pyrite. A
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typical acid sulfate soil profile may include a surface layer of non-pyritic alluvium, a
horizon of actual acid sulfate soil grading down into unconsolidated potential acid
sulfate clay gels below the water table. White and Melville (1993) reported substantial

changes in soil physical indices for an acid sulfate soil profile near Tweed Heads

(NSW). These data are shown in Table 2.2.

Table 2.2: Soil physical data for an acid sulfate soil profile.

(from White and Melville, 1993)

Soil horizon Ksat Bulk density | Air filled
(mm h™) tm>) porosity
(vol vol™)
Jarosite layer 33.0 0.98 0.35
Transition zone 28.6 0.89 0.13
Blue estuarine clay 1.1 0.57 0.0

As the permeability of the soil increases, the conditions for pyrite oxidation become
more favourable. The ripening process becomes self-fulfilling where changes to the soil
structure induced by severe acidification promote further oxidation of pyrite which

generates even more acid.

2.4.2.1 Oxygen transport

The concentration of oxygen in acid sulfate soil is the main determinant of the rate of
pyrite oxidation. Diffusion is the main transport mechanism for the entry of oxygen into
the soil (Refsgaard er al., 1991), when disregarding advective transport through very
large cracks in the soil and/or air pressure differences within the soil profile. The

diffusion process is described by Fick’s second law:
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(2.10)

where D is the diffusion coefficient of oxygen in the soil, C, is the concentration of

oxygen is soil air, z is depth and t is time.

Several empirically derived relationships between the diffusion coefficient and air-filled
porosity have been reported (e.g., Troeh er al., 1982; Hodgson and MacLeod, 1989).
These relationships show that the diffusion coefficient is dependant upon the air-filled

porosity, and by difference, the volumetric moisture content of the soil.

Once the oxygen diffusion coefficient for a soil is known, the concentration of oxygen
in the soil pore space can be determined using equations like that developed by

Refsgaard et al. (1991):

@2.11)

where, Ca(x) is the concentration of oxygen in air-filled pores (m’> m>), Ds is the
diffusion coefficient of oxygen in air-filled pores (m*d™), tis time (d), x is distance (m),
oy is the volumetric oxygen consumption rate (m®* m> d"') and €, 1s air-filled porosity

(m3 m> ).

As noted earlier, the oxidation of pyrite is directly related to the concentration of oxygen
within the acid sulfate soil. Once the concentration of oxygen in a potential acid sulfate
soil is determined, it is relatively simple to calculate the rate of pyrite oxidation and the

generation of oxidation products according to Equation (2.7).

24



2.4.2.2 Water flow in soils

The flow and moisture status of water in soil is caused by differences in hydraulic head
within the soil profile. In unsaturated soil, the hydraulic conductivity is dependant on
the moisture content (0) of the soil. Hence, an unsaturated hydraulic conductivity
function, K(G), can be determined. The flux of water through unsaturated soil at a
specific soil volumetric moisture content can be determined by the solution of Darcy’s

Law. Darcy’s Law in one dimension can be expressed as:

= -K(® 5_H
¢ =-K(®) (2.12)

where, gx is the component of the soil-water flux in the x direction and H is the total

pressure potential (unsaturated flow).

By substituting Darcy’s Law into the continuity equation, a general unsaturated flow
equation can be described for three dimensional water flow in isotropic media. This

equation is defined as:

08 0 OH 0 OH 0 oH

P E(K(O)EHE(K(O)EHE(K(O) P (2.13)
Substituting H = z + h yields:

08 0 oh. 0 oh 0 oh  OK(h)

= = 5 KO +E(K(e)5)+ 5, (KO Z )+~ (2.14)

where, z is depth relative to an arbitrary datum and h is the matric potential in the soil.
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Since 6 is related to h via the soil water retention curve, K(8) can also be expressed as

K(h). Through the introduction of the specific water capacity C(h):

00 db oh oh
E:EE:C(}I)E{ (2.15)

where, C(h) is the slope of the water retention curve. Equation (2.14) can be converted
into an equation with one dependant variable. Replacing K(0) with K(h) and
substituting into (2.14) yields the well known Richard’s Equation (2.16), describing the

flow of water in a 3 dimensional porous media:

0 oh 0 oh. JK(h
—(K(h)—)+—a (K(h)*)+—( ) (2.16)
V4 oz

06 oh 0O @) .
ox" oy oy oz

o = c) 5o =o (K(h)

Solution of Richard’s Equation for defined boundary and initial conditions enables the
volumetric moisture content and water flux to be determined for a three dimensional soil
profile. This data can be employed in the calculation of oxygen diffusivities for the
subsequent determination of the concentration of oxygen in the soil pore space and

oxidation of pyrite.

2.4.2.3 Water retention and unsaturated hydraulic conductivity curve

Where unsaturated soil conditions exist, the soil water matrix potential is negative. Soil
macropores drain according to their diameter, with large pores offering least resistance
to the suction applied by drainage or evapotranspiration. As drying increases and the
applied matrix suction (h) becomes more negative, progressively smaller macropores are

drained of water and are subsequently filled with air. The amount of water remaining in
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the soil at equilibrium is a function of the size and volume of the water-filled pores and

hence 1s a function of the matrix suction.

The soil structure affects the shape of the soil moisture characteristic curve, particularly
in determining the air-entry value (often in the range -1 < h < -10 kPa), which
corresponds to the suction at which the largest pores will start to drain. Where soils
have continuous, large macropores created by roots or soil fauna, these pores readily
drain at relatively low matrix potential thereby increasing the air-filled porosity of the
soil and enabling diffusion of oxygen into the soil profile. In fine textured soil with few
macropores (or where pores have been reduced in size by compaction), the capillary
forces holding water in the pores are greater, resulting in loss of water from the pores
only at a relatively high applied suction. The general form of the relationship between
soil moisture content, hydraulic conductivity and suction are shown in Figure 2.4 for a

sand and a clay.

van Genuchten (1980) empirically derived an “S” shaped curve for the water retention
function and formulated a closed-form analytical expression for the unsaturated
hydraulic curve using the Mualem (1976) statistical pore size conductivity model. It is
important to note that the van Genuchten (1980) expression is valid only for non-

swelling soils, which include most acid sulfate soils. The van Genuchten equation is:

6-6

ahl")"

0=6+
(1+

2.17)

where 6; is the saturated volumetric moisture content, 6, is the residual moisture content,
a is a shape parameter approximately the inverse of the air entry value (m™), nis a

dimensionless shape parameter and m=1-1/n.
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Figure 2.4: Soil water retention and hydraulic conductivity for a clay soil.

Combining (2.17) with the Mualem hydraulic conductivity model describes unsaturated

hydraulic conductivity as a function of the soil-water matrix potential. This closed-form

analytical expression Is:
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K(h) = K. [1 — o™ (1 + ’ah\”)'"']z
A [1 + |ah|"]m

(2.18)

where, K; is the saturated hydraulic conductivity and X is a shape parameter depending

on dK/dh.

Other researchers, including Fredlund et al. (1994) and Leong and Rahardjo (1997),
have developed closed-form equations to derive unsaturated hydraulic conductivity
expressions from moisture retention curves. In the main, these newer expressions are
more complex than the van Genuchten equation and offer only marginal improvement in
the accuracy of determining K(h). All the closed-form equations appear to derive very
similar outcomes for K(h), where h is close to zero (i.e., near saturation). Given that
acid sulfate soils are likely to remain relatively wet even under ‘normal’ climatic
conditions, calculation of the K(h) function by any of the closed form equations
described above should give a reasonably accurate approximation for the physical
parameters of the soil likely to be encountered in the field. In fact, many numerical
simulation models derive soil material properties by using van Genuchten input

parameters (e.g. FEMWATER, HYDRUS-2D, SWMS-3D).

Once the volumetric moisture content () of the soil can be established, the air-filled
porosity (8, or €) of the soil can be calculated by 8, = 6, - 8. The diffusivity of oxygen
in a soil profile increases as the air-filled porosity increases. Equation (2.19) describes
an empirically derived relationship between the oxygen diffusion coefficient and air-

filled porosity down a vertical section of the macropore space (Bronswijk ez al., 1993).

Di(&) = F x [1 ~(1- ggﬂ x Do (2.19)

where, D, is the oxygen diffusivity is the air (m* d'l) and F is a tortuosity factor.
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The distribution of water in the soil profile determined by the solution of Richard’s
equation can be readily converted to give the air-filled porosity of a soil at a particular

depth within a profile.

2.4.3 Hydrological interactions

The generation and transport of acid produced from the oxidation of pyrite in sulfidic
sediments is largely determined by the shallow groundwater hydrology of the catchment.

Various studies, summarised by White et al. (1997), show that it is essential to know:
a) the depth of the acid sulfate soil layer from the surface;
b) the dynamics of the groundwater table relative to the acid sulfate soil layer;

c) the impact of climate, drain and land management on the floodplain water
balance and its control of water table dynamics and export of oxidation

products.

in order to develop appropriate acid sulfate soil management strategies

or to better manage existing drains in areas affected by acidification.

A simplified representation of the water balance of a coastal floodplain (White er al.

1997) may be described by:

P+I+L,=E+R+L,+D+AS (2.20)

inputs outputs storage

where, P is precipitation, I is irrigation, L; is the lateral inflow of water, E 1S
evapotranspiration, R is surface runoff, D is drainage to the water table, AS is change in

soil moisture content above the water table, and L, is the lateral outflow.

30



Using Equation (2.20), a simple assessment of the implications of land and water
management in areas of acid sulfate soils can be undertaken. Acid sulfate soils occur in
coastal floodplains where P > E;. R and L, can be large components of the water
balance, resulting in the inundation of low lying backswamps for considerable periods
of time. In order to use such low lying areas for agricultural purposes, extensive
drainage networks have been constructed to efficiently remove excess surface water.
One-way floodgates have been installed where drainage systems discharge into tidal
systems at low tide to protect against inundation and to drain the land as quickly as

possible.

Channelised, high density drainage systems have greatly increased the rate of L,. Where
backswamps may have been inundated for say 100 days under natural hydraulic
conditions, the installation of floodgated drainage systems has resulted in excess water
being removed from backswamps in less than one week. Since drainage does not alter P
or E; (assuming that crop vigour approximates native vegetation water use) but greatly
increases L,, a net increase in the water discharged from the system occurs. This results
in a lowering of the watertable below its natural position. When the watertable is
lowered below the level of sulfidic sediments, pyrite is oxidised, thereby acidifying the
unsaturated soil column above the watertable. Acid is subsequently discharged via the
efficient drainage system by removing shallow groundwater directly to the drains and by
the removal of excess surface water on filling of the acidified storage component of the

soil profile during subsequent flooding.

According to White ef al. (1997), the change in height of the shallow water table (AH) at
any given time period is a function of the vertical drainage (D), lateral groundwater
inflow (Lg) and outflow (Lg,), evaporation from the water table (E,) and the available
porosity of the soils expressed as the specific yield (Y;), which is the volume of
groundwater per unit area per unit change in water table height. The shallow

groundwater dynamics in the vertical plane can be calculated by:
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Y AH=D + Lg;-Eg- Ly 2.21)

Groundwater recharge, Eg < E; and D - E,, can be calculated by comparing Equations

(2.20) and (2.21).

As described in Section 2.4.2, highly permeable actual acid sulfate soils often overly
unoxidised impermeable potential acid sulfate soils. Rain which falls on the oxidised
acid sulfate soils (or the permeable veneer of alluvium which may overlie the acid
sulfate soil) rapidly flows to the water table with little surface runoff. The unoxidised
potential acid sulfate soils form an impermeable base and the oxidised actual acid
sulfate soils rapidly fill up during rainfall. Shallow acidic groundwater is transported
laterally to drainage lines through the highly transmissive shallow soil horizons. If
sufficient rainfall occurs, the soil storage may fill giving rise to significant volumes of
acidic surface runoff. In dry or drought periods, D, Lg and Ly, in Equation (2.21) are
zero. The water table height (H) falls due to evaporative losses. If H falls below the
depth of the potential acid sulfate soil layer, pyrite may be exposed to oxygen and the

acid forming reactions described in Equations 2.4-2.7 may proceed.

White er al. (1997) suggested that it is useful to analyse the hydrology of coastal
floodplains for wet and dry periods separately. In addition, artificial drainage has had

substantial impact on the hydrology of coastal floodplains.

2.4.3.1 Effect of prolonged wet periods

In wet periods, or over a longer term, changes in the storage components described in
Equation (2.20) are insignificant in comparison to rainfall, upland inflow, outflow and
evapotranspiration. Inflow (L;) is dependant on the area of the upland catchment (Ay),
the upland precipitation (P,) and the partitioning of upland rainfall (r,) that becomes
inflow to the floodplain area (Af). White e al. (1997) show that:
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1= ruPuAu
=T 2.22)

In very wet periods, P, = P, 1, » 1 and the water table is at or above the soil surface.
Consequently, vertical drainage in Equation (2.20) is close to zero and the only store is
ponded water on the surface (AS;). Under these very wet conditions the water balance

for the floodplain becomes (White et al., 1997):

Ar+ Au
P VR Ei+ Lo+ DSp (2.23)

White et al. (1997) suggest that the ratio, Ar:A,, for coastal eastern Australian rivers is
small and typically of order 10. Given this relatively small ratio, Equation (2.23) shows
that upstream inflow can be a major contributor to the water balance of the floodplain

during wet periods.

Data collected by Sammut ef al. (1996) and White et al. (1997) show the components of
the monthly water balance during a flood in the Tuckean Swamp, a tributary of the
Richmond River in Northern New South Wales. These data are shown in Table 2.3.
The water balance example shown in the table demonstrates that upland inflows and
outflows dominate the floodplain water balance during wet periods. The excess water
fills floodplain depressions and backswamps by overtopping natural levees and overland

flow onto already saturated or ponded lowland landscapes.
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Table 2.3: Components of the water balance for Tuckean Swamp - March 1994 flood

(from Sammut ef al. 1996; White et al. 1997).

Water balance Amount | Volume Mean pH | Quantity of acid
component (mm) | (x 10°m®) (SE) (t HoSOq)
Floodplain rainfall, P 590 2306 5.8 -
Upland inflow, L; 1980 79.2 ' 6.9 -
(0.1)
Evapotranspiration, E; 150 6.0 - -
Surface water, AS, 200 8.0 3.1 320
(0.1)
Drainage network 20 0.8 3.0 39
(0.04)
Outflow, L, 2200 88.0 3.7 860
(0.5)
Groundwater store 380 15 3.0 750
(0.06)

In natura) landscapes, floodplain outflow is conducted by tortuous drainage channels
with appreciable hydraulic roughness and by swamps existing behind natural levees.
Under these conditions, ponded surface water persists for long periods because of the
slow rate of surface drainage. Once the water level in the backswamps falls below the
minimum height of the levees and drainage channels, the reduction in the surface water
level in the backswamps is by evapotranspiration only. Water depths in backswamp
areas are typically 0.5 m with evapotranspiration rates of about 5 mm d'. Ponded
water may persist for periods of about 100 days given no further rainfall. The volume of
acidic water ponded in the backs