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Abstract
As mineral deposits continue to be mined, the non economic gangue materials such as
sulphides (e.g. pyrite) that are extracted as part of the ore body or overburden are deposited within
the waste rock and/or milled tailings. As a result of natural weathering processes, these reactive
materials represent a potential hazard to surrounding environments. A major consequence, resulting
from mine-waste impoundments containing sulphidic materials, relates to the offsite movement of
low pH leachates containing elevated concentrations of metal ions posing a contamination threat.
The processes and mechanisms acting in the formation of acid mine drainage (AMD) are
highly variable and, to a high extent, controlled by climatic conditions as the main driver of water
flow and wetness of the system which in turn determines the availability of oxygen as well as water
for pyrite weathering. In particular, this thesis is based on the hypothesis that in semiarid and arid
climates the acid production may be water limited rather than oxygen limited, as water flow in soil
and tailings occurs during highly episodic events with long dry periods where oxygen can freely
diffuse into the soil and tailings. This implies that a combination of physical processes driven by
climatic conditions, along with chemical processes occurring during episodic wet and dry phases
determine the amount and rate of production of AMD. Furthermore, many tailings consist of milled
mafic rock fragments that are poorly defined in terms of their reactivity and retention behaviour of
potential heavy metal contaminants. The thesis has accordingly the following objectives: (i) to
assess and quantify hydraulic properties such as water retention and hydraulic conductivities of
tailings and sand mixes as determinants of water flow, (ii) to assess the effect of unsaturated water
flow on AMD in pure pyrite/sand and tailings systems at circum neutral pH, (iii) to assess how
AMD is affected by different water flow regimes and, in particular, how the AMD rate changes due
to water content under static conditions and (iv) to assess the reactivity of a mafic rock tailing as
affected by unsaturated water flow. The objectives were achieved by well controlled and well
defined laboratory experiments.
The results from experiments investigating the hydraulic properties of tailings mixtures show
that wherever fine materials (tailings) were added into coarse materials, the voids between the
coarse grains are filled and the total available pore space is reduced. This was dependent in the
quantity of fine materials used and this critical tailing fraction was determined to be 40 %. As a
small quantity of fines is added, the soil water retention curve (SWRC) resembles that of the coarse
material alone. Gradually increasing the quantity of fines contributes first to the filling of sand-sized
voids up to a point at which the voids between sand grains are completely occupied by the bulk

volume of the tailings. At this point the binary mixture has minimum porosity and the SWRC
resembles that of tailings alone. A subsequent increase in tailings content contributes to the collapse
of these pores and forms a system in which sand materials are unconnected and float within a
tailings matrix.
Pyrite weathering under well controlled laboratory conditions showed well defined trends of
sulphate production in relation to water content. Under static conditions, in which pyrite was
weathered within a limesand and quartz sand matrix at 0.1 %, 25 %, 70 % and 95 % water
saturation using small columns, the amount of water-extractable sulphate as a measure of pyrite
oxidation substantially decreased at the very low moisture content. This indicated that in semiarid/arid settings, where oxygen availability is non-limiting, water availability is the rate
determining factor for sulphide oxidation. Sulphate production was highest at intermediate water
contents driven by non-limiting water and O2 supply. Under saturated conditions, in which there is
limited availability of oxygen, pyrite was oxidised at faster rates as compared to pyrite oxidation at
the very dry conditions. Furthermore, under unsaturated flow conditions which are associated with
changing water contents and porewater velocities, sulphate production slightly increased compared
with saturated conditions. Overall, both the water content and the flow regime are the predominant
controlling factors of pyrite oxidation rates. These experimental results have shown that oxidation
rates under no-flow conditions are not the same as pyrite weathering under saturated and/or
unsaturated flow conditions.
The experimental assessment of reactive transport of Li+ through mafic rock tailings, as
affected by unsaturated water flow conditions, employed miscible displacement experiments for
which a K+ solution was displaced by a Li+ solution. The experiments were repeated at different
water contents ranging from 0.24 to 0.33 cm3 cm-3. Breakthrough curves (BTC) of Li+, K+, Ca2+,
Mg2+, Na+ and pH were measured and described with models of different complexities. This
included the use of a simple linear and non-linear isotherms for Li+ alone, a binary Li+ - K+ ion
exchange, and a complete multicomponent chemical equilibrium description of ion transport. The
latter, by including dissolution of primary minerals which released base cations such as Mg2+, Ca2+
and K+ explained some of the elution patterns of base cations for which the Li+ - K+ exchange was
the dominant process. Furthermore, under unsaturated water flow conditions, retardation of Li+
increased with decreasing water content. Thus solute mobility in mafic rock tailings appears to
decrease under strongly unsaturated water flow conditions.
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Chapter 1: Introduction
1.1 Background information and research hypothesis
By their very nature, mining and milling activities for metal and mineral recovery
are characterised by a host of operational and environmental risks. Waste-rock, low-grade
ores and tailings are the principal streams requiring on-site containment, so that impacts (e.g.
solute release) on the receiving environment are minimal over the longer term. Where minewaste materials contain sulphide minerals (e.g. pyrite), in particular, it is therefore
mandatory that management strategies prevent the formation of acid mine drainage (AMD).
Central to preventing AMD formation is the control of pyrite weathering through the
engineered manipulation of the aeration, moisture, and biotic regimes whereby pyrite
oxidation kinetics are constrained within acceptable limits. Restricting the flux of oxygen to
pyrite grains via various forms of purpose-built earthen covers is now routinely employed
worldwide for mine-waste containment. In humid settings, mine-waste covers invariably
comprise layers of soil, and/or regolith materials, where at least one layer has its pore spaces
near saturation, and thereby functions as a barrier to oxygen diffusion. Although mine-waste
covers of this design may also be employed in semi-arid areas of sufficient rainfall (e.g.
savannas of northern Australia), it is not possible to maintain near saturation within covers in
areas of sparse rainfall and strongly desiccating conditions (e.g. much of inland Australia).
Where unsaturated conditions are the norm, pyrite oxidation beneath mine-waste
covers is seldom limited by oxygen supply, since diffusion ensures a high degree of aeration
that is practically time invariant. However, the moisture regime of such mine-wastes may
vary widely from near saturation accompanying major episodic drainage through the cover,
to air dryness following extended periods (e.g. up to several months) of drought. Under these
conditions, pyrite oxidation, and the transport of oxidation products (e.g. H+ and SO42-), both
take place in pore water films whose thickness and composition depend on the time-varying
moisture status of the mine-waste.
Over the last few decades major advances have been made on the mechanistic
understanding of biotic and abiotic oxidation of pyrite under conditions where water is nonlimiting (i.e., systems with a moderate-to-high water status). Under these conditions, the
influence of key biogeochemical variables (e.g. pH, oxygen fugacity, temperature, and
bacteria) has been examined, as outlined in the following literature review (Chapter 2). A
major outcome of such research is the sensitivity of pyrite-oxidation kinetics to oxygen
supply, and limiting the supply of oxygen is the driving geochemical control variable that
underpins some engineered covering strategies (i.e., oxygen-diffusion barriers) for mine1-1

waste containment. However, little is known about the geochemical behaviour of pyrite
oxidation under well-aerated conditions where water is limiting and highly variable in time
and space.
Tailings produced at hard-rock metalliferous mines generally comprise particles with
sizes of clays, silts, and fine-sands, as determined by the grind-size employed during milling.
Segregation during discharge of tailings slurries to impoundments results in marked lateral
and vertical variations in tailings-bed texture and structure, so that pore water flow processes
occur in spatially heterogeneous systems. During the operational phase of an impoundment,
pore water flow necessarily occurs under saturated conditions irrespective of climate at the
mine-site. However, flow during the post-operational phases occurs under variably-saturated
conditions, as governed by weather patterns, and in the case of decommissioned
impoundments, by the water-balance of the (invariably vegetated) cover. In semi-arid areas
characterised by sparse and episodic rainfall events, weathering and solute-transport
processes within covered tailings-beds are therefore closely linked to the transient dynamics
of pore water flow under variably-saturated conditions within a spatially heterogeneous
porous medium. Transport of reactive solutes is further complicated by sorption reactions
exhibiting varying affinity and kinetics, due to structural imperfections on the surfaces of
tailings particles and to the heterogeneous surfaces presented by a diverse mineralogical
composition of tailings.
Waste-rock and low-grade ores typically comprise of a mixture of rock-fines (viz.
clays, silts and sands), and gravels, cobbles and boulders, as governed primarily by the
fragmentation characteristics of the rock in situ, and excavation (including blasting)
methods. Segregation during handling and placement (e.g. end-tipping) results in wastedumps and stockpiles in which saturated flow processes are spatially heterogeneous.
Saturated flow occurs primarily through flow paths comprising coarse voids and channels,
whereas transient unsaturated flow is largely confined to interconnected finer pores. In terms
of sulphide oxidation and solute release in waste-dumps and stockpiles, there is a marked
difference between the roles played by rock-fines and cobbles/boulders. On a surface-area
basis alone, weathering is favoured within rock-fines irrespective of climate. Moist
conditions also persist considerably longer within rock-fines. Weathering of waste-rock and
low-grade ores in semi-arid areas is therefore largely controlled by the rock-fines fraction,
and such weathering typically occurs under variably-saturated, transient conditions in a
manner similar to that for tailings, as discussed above.
Despite its importance to the longer term of management of pyritic mine-waste
within inland Australia, there is currently only a limited understanding of the nature and
1-2

kinetics of rock-air-water interactions, and solute-transport processes, under variablysaturated conditions where the moisture status is typically low, and flow is highly transient.
The present study therefore, under the hypothesis that in semiarid/arid environments
weathering of sulphide minerals and solute transport are strongly influenced by water
content, has primarily been undertaken to provide an indication of factors controlling pyrite
oxidation rates at circum-neutral-pH. Biotic weathering processes also contribute, though
within circum-neutral systems this is minimal.
To investigate controls on pyrite oxidation, well characterised mixtures of specimen
pyrite, calcareous sand, and quartz sand were employed in controlled laboratory-column
experiments over a wide range of water contents, and varying flow rates under saturated
conditions. Column experiments were also carried out to assess the hydraulic properties of,
and solute transport within, tailings-sand mixtures employing tailings derived from the
Nevoria Gold Mine located near Southern Cross, Western Australia. The combination of
controlled laboratory-column experiments under unsaturated conditions, and solute-transport
models, as employed in the study, is the first of this kind in addressing pyrite-weathering
behaviour at circum-neutral pH, as applied to semi-arid settings.

1.2 Thesis structure
A review of iron sulphide mineral oxidation mechanisms and kinetics, and the
physical characteristics of a porous media pertinent to solute transport under saturated
conditions, is presented in Chapter 2. Considering the thesis presents both experimental and
modelling aspects of AMD and solute transport, current modelling application to AMD
formation and fate within mine-waste structures is presented in great detail in section 2.4.
To investigate the fundamental physical-chemical processes acting in the evolution
of AMD and their potential effects in the transport of oxidation products, two distinct
approaches have been used, these being: i) a well defined model system and ii) a real minetailing system. The well controlled approach consisted of a study to assess the hydraulic
properties of tailings on tailings-sand mixtures (Chapter 3), and experiments examining
water-content -flow effects on pyrite weathering at circum-neutral pH using mixtures of
specimen pyrite, calcareous-sand, and quartz-sand (Chapters 4 and 5). The dependence of
circum-neutral pyrite oxidation kinetics on water content, which varied from near saturation
to air-dryness, is the subject of Chapter 4, and pyrite weathering under saturated and
unsaturated flow regimes is the focus of Chapter 5.
The role played by potential structural imperfections (induced through crushing and
grinding of in situ primary rock) on solute transport under unsaturated, circum-neutral
1-3

conditions, was assessed using the tailings-sand mixtures prepared from the Nevoria tailings,
as described in Chapter 6. Findings detailed in Chapter 3 assisted in defining quantities of
sand and tailings to make up the mixture. Chapter 7 provides a review and synthesis of the
findings on pyrite oxidation obtained from the experimental work described in previous
Chapters, and makes general conclusions about the weathering behaviour of, and solute
transport within, mine-wastes located in semi-arid/arid environments.

1-4

Chapter 2: Literature review
2.1 General statement
Although each Chapter of this thesis presents a review on the fundamentals of the
topic to be covered; as a first step, this review will briefly address the physical, chemical,
and biological parameters that are active in the development of acid mine drainage (AMD).
Then, the review will briefly address the general parameters that influence the fate and
transport of contaminants through a porous medium. To evaluate experimental or field
observations on the fate and transport of contaminants, sophisticated modeling models/codes
are being recently used and therefore, the last part of this review will present a detailed
account of the mathematical basis, principles of the models and examine selected AMD
predictive modeling case studies.
2.2 An overview on AMD and its controlling parameters
Pyrite weathering and the formation of acid mine waters and can be expressed by:
FeS2(s) + 15/4 5O2(g) + 7/2H2O(l) = Fe(OH)3(S) + 2SO42-(aq) + 4H+(aq) + Heat

(2.1)

2FeS2 + 2H2O + 7O2 → 2Fe2+ + 4SO42- + 4H+

(2.2)

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O

(2.3)

FeS2 + 8H2O + 14Fe3+ → 15Fe2+ + 4SO42- + 16H+

(2.4)

Reaction (2.1) describes the overall stoichiometric reaction of pyrite oxidation.
Reactions (2.2) to (2.4) formulate chemical oxidation of pyrite. Clearly, oxygen and ferric
ion (Fe3+) are the major oxidants of pyrite while water is an important reactant. Ferrous
(Fe2+) and ferric ions are cycled between the processes of oxidation of Fe2+ to Fe3+ by
atmospheric O2 and Thiobacillus ferrooxidans activity (reaction 2.3), and reduction of Fe3+
to Fe2+ by pyrite oxidation (reaction 2.4) (Singer and Stumm 1970; Evangelou 1995; Rose
and Cravotta 1998). Acidity produced by AMD can be neutralised in the presence of
sufficient carbonate minerals (reactions 2.5 and 2.6). Crystalline CaCO3 (calcite) often
occurs during late stage mineralization, particularly in mafic lithologies and is a natural
neutralizing compound of acidity which can go through various buffering plateaus (Skelton
et al. 1997; Kump et al. 2000).
FeS2 + 2CaCO3 + 15/4O2 + 15H2O → Fe(OH)3 + 2SO42- + 2Ca2+ + 2CO2 (g)

(2.5)

FeS2 + 4CaCO3 + 15/4O2 + 7/2H2O → Fe(OH)3 + 2SO42- + 4Ca2+ + 4HCO3-

(2.6)

Major geochemical processes as defined in reactions 2.1- 2.6 are controlled by key
biogeochemical and physical factors, as discussed in the following sections.
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A)

Oxygen
Oxygen in mine-waste impoundments (e.g. waste-rock and/or tailings spoils)

behaves according to its mode of transport. While the oxygen concentration in the
atmosphere of spoils decreases with depth and this correlates with an increase in CO2
concentrations, the zone of active oxidation is confined to relatively shallow zones above the
water table (Jaynes et al. 1983; Dubrovsky et al. 1985). In this environment, oxygen moves
readily by molecular diffusion through material that has high gas-filled porosity (Jaynes et al
1983; Jaynes et al 1984a ). In fact, Elberling (2001) observed that at wet sites the actual rate
of oxygen consumption is reduced by a factor of 100, compared to well-drained sites.
According to Hammack and Watzlaf (1990) however, although oxygen partial pressures may
be reduced to less than 10 or even 5 per cent of their original values by mine-waste covers,
this reduction does not seem to significantly slow the overall pyrite oxidation rate. Pyrite
oxidation is independent of O2 concentrations over the range 21 to 0.5 volume percent
(Hammack and Watzlaf 1990).

B)

Temperature
Pyrite oxidation is very exothermic and therefore relatively low oxidation rates tend

to generate temperature increases. The heat energy produced in the reaction (2.1) for
complete conversion of one mole of pyrite to ferric hydroxide amounts to about 1490
kilojoules at 25°C (Rose and Cravotta 1998 and references therein). A body of pyritic
material can warm internally to temperatures at least as high as 60°C (Rose and Cravotta
1998) because of the heat generated by the oxidation. The rates of AMD production
therefore can be affected by temperature changes. For example, the resulting temperature
gradients may give rise to internal density gradients and, as a result, diffused O2 may also be
displaced convectively within porous media. Warm conditions also create an optimum
environment for the reproduction of bacteria capable of oxidising ferrous iron. Some studies,
including Evangelou (1995) and Ledin and Pedersen (1996), reported that although a
representative thermophile Sulphobacillus thermosulfidooxidans has an optimum
temperature of 50°C and can grow autotrophically with Fe2+ or S0 or metal sulphides as
energy sources, T. ferrooxidans reproduces at optimum temperatures of 25 to 35°C.

C)

Water pH
An important factor for the weathering of sulphides and therefore release of metals

from the mine waste is the pH of the pore water. Within a natural or man-made earth system,
the acid-generating (e.g. sulphides) and acid-neutralizing (e.g. carbonates) materials control
the overall pH of the pore waters. It is widely accepted that at low pH (<4.0) pyrite is mainly
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oxidised by ferric ions and the oxidation occurs as much as 30 to 100 times faster than it
does with oxygen (Edwards et al. 1999). At high pH (>4.0), due to the low solubility of ferric
ions, iron(III) hydroxides precipitate and prevent accelerated oxidation of pyrite. In such
conditions dissolution of heavy metals is reduced and dominant weathering cycle is related
to the dissolution of the carbonates. However, recent studies (e.g. Moses et al. 1987;
Nicholson et al. 1988; Moses and Herman 1991) stated that while pH is maintained at neutral
and/or at circum-neutral conditions, oxidation of sulphides is slow and it mainly occurs due
to ferric ion activity. Rates of weathering of the waste materials as a result of pH fluctuations
of the leaching solutions therefore have an influence on the release and transport of metals or
other contaminant elements into the pore water (Nordstrom and Alpers 1999). The mobility
of heavy metals, resulting from pyrite oxidation, may either increase as the pH of leaching
solutions lowers or decrease as the pH increases.

D)

Sulphidic material
Spatial distribution, abundance, and morphology of sulphides determine the rate of

input of reactive material into a given system. Relatively common iron-sulphur minerals
including pyrite (isometric FeS2), pyrrhotite (hexagonally close-packed Fe1-xSx, 0.0<x<0.125
[0.125 (Fe7S8) to 0.0 (FeS, troilite)]) and marcasite (orthorhombic FeS2) are minerals that
occur in nearly all types of geologic environments. Arsenopyrite (FeAsS) is another sulphide
mineral commonly present in mine wastes and its oxidation products include oxyacids of As
(such as H3AsO3 and H3AsO4) that are toxic to organisms in high concentration (Nesbitt et
al. 1995). Sulphide grain size and morphology depends on the environment in which they
were formed, and if sulphides have high specific surface areas and very reactive surfaces,
their oxidation and attendant acid production is dependent on solid-phase compositional
variables, microbial activity, and the availability of oxygen and water (Cruz et al. 2001; Jerz
and Rimstidt 2004). Pyrite, the most abundant of sulphides, can occur as acicular forms,
coarse grained masses, euhedral forms, framboids, polyframboids and octahedral and
pyritohedral crystals. Due to high specific surface area and high porosity, framboidal forms
are more reactive than conglomerates and/or those with octahedral coordination. Pyrrhotite,
which can also be expressed as Fen-1 Sn with n

8 giving structures from Fe7S8 to Fe11S12

(Thomas et al. 2001), is a nonstoichiometric compound based on Fe2+ and S2- ions.
According to Thomas et al. (2001) pyrrhotite shows sudden changes from oxidative (acidproducing) to nonoxidative (acid-consuming) dissolution. In acidic conditions, an initial
period of slow dissolution involving no release of H2S can suddenly change to nonoxidative
dissolution, with release of H2S and greatly increased rates of release of both iron and sulfur
species (Thomas et al. 2001).
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In general, although rankings of sulphide mineral reactivity have been reported by
some authors (Lappako 2002 and reference therein) reactivity is mainly a function of
reaction conditions, trace element concentrations of the minerals, and crystal-morphology
characteristics (Bain et al. 2000; Jerz and Rimstidt 2004). Kwong and Ferguson (1997)
maintain that oxidation rates do vary among sulphide minerals, and it is reported that
reactivity decreases in the order marcasite > pyrrhotite > pyrite.

E)

Bacteria
The significance of direct and indirect oxidation of pyrite as a result of bacterial

activity of various genera and species still remains disputed. Nonetheless, this metabolic
process which may occur at different pH values has been related to the production of AMD
(Ehrlich 1995; Edwards et al. 1999; Mielke et al. 2003). According to Schulz and Jorgensen
(2001) bacteria may either attach directly to pyrite or create their own macro- or
microenvironment (0.2 – 800 µm) favourable to oxidation under favourable pH (normally <
4) and temperature conditions (25 – 50 ˚C). In addition, bacteria may regenerate Fe3+, which
is the major pyrite oxidant (equation 2.2). Recent studies reported that although extremely
acidophilic Archae predominate in highly acidic environs (pH ~ 0.5) (Edwards et al. 1999),
other bacteria including Acidithiobacillus thiooxidans and Leptospirillum ferrooxidans are
more common in less acidic systems (pH ~ 2-3) (Mielke et al. 2003). Despite inherent
geochemical constraints such as the lack of high surface energy (e.g. scratches and pits in the
pyrite grains surface), pyrite oxidation at circum-neutral pH with participation of bacteria
also takes place. However, the colonization of bacteria and therefore localized and limited
pyrite oxidation appears is facilitated by the development of acidic nanoenvironments (<0.2
µm) located between the bacteria and the pyrite surface (Mielke et al. 2003). There are some
other data in the literature on the analysis of structures and implications of microbial
communities for acid production potential of both rocks and soils (e.g. Ehrlich 1995; Ledin
and Pedersen 1996, and Schrenk et al. 1998). Overall findings support the dominance of
electrochemical and geochemical control of pyrite oxidation. Within these constraints the
redox reaction between ferric iron and the pyrite surfaces ultimately produces acid byproducts and these promote the generation and growth of specific bacteria.

2.2.1 Sulphide oxidation at various moisture contents
Fluid-gas-flow and transport within stockpiles [e.g. tailing storage facilities (TSF)]
that contain sulphide bearing materials (mostly pyrite), are strongly time-dependent (i.e.,
transient in nature). Despite this, experimental investigations on sulphide weathering have
mainly focused on steady-state flow (e.g. Jaynes et al. 1984a, b; de Leeuw et al. 2000;
Hangen et al. 2004). However, some investigations (e.g. Wels et al. 2003) have indicated
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that these stockpiles are large accumulations of generally coarse-grained material that remain
partially water saturated (i.e., gaseous and liquid phases are simultaneously present in the
pore space between the solid grains), in which transient water-flow is the norm. Accordingly,
in sulphidic tailings or waste rock stockpiles, the oxidation of sulphides and
dissolution/hydrolysis of gangue-minerals (e.g. carbonates, silicates, etc.) will occur at
varying rates depending on the water content of the system (e.g. Watzlaf 1992; Borek 1994;
Fennemore et al. 1998; Dold and Fontbotè 2002; Alarcón et al. 2004). Sulphide minerals are
chemically (and biologically) stable in situations where both oxygen and water are excluded,
but when exposed to both moisture and air, the reactive minerals will oxidise spontaneously,
with either molecular oxygen or ferric ion acting as the oxidant (García et al 2005).
Unlike temperate environments, in which stockpiles can be maintained at saturated
or partially saturated conditions, in semi-arid/arid environments stockpiles are near-dry/dry
or have minimal water content. Weathering of sulphide and solute transport are therefore
strongly influenced by transient water-flow and existing humidity. Such transient water-flow
is a necessary consequence of sporadic, intense rainfall events that typically occur in short
bursts. In such conditions water flow varies from relatively rapid movement through
interconnected large pores, fractures and joins to slow movement or nearly stagnant
conditions in water films or small pores (Rose and Cravotta 1998). Oxygen transport to
sulphide mineral surfaces, according to the degree of water saturation, occurs mainly by
diffusion from oxygen filled micro-fractures into empty or partially saturated pore spaces
and then into sulphide hosting materials (Fennemore et al. 1998). Wong and Wibowo (2000)
also observed that although the local porosity is an important factor governing airflow
patterns, there are distinct air patterns in low and high-porosity areas. While the air and water
distributions caused by displacement processes are fairly uniform in low-porosity media, in
high-porosity media air and water flow is limited to local pore spaces.
Following an episodic flushing (i.e., a transient water flow event), a large amount of
particles will theoretically be in direct or indirect contact with water and/or O2, depending on
the saturation content of the medium. In such conditions, the water molecule can be very
inert on some surfaces, while in others (e.g. surface of very reactive particles) it will readily
oxidizes the surface and near-surface regions (Henderson 2002). If oxidation takes place at
reactive sites, e.g. on the pyrite-grain surface, the rate of reactions 2.1 and 2.5 are sensitive to
the formation of solid "secondary-oxidation" products (e.g. ferrihydrite-type phases) that
could act as a physical barrier to reactants (e.g. O2). A related phenomenon, i.e. the
formation of alteration rims, (Jerz and Rimstidt 2004) is also a characteristic feature of
sulphide weathering in natural settings over geological time-scales. These iron solids or
coatings, according to their chemical stability and composition, and physical properties (e.g.
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thickness) appear to have an effect on the production or amelioration of acidity. These may
either prevent the continuous oxidation of sulphide or in some cases H2O can reduce trapped
O2 to H2O2 and trigger further sulphide oxidation (Evangelou 1995; Rimstidt and Vaughan
2003).
Because there are different processes acting at different environments, at which
spatial and temporal variability is evident, the latest research on sulphide weathering has
been directed to micro-scale and molecular levels and these are principally focused on the
role of water and oxygen (Guevremont et al. 1998; Guevremont et al. 1998a, b; Rosso et al
1999; Jeon et al. 2003). Jeon et al. (2003) examined the influence of coadsorbed water and
oxygen on the oxidation on both FeS2(100) and FeS2(111) single crystal surfaces. Rosso et
al. (1999) explained that pyrite surfaces exposed to mixtures of O2 and H2O more
aggressively oxidize compared to equivalent exposures of pure O2. In addition, it was
observed that due to a more positive S (3p), O2 and H2O-derived species interact
preferentially with Fe(3d) (top of the valence band) rather than S (3p) states. S-O bonds, (as
SO42-), and Fe-O bonds may be formed eventually by hydrophilic attack and the fast
oxidizing O2 may largely be derived from H2O (Usher et al. 2004). Guevremont et al.
(1998a, b) and Guevremont et al. (1998) observed that while water does not react with nondefect sites on FeS2(100) and only dissociates at mono-sulphide defects, oxygen alone has no
effect on non-defect sites and is less effective at oxidizing mono-sulphide defects than water.
However, the exposure of water + oxygen gas mixture to FeS2(100) and FeS2(111) surfaces
resulted in oxidation of both mono- and disulphide species. This may be due to rapid initial
oxidation of monosulphide impurities, possibly followed by later oxidation of the disulphide
and polysulphide component after reaction with O2-free water vapour. Overall findings
indicate that oxygen from water and not free O2 is incorporated into the resulting sulphate
formed from oxidative dissolution of pyrite with oxygenated solutions and implied that water
availability within the system is a key component for sulphide oxidation.

2.3 Hydrologic characteristics of heterogeneous soils and solute transport
2.3.1 Water-soil properties and solute transport
The important soil properties involved in the soil water movement are the water
content, the hydraulic conductivity (K, at saturated, Ksat, and unsaturated conditions, Kz) of
the soil to water, and the soil water retention curve (SWRC) that must be experimentally
measured (Mualem 1976). Other important soil-water parameters are the total pore space, the
drained upper limit for soil water, and the lower limit of available water in a soil (Fiès and
Bruand 1998; Kosugi and Hopmans 1998; Peat et al. 2000). Water content, which is related
to the variability in hydraulic properties of disturbed or undisturbed soils, plays an important
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part on the fate and transport of reactants and pollutants. K is the ability of soil (or any
porous medium) to transmit water (Klute 1965) and the SWRC is the relationship that
presents information concerning the amount of water contained in the pores at any suction,
the pore size distribution, and the stress state of soil-water interchange originating from
applied suctions (Fredlund and Xing 1994; Sillers et al. 2001).

Water and solute transport
Water flow in soils can be described at two different scales; (i) the macroscopic
scale based on continuums mechanics and (ii) the microscopic scale in which pore space is
described as a discrete network of pore bodies and throats. Accordingly, spatial variability of
soils can be represented by either spatial distribution of macroscopic hydraulic properties or
spatial distribution of pore bodies of throats of different size and length in space (Peat et al.
2000; Sillers et al. 2001). A natural pore-size distribution is normally formed by aggregation
of primary particles and various minerals surfaces (Tuller and Or 2002) and therefore pores
can be described by angular and slit-shaped features rather than purely cylindrical spaces.
The resulting morphological disparity leads to variable hydraulic properties (Conca and
Wright 1992; Bouraoui 1997; Fiès et al. 2002) and at the same time defines the water flux
regime and transport of solutes (Fredlund and Xing 1994; Giménez et al. 2001). However,
spatial variability of hydraulic properties are common and causes fluctuations in the
hydraulic conductivity and the directional conductivity of the soils may fluctuate (Ravina
and Magier 1984; Shimojina and Sharma 1995). In addition to spatial variability, Ksat, may
change with time due to changes in temperature and other factors such as accelerated
chemical weathering (which may change the particle size distribution and the chemistry of
the waters) and/or constant dislodgment of particles in the matrix media. Furthermore, as
hydraulic conductivity is found to relate with the mean particle diameter (Bear 1972), the
increase in sorption would increase in spreading but decrease the amount of solute moving
through the soil materials.
Considering the heterogeneity of water flow, residence time distribution of water in
soil system has become one way of macroscopically describe solute transport. Based on nonreactive tracers, such residence time distributions can be obtained experimentally and used to
predict reactive solutes within the context of contaminant fate and transport assessment (Jury
and Roth 1990). Solute movement and contaminant travel times can be measured or
estimated by different methods (e.g. transient experiments resulting from laboratory and field
experiments) and through the use of numerical simulation models (e.g. Brooks and Corey
1964; Mualen 1976; van Genuchten 1980; Fredlund et al. 1994; Wildenschild et al. 1997;
Kosugi and Hopmans 1998) that lately are using increasingly sophisticated threedimensional fluid flow and multi-component solute-transport models (e.g. stochastic
2-7

modeling approaches). However, although these one-(multi-)dimensional flow models are
considered to be well established to analyse the physical-hydraulic properties of both
disturbed and undisturbed soils and solute movement through soil materials, these models
can be hampered by data requirements, numerical instabilities and non-uniqueness of the
hydraulic and chemical parameter estimates (Wildenschild et al. 1997).

2.4 Reactive transport in AMD studies
2.4.1 Introduction
Early studies in reactive transport were related to mathematical formulations derived
to interpret general physical and chemical processes occurring in the earth systems.
Particular interest in the area was mostly related to the evaluation of processes in groundwater environments, in which physical and biogeochemical changes occur simultaneously
(Wunderly et al. 1995). Early reviews on reactive transport include those of Nordstrom et al.
(1979) on aqueous equilibrium models, Engesgaard and Christensen (1988) on chemical
solute transport, and Yeh and Tripathi (1989) a critical review of the approaches used for
transport modeling. Glynn and Brown (1996) highlighted many of the benefits and
limitations of geochemical and reactive transport modeling (using PHREEQC and
NETPATH) at sites with limited spatial information. The review of Steefel and van
Cappellen (1998) indicated that more recent work has advanced these mathematical models
and applied them to specific natural systems, sometimes for the purpose of prediction and
predominantly as interpretative tools. Other recent work (including that of Lichtner 1996 and
Alpers and Nordstrom 1999) reviewed these models in relation to their adaptability to
prediction of AMD. In this context, application of these codes to AMD implies a
comprehensive quantitative analysis of parameters that control the production of AMD and
the performance of different AMD remediation options in the short- and long-term (Destouni
et al. 1998). Some recent models that simulate equilibrium or kinetically controlled reactive
transport were used to model waste-rock interactions in mining environments [(eg.
PHREEQC, (Parkhurst and Appelo 1999); TOUGH AMD, (Lefebvre et al. 2001a; Lefebvre
et al. 2001b). The general approach of these models is to define the geometric constraints
(domain dimensions and distributions of cell sizes) to represent the mineralogical properties
and the porosity/permeability properties of the material involved (Glassley et al. 2002).
However, since this approach assumes that mineral and porosity distribution is homogeneous
in each cell, in reality the spatial distribution of minerals in a given cell may not be
representative of the whole modelled system (Zhu and Burden 2001; Glassley et al. 2002).
The effects of porosity and mineral heterogeneity may influence the fluid chemistry.
Research on mineralogical heterogeneity in fractured and porous media has therefore been
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performed recently to support the application of reactive transport models in AMD studies
(Zhu and Burden 2001).
Although it is unclear to what degree existing reactive transport models have
assisted in solving potential physical-geochemical and even biogeochemical problems
developing within a mine site, the present section will primarily comparatively review the
potentials of selected predictive modeling codes used in AMD studies.

2.4.2 Mathematical considerations
The chemical reaction responsible for the formation of AMD requires three basic
ingredients: a sulphide mineral (normally pyrite), molecular oxygen and water. The overall
stoichiometric reaction is expressed in reaction 2.1. According to Nordstrom and Alpers
(1999), however, reaction 2.1 does not give a complete interpretation of pyrite oxidation. It
does not explain geochemical mechanisms or rates, nor does it explain that ferric hydroxide
is an idealized phase for which the exact composition is variable. The slow oxidation of
aqueous ferrous iron in acid solutions is also overlooked. In nature several other oxidizing
agents exist besides O2, and these can be implicated in activating pyrite oxidation. Microbial
catalysis, neutralization reactions, secondary chemical reactions including precipitation of
solid phases, sorption reactions, and other environmental factors including climatic effects,
heterogeneity experienced within the reducing media, flow paths, and temperature also have
an important influence in pyrite weathering.
Mathematical models such as the steady state Richards equation and Darcy’s law,
which are fundamental to describe flow of liquid and gas in the continuum representation of
a porous medium, have been incorporated in the last past few years into models to
comprehensively analyse parameters that act in complex geological processes (e.g. fluid-gasrock interactions) such as AMD.
Richards’ equation to model the flow of water in unsaturated soils can be written as:

∂θ v (h p )
∂t

=−

∂h
∂
K z (h p ) t
∂z
∂z

(2.7)

where θv = volumetric water content (cm3cm-3); Kz = unsaturated hydraulic conductivity
(cm h-1) as a function of pressure head hp (cm); z = is the vertical distance taken positive
downwards with z = 0 at the top of the sample; ht = total head ht (cm); and t = time (h). The
soil-water characteristics (hp –θv) and the unsaturated hydraulic conductivity [hp - Kz(hp)]
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relationships define the hydraulic properties of unsaturated soils. Equation 2.7 is a secondorder partial differential equation whose solution is complicated by the fact that the
definitions of (hp –θv) and [hp - Kz(hp)] are non-linear (Choo and Yanful 2000). The problem
is exacerbated in multilayer soil covers with sharply contrasting hydraulic properties since
water movement is generally transient. Thus to investigate the complex flow of water in soil
covers, it is convenient to also use other numerical models. For example, to evaluate
transient flow or time-dependent vertical flow of water in homogeneous soil layers the
method of Srivastava and Yeh (1991) can be used and, to investigate the steady-state water
flow in multilayer soils, the rearranged Darcy’s Law for unsaturated flow can be used (e.g.
Gerke et al. 1998; Choo and Yanful 2000).
Rates of oxygen flux from the ground surface are assumed to be the controlling
factor of sulphide oxidation within waste rock dumps. Most models to date consider onedimensional vertical oxygen diffusion within mine waste spoils based in Fick’s first law
(Equation 2.8) (e.g. Pantelis et al. 2000; Ritchie 1994a; Brownswijk et al. 1993).

FO2 = − DW

∂C
∂Z

(2.8)

where FO2 is the mass flux of oxygen, C is the concentration of oxygen gas (mg L-1), and Z is
the depth (cm). The parameter DW is the effective oxygen diffusion coefficient (cm2 h-1) and
represents the degree of resistance a medium imposes on the driving force (David and
Nicholson 1995).
Oxygen consumption is generally addressed using a first order kinetics (Elberling et
al. 1994) or on a shrinking-core model (Davis et al. 1986; Wunderly et al. 1996). The
reaction kinetics for pyrite oxidation as described by Elberling et al. (1994 and references
therein) can be expressed as follows:

− ∂[ FeS 2 ]
4 ∂[O2 ]
=−
= K or SC
∂t
15 ∂t

(2.9)

where Kor is the intrinsic oxidation rate constant and S is the surface area per unit volume.
The shrinking-core oxidation model as explained by (Davis et al. 1986; Davis and
Ritchie 1986; Davis and Ritchie 1987) and Wunderly et al. (1996) is based on the
assumption that spherical sulphide mineral particles (radius R) is surrounded by a thin
immobile water film (Gerke et al. 1998). Atmospheric oxygen diffuses to the oxidation front
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(r) through the pore space within the immobile water film and through the already reacted
mass of particle.

∂M O2 ∂r
= 4πDw ∂[O2 ] w
∂t r 2

(2.10)

Equation (2.10) results from the combination of the oxygen flux and the amount of
oxygen consumed by a single pyrite particle expression. [O2]w is the oxygen concentration in
the aqueous phase (kg m-3) and this according to Henry’s Law, is in equilibrium with the
oxygen concentration in the soil air. M O2 is the mass of oxygen consumed by a single
particle of pyrite. The driving force for the diffusion of oxygen to the reaction front is the
oxygen concentration gradient between the outside surface of the particle (Rp), where [O2]w =
ƒ(t), and at the reaction front (r), where theoretically [O2]w = 0. Integration between the
unoxidised core radius, r, and the particle radius, Rp, gives:

∂M O2
∂t

Rp

r

1
∂r = 4πDw
r2

[ O2 ]w ( R p )
[ O2 ]w ( r )

∂[O2 ] w

(2.11)

or

∂M O2
∂t

= 4πDw

Rpr
Rp − r

[O2 ] w

(2.12)

where equation (2.12) represents the mass rate of change per mineral particle and

[O2 ] = 1 / H [O2 ] w . In this H is the modified Henry’s constant (H = 26.32 at 10°C)

( )

The sink term in the oxygen diffusion QO2 can now be expressed as follows:

QO2 ( x, z ) = Dw

3(1 − θ v )
Rp

2

[O2 ] w
r
Rp − r
H

(2.13)

This results from combining equation (2.12) with the equation defining the number
of particles per unit volume of porous material, N = 3(1 − θ v ) /(4πR 3 ) and the amount of
oxygen concentration in the aqueous phase according to Henry’s Law. The rate of change of
the unreacted core radius, r, can be calculated considering the relationships between the
masses and volumes of oxygen and sulphur consumed (Gerke et al. 1998). The mass of
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sulphur in the particle, Ms, is related to the spherical solid volume, Vs = 4 / 3πr 3 according
to M s = ( ρ d S /(1 − θ ))Vs , where ρdS = ƒsρd, with ƒs being the proportion of sulphur in the
solid phase of the soil material (Ms/Msolids) and ρd being the bulk density (g cm-3).
The volume of changes in the unreacted mineral core due to increased consumption
of both oxygen and sulphur (in pyrite) can be expressed by equation (2.14)

∂M s =

4πρS 2
r ∂r
1 − θv

(2.14)

In general, although this will not be discussed further, the mathematical solution of
the shrinking core model is based on a Newton-Raphson approach and follows that of (Davis
and Ritchie 1986; Wunderly et al. 1996). To explain the intrinsic oxidation rate (IOR), which
is the rate at which oxygen is consumed by the mine-waste dump materials, other recent
mathematical considerations (e.g. Pantelis and Ritchie 1992; Aachib et al. 1994; Pantelis et
al. 2000) use several other parameters. In general, these mathematically-based models
account for gas flow (i.e., oxygen and water vapour in air and remaining portion of the gas
phase), water flow and a solid phase (i.e., sulphur and residual waste rock material) (Pantelis
and Ritchie 1992).

2.4.3 Reaction-transport codes in AMD literature
A)

General
Bearing in mind that mathematical models and the resulting computer codes are

constantly developing, the present section discusses only those models that have been used
to explain physical or geochemical and coupled physical-geochemical simulators of
processes that may be occurring at mining waste disposal sites. Thorough evaluations of
geochemical models and code input parameters for application to AMD can be found in
Perkins et al. (1997) and Alpers and Nordstrom (1999). Accordingly, Table 2.1 presents a
brief summary of: 1) governing mathematical models, 2) inverse and aqueous speciation
codes and 3) forward modeling or reaction transport codes. Table 2.1 also presents a succinct
summary of the advances brought by each code, their source, characterization and examples
in AMD application.

B)

Theoretical base
Part 1 of Table 2.1 explains the models which provide a basic mathematical

framework for modeling processes involved in formation of AMD, including those
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developed by Davis et al. (1986), Davis and Ritchie (1986, 1987), Pantelis and Ritchie
(1992), Ritchie (1994a, b), (Gerke et al. 1998) and Pantelis et al. (2000). These models/codes
have been developed mainly to investigate processes of sulphide oxidation and gas and water
transport in waster rock dumps, and have become important tools to study one-, two- and
three- dimensional reactive transport of dissolved sulphide oxidation products in mine waste
spoils and tailings (e.g. Walter et al. 1994a, b; Pantelis et al. 2000).
The geochemical codes, which are grouped in part 2 of Table 2.1, are normally
grouped as forward and inverse models. In this context forward modeling, addresses

processes governed by thermodynamic expressions and have an equilibrium prediction
as a result. In inverse modeling, reactions are calculated based on the information
supplied at initial and final points along a flow path, and as such, do not necessarily
represent equilibrium. Speciation and mineral saturations are calculated by a sequence of
steps containing both thermodynamic quantities and numerical manipulations. The overall
calculation seeks a minimum in the Gibbs free energy of the system (Nordstrom and Alpers
1999), although this is usually done implicitly. The mass balance expresses the conservation
of mass for all the species that have a common component (i.e., molality of a component and
molality of species containing the component), and the mass-action expresses the
equilibrium established among species by the equilibrium constant, Keg, which is related to
the free energy change Go. Consequently, these codes can provide some clarification of
processes related to water-rock interactions, but mostly they indicate which reactions are
possible thermodynamically and not necessarily which reactions are likely to occur
(Nordstrom and Alpers 1999). Kinetic barriers may inhibit many mineral precipitation and
dissolution reactions which are predicted to take place on a purely thermodynamic basis.
Alpers and Nordstrom (1999) have reviewed in detail the topic related to this part of review,
and I therefore refer readers to that article for a detailed discussion.
Table 2.1 shows that reaction-path and reaction-transport models are normally used
to evaluate systems with sets of initial and boundary conditions with respect to time or
reaction progress resulting in some predicted future state. Mathematically the reactive
transport equations represent a moving boundary problem in which it is necessary to
determine the regions of space the various phases in the system (solid, liquid, gas) occupy as
function of time (Lichtner 1996). The Richards equation is a governing differential equation
to describe the flow in a variable saturated porous medium, and commonly forms a basis for
modeling transport processes. Although the equation is valid only when both the fluid and
the air phases form a continuous network of flow paths, and when the dynamics of the air
phase plays a minor role in defining the water movement, this model has been validated
using laboratory, and small field scale, experiments (Gregersen 1995).
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Most numerical solutions, as represented by models or codes listed in Table 2.1,
compare favourably with analytical solutions that are available for uniform flows and for
linear reactions. Those however could lead to a poor model development when the flow is
non-uniform and the reactions are non-linear. For this reason, recently developed codes such
as RAFT (Chilakapati et al. 2000) and RETRASO (Saaltink et al. 2004) have been adapted
principally to deal with the complexity of mechanistic interpretations. However, as the codes
deals with large reaction networks with many species, this could lead to errors in the
derivation and in the eventual coding of the reaction model equations. For this reason the
codes have been totally automated. By taking a “black-box” approach, RAFT automates the
process of modifying the code as the underlying chemical model is updated. This allows the
new model parameters to be estimated through a non-linear regression to experimental data.
The advanced numerical technique of the code, advection and dispersion operators, allows
the reaction time be fragmented and solve adsorption processes sequentially without
iterations in 1-D (Chilakapati et al. 2000).

2.4.4 General capabilities of predictive modeling codes used in AMD studies
In the context of early modeling codes, pyrite oxidation models in both mine tailings
and waste dumps were mainly based on the diffusion of an oxidant through an oxide coating
that grows as the pyrite core shrinks. The most widely used mathematical models (Table 2.1)
are inclusive of equilibrium thermodynamics and chemical kinetics of sulphide oxidation
(Table 2.2). For example, Jaynes et al. (1984a, b) included kinetic control for oxidative
weathering of pyritic shales, and therefore the long-term effects of oxidation were considered
in the analysis. The simple homogeneous model of Davis and Ritchie (1986) initially
considered that atmospheric oxygen is transported to the oxidation sites only by diffusion.
Later versions of this model, made by Ritchie (1994a, b), considered that diffusion,
advection and convection are the oxygen transport mechanisms, but the model does not
account for water content, which appears to be a key parameter for sulphide oxidation within
porous media. Pantelis et al. (2000) described the processes of sulphide oxidation and gas
and water transport in waste rock dumps. It was considered that the oxygen is transported by
molecular diffusion and convective air currents.
Subsequent models (Table 2.1) form a basis for the latest assemblage of reactive
transport models, which consider that sulphide oxidation takes place triggered by O2 and
self-catalysis with Fe(III). The presence of catalysing micro-organisms such as Thiobacillus
ferrooxidans in an oxidizing system, which assumes a homogeneous equilibrium of redox
species and allows the reduction of ferric iron to proceed (Yeh and Tripathi 1991; Lichtner
1996), is considered by some of the latest models such as BIOKEMOD (Salvage and Yeh
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1998), FEREACT (Tebes-Stevens et al. 1998), and RAFT (Chilakapati et al. 2000). To the
author’s knowledge these models/codes have not been used in AMD studies to date.
Nevertheless, Chilakapati et al. (2000) have indicated that the RAFT model was used to
study the development of an in situ Fe(II)-zone by encouraging the growth of iron-reducing
bacteria.
A reactive mathematical approach used by Eriksson and Destouni (1997) is based on
a Lagrangian transport formulation, which accounts for dissolution kinetics coupled to flow
heterogeneity and pH-dependent equilibrium precipitation and dissolution of many
secondary minerals. The model assumes that copper leaching from mining waste can be
described by a steady state geochemical module incorporating water-rock interaction and the
relative kinetics of sulphide and primary silicate mineral weathering with preferential flow
paths. The main outcome of the model describes sulphide dissolution as an irreversible and
heterogeneous reaction.
In recent years several other mathematically focused models have been developed to
assess reactive transport in either tailings or waste dumps. RATAP (MEND), a deterministic
and probabilistic code, has been developed to assist in predicting acid generation triggered
by chemical and microbiological oxidation of sulphide material. This aims to apply
fundamental kinetic and physical knowledge to field conditions, with the aim of predicting
acid production rate and pore water chemistry (Scharer et al. 1995). The Managing Mine
Wastes Group of the Australian Nuclear Science and Technology Organization (ANSTO)
has also developed various models to address a number of processes that are of relevance for
AMD. These codes include SULFIDOX, GM3D, KEMIST and FIDHELM (Dobos 2000).

FIDHELM, a two-dimensional heap leaching code, models air and water flow
through a porous heap containing oxidisable material. SULFIDOX, another 2D code, models
AMD production in waste rock dumps and heap leaching operations by integrating KEMIST
for chemical reaction kinetics and MODPHRQ (a version of PHREEQE) for geochemical
speciation. KEMIST in this context is a steady state model incorporating both reaction
kinetics and equilibrium thermodynamics to explain geochemical reactions in waste rock
dumps. GM3D is a mass-transport code, which couples MODFLOW, a flow and mass
transport code, with MODPHRQ.
The latest approach which is formulated in a multiphase perspective (e.g.
RETRASO), i.e., a porous media composed of solid grains, water and gas, considers several
other thermal and hydraulic aspects of the porous media (Saaltink et al. 2004). These phases:
solid phase (mineral), liquid phase (water and dissolved air), gas phase (mixture of dry air
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and water vapor) are considered in an integrated way and a mass balance equations are
formulated for each component (Saaltink et al. 2004). RETRASO (Saaltink et al. 1998) uses
a multiphase flow and heat code CODEBRIGHT (Olivella et al., 1996). This coupling results
in a new tool that can handle both saturated and unsaturated flow, heat transport and reactive
transport in both liquid and gas. CODEBRIGHT also permits the modeling of deformation or
mechanical processes (Saaltink et al. 2004).

Geochemically-focused models, including the PHREEQ - group, MINTEQA2, and
HYDROCHEM, have been used lately for the interpretation of processes occurring in mine
environments. The original reaction-path program PHREEQE (Parkhurst et al. 1980) has
been coupled to several hydrologic models resulting in multi-dimensional, multi-component
models. An early example of this coupling is the model PHREEQM (Nienhuis et al. 1991), a
mixing cell scheme where advection and dispersion processes are simulated separately.
Advection is simulated by transferring the entire volume of a solution in a cell to the
adjacent cell, and the two cell solutions are equilibrated followed by mixing the content of
the cells by its two adjacent cells in order to minimize the dispersion process (Engesgaard
1991). The kinetic information built into the model includes rate parameters for pyrite
oxidation, calcite dissolution and precipitation, and organic matter oxidation. Although the
model could simulate the behaviour of exchanging cations, the model could not solve the
differences related to proton buffering of the acid produced during oxidation or in a reaction
of pyrite with H2O2 (Appelo et al. 1998). The latest versions of this code group include the
codes PHREEQC, PHREEQCI, and PHREEQC-2 (Parkhurst and Appelo 1999). In contrast
to the first set of coupled codes, these more recent versions were developed to calculate
speciation using multiple exchangers and sorbing surfaces, all of which can have different
affinities for different solutes. In general the models allow advective-dispersive onedimensional transport, kinetics of mineral reactions, multiple exchangers, which may vary
according to mineral concentrations, and surface complexation (Postma and Appelo 2000).
Further mathematical interpretations (i.e., multiphase-multicomponent model/codes)
include several other parameters that influence sulphide oxidation. Lichtner (1996) argued
that these models could be considered more as numerical experiments than predictions of
processes occurring in actual field situations. Gerke et al. (1998, 2001) pointed out that these
multicomponent models do not completely explain long-term processes in mine waste dumps
and mine tailings systems. Nevertheless, several models that simulate equilibrium- or
kinetically-controlled reactive transport can be used in such environments. The code MST1D
(Engesgaard 1989, 1991), which was evolved by combining PHREEQE and the threedimensional (3D) transport program HST3D (Kipp 1987), solves the transport equation
without decoupling the advection and dispersion processes. Explicitly, MST1D iterates
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sequentially between the solution of the partial-differential transport equations and that of
the algebraic chemical-reaction equations in the PHREEQE module (Alpers and Nordstrom
1999). DYNAMIX (Narasimhan et al. 1986) is another early code which uses PHREEQE as
its geochemical module. DYNAMIX has been developed in stages. While Narasimhan et al.
(1986) did not consider redox reactions; Liu and Narasimhan (1989) extended the original
model to account for redox reactions and the kinetics of mineral dissolution. The latest
version is based on transport equations which are formulated to use the total concentration of
components (measured in mol kg-1 water), which are solved explicitly with respect to time
(Engesgaard 1991). The model is similar to those using mixing cell modules, but with
transport equations formulated on the basis of continuous mass balances of each component.
Although there were observed some problems as a result of numerical dispersion, the
MST1D model has the capability to assess redox processes and was reported to accurately
track the movement of single and multiple mineral precipitation and dissolution fronts, and
simulate the retardation of ion-exchanging species (Narasimhan et al. 1986). In perspective
this code can be a useful tool to understand the physical-chemical mechanisms acting to
control the transport of contaminants as a result of AMD processes. MST1D also has the
potential to handle pulse boundary conditions so that temporary leakage of spills can be
simulated.

Another important multi-phase flow simulator TOUGH2 (Prues 1991) has evolved
into other implementations, these being TOUGH AMD (Lefebvre and Gélinas 1995;
Lefebvre et al. 2001a, b), TOUGH2-CHEM (White et al. 1998), and TOUGHREACT (Xu et
al. 2000). The base code uses space discretization by means of integral finite differences and
fully implicit first-order finite differences in time (Xu et al. 2000, and references therein).
TOUGH AMD further assumes a first-order rate constant for the kinetics of pyrite oxidation,
and the other TOUGH– variants use different approaches to model flow and reactive
transport. In addition, TOUGH AMD accounts for the coupled process of multi-phase heat
and mass transfer for water, air and oxygen using an integral finite difference formulation
(Lefebvre et al. 2001 a). TOUGH2-CHEM employs a fully coupled approach where all flow
and transport and reactions equations are solved simultaneously. In contrast,
TOUGHREACT uses a sequential interaction approach similar to Yeh and Tripathi (1991),
Engesgaard (1991) and Lichtner (1996). For this TOUGHREACT can work with two other
fluid flow models, these being EOS9, which considers only saturated-unsaturated liquid
phase flow, and EOS3, which solves the full non-isothermal multi-phase flow equation (Xu
et al. 2000) In general, the codes could reasonably match gas transport processes and
interpret the behaviour of secondary minerals.
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Table 2.1 Numerical models and codes for modeling reactive transport in AMD studies.
Models/Code

Water flow field

Authors mathematical
model
Srivastava and Yeh (1991)
Pantelis et al. (2000)

Gas flow field

Authors mathematical
model
Modified from Davis et al.
(1986)
Elberling et al. (1994)
Pantelis et al. (2000)
Davis et al. (1986) Davis
and Ritchie (1987)
Ritchie (1994 a, b)

Solute Transport

Authors mathematical
model
Pantelis and Ritchie (1991)

Category/method
SEEP-W :
a) finite-element model, b)
steady-state flow.
Multi-flow through continuous
reactive porous media.

Mass and sulphide oxidation
rind model.
Kinetic and diffusion model.

Shrinking core model for
sulphide oxidation.

Steady-state water - gas flow.

Component considerations in AMD

Physical – hydrologic considerations

Reference

Geochemical phases

Dynamics of water flow.
Rearranged Darcy’s Law.

a)
b)

a) Darcy’s law – gas/fluid flow,
b) Van Genuchten (1980) –
water saturation and pressure
head, c) Mualem (1976) –
relative hydraulic conductivity
as function of pressure head.

Pantelis et al. (2000).

Laboratory-field scale.

Fennemore et al. (1998).

Field scale.

Elberling et al. (1994).

Mainly laboratory scale.

Pantelis et al (2000).

Mainly laboratory scale.

O2 (advective and diffusive
transport), steady state flows.
Steady-state oxygen diffusion
and consumption.
Oxygen transport: convective
diffusion.

Equilibrium.
Equilibrium,
Redox.
Equilibrium.

Kinetics,

Wilson et al. (1994).
Choo and Yanful (2000).

Field/laboratory
application(s)
Laboratory-scale. Simulate waterflow in multilayer soil cover.

Oxygen transport diffusion.

Equilibrium.

Davis et al. (1986).

Laboratory-field (?) scale.

Oxygen transport: diffusion,
advection and convection.

Equilibrium.

Ritchie (1994 a, b).

Laboratory scale.

Equilibrium.

Based in Cathles and Schlitt (1980),
Davis et al. (1986), Davis and Ritchie
(1987), Pantelis and Ritchie (1992).

Field scale.

2-18

Models/Code

Category/method

Component considerations in AMD

Physical – hydrologic considerations

Geochemical phases

Table 2.1 (Contd.)
Lagrangian stochastic advection-reaction approach (LaSAR)
Heterogeneous flow systems
and a wide range of mass
transfer,
retention,
and
attenuation
processes,
including microbially mediated
processes.

Flow heterogeneity.

Selected inverse (IM) and aqueous speciation (AS) codes
BALANCE

Mass-balance code.

HYDROGEOCHEM

Mass balance and speciation
model.
Mass balance and speciation
model.
Enhancement
of
BALANCE method.
Developed to be
multicomponent, linear and
nonlinear, equilibrium and
kinetic geochemical reactions.

NETPATH
PHREEQE,

PHREEQM,

PHREEQC,
PHREEQC-2
PHREEQCI
MINTEQ
MINTEQA2

Equilibrium
speciation/mass
transfers computer code.

WATEQ4F

Speciation code.

STEADYQL

Speciation code.

Combines
transport
and
chemical equilibrium equations.

PHREEQC and PHREEQCI
adapted 1 D water-gas-flow
transport.

Steady-State water-flow model.

Equilibrium, Kinetics,
Mixed equilibriumkinetics.
Mixed
kinetic
equilibrium
Equilibrium,
kinetics,
redox.
Aqueous speciation, gas,
and mineral equilibrium,
redox, surfacecomplexation, ionexchange and kinetic
reactions.
Equilibrium,
kinetics,
redox. MINTEQA2 also
simulates mass transfer
and adsorption.
Emphasis on redoxsensitive species and
redox
disequilibrium
among
the
redoxsensitive elements.
Redox, cation exchange
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Reference

Field/laboratory
application(s)

Malmstron et al (2004), Eriksson and
Destouni (1997), Dagan and Cvetkovic,
(1996), Cvetkovic and Dagan, (1996),

Field scale.

Parkhurst et al. (1982), Bird et al. (1994),
Cravotta (1994).

Laboratory scale.

Yeh and Tripathi (1989).

Laboratory – field scale.

Plummer et al (1991, 1994).

Laboratory-field scale.

Parkhurst et al. (1980), Postma and
Appelo (1999, 2000).

Laboratory-field scale.

Allison et al. (1991), Johnson et al.
(2000).

Laboratory-field scale.

Ball et al. (1987), Ball and Nordstrom
(1991)

Mainly laboratory scale.

Furrer et al. (1989), Destouni et al.
(1998), von Gunten and Furrer (2000).

Laboratory scale.

Models/Code

Category/method

Table 2.1 (Contd.)
Forward or reaction transport models

Component considerations in AMD

Physical – hydrologic considerations

Geochemical phases

DYNAMIX

Multicomponent.

3-D model. Saturated
unsaturated water-flow.

FIDHELM

Steady-state
water–gas-heat
flow.
Finite-element, steady state.

2-D model. Gas transport by
diffusion and advection.
2-D code. Groundwater flowmodel
HYDRUS 1-D; Water flow,
solute transport.
1D, 2D model. Combines
MINTRAN with PYROX.
1D, 2D and 3D. Combines
MINTEQA2 and WATEQ4F.
2D, 3D. Combines MINTRAN,
PLUME2D and MINTEQA2,

FLONET
HYDRUS 1-D - PHREEQC
MINTOX
MIN3P
MINTRAN

Multicomponent
reactive
transport.
Finite-element
transport.
Steady-state-water-gas flow.
Mechanistic reactive transport
model.
Multicomponent
reactivesolute transport model.

MULTIFLO

Multicomponent -multiphase
reactive transport model.

MST1D

Multicomponent
transport
model.
Multicomponent
transport
model.
Finite element model.

OTEQ
PC-SEEP/ SEEP-W
PLUMED2D
POLS

Finite-element multicomponent
transport model.
Mechanistic reactive transport
model.

PYROX

Mechanistic reactive transport
model.

RAFT

Multicomponent transport
model.

–

2-D fluid and heat flow coupled
to reactive transport of aqueous
and gaseous phases.
1D code.

Mixed
equilibrium
kinetics,
redox,
precipitation,/dissolution.

Reference

Field/laboratory
application(s)

Narasimhan et al. (1986); Liu and
Narasimhan (1989).

Laboratory - field scale.

Pantelis and Ritchie (1991, 1992)

Mainly laboratory scale.
Laboratory – field scale.

See (PHREEQC)

Johnson et al. (2000), Guiguer et al.
(1991).
Jacques et al. (2003).

Equilibrium.

Bain et al. (2000), Wunderly et al.
(1996), Wunderly et al. (1995).
Bain et al. (2001).

Code for non-homogeneous
environments.
Field scale.

Equilibrium,
kinetics,
redox,
precipitation,
dissolution.
Kinetics, redox.

Bain et al. (2000), Gerke et al. (1998),
Walter et al. (1994a, 1994b), Walter et al
(1994b).
Lichtner and Seth (1996)

Field-laboratory scale.

Kinetics, redox.

Laboratory – field scale.

Laboratory and field scale.

OTIS: solute transport.
See MINTEQ
2D saturated-unsaturated flow.

As above (MINTEQ)

Engesgaard (1991), Nienhuis and Appelo
(1988).
Runkel and Kinball (2002)

2-D, 3-D transport model.

Equilibrium, kinetics.

Srivastava and Yeh (1991), Pantelis et al.
(2000)
Walter et al. (1994a), Frind et al. (1990).

1-D. Model considers gaseous
diffusion as a mechanism of
oxygen resupply.
1D. Oxygen diffusion in no
homogeneous media (saturated
and unsaturated zone).
Combines
transport
and
chemical equilibrium equations.

Equilibrium, redox.

Jaynes et al (1984a, b), Cathles and Apps
(1975).

Mainly laboratory scale.

Equilibrium,
redox.

kinetics,

Wunderly et al. (1996)

Laboratory - field scale.

Mixed
equilibrium.

kinetic

Chilakapati (1995)

Laboratory – field scale.
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Mainly laboratory scale.
Mainly field scale.
Field scale.
Mainly laboratory scale.

Models/Code
Table 2.1 (Contd.)
RATAP
REACTRAN2D

Category/method
Deterministic/
Probabilistic.
Chemically reactive
multicomponent transport.

RETRASO

Multicomponent transport

SAPY

Mixed cell model.

TOUGH2-CHEM (1)

Non-isothermal multi-phase
advective-diffusive reactive
models.

TOUGHREACT (2)
TOUGHAMD (3)

Component considerations in AMD

Physical – hydrologic considerations

Reference

Geochemical phases

Combines
transport
and
chemical equilibrium equations.
SUTRA: 2-D density dependent
ground-water flow with energy
or chemically reactive single
species solute transport.
Combines transport (saturated
and unsaturated conditions)
with chemical reactions
Transport of reactant by
diffusion and advection in
water and air.
1) Solves multi-component
chemical transport, heat and
mass flow problem. 2) 3-D. Use
two different fluid flow models:

Equilibrium, redox.
See (MINTEQ2)

Aqueous complexation
(redox),
equilibrium,
kinetics
Kinetics
including
biological catalysis.
Equilibrium,
kinetics,
redox. Assumes first–
order rate constant for
the kinetics of pyrite
oxidation.

a) EOS9: saturatedunsaturated liquid phase
flow b) EOS3: Full non-

Field/laboratory
application(s)

Canadian Centre for Mineral and Energy
Technology (CANMET)
Gao et al (2001)

Laboratory- field scale.

Saaltink et al. (2004)

Laboratory – field scale.

Kohfahl and Pekdeger (2004) cited Prein
(1993) as the author of the code.

Mainly field scale.

1)Xu et al. (2000)
2) Xu et al (2000), White et al. (1998)
3) Lefebvre (2001,1995), Smolensky et
al. (1999),

Laboratory- field scale.

Laboratory- field scale.

isothermal multiphase flow
equation (liquid-gas and heat).

Table 2.2 General capabilities of modeling codes widely used in AMD studies
Application in AMD
LAGRANGIAN
APPROACH
Eriksson and Destouni
(1997).

Kinetics/Equilibrium
Primary dissolution kinetics.

Geochemical reactions
- pH dependent copper
immobilization/mobilization
- pH dependent equilibrium
precipitation/dissolution.

Key reactions
CuFeS2(s) + 4O2(aq) = Cu2+ + Fe2+ +
2SO42-

Equilibrium front
Formation of secondary minerals was not clearly
defined. Result identifies preferential flow as one
possibly hydrological process at the site.

Principal and secondary parameters
Principal parameters
pH, Cu
Secondary parameters
CuFeS2

MINTEQA2
Johnson et al. (2000),
Walter et al. (1994a, b).

Equilibrium thermodynamics

Sulphide oxidation
Acid neutralization
Precipitation and dissolution
of secondary minerals
Adsorption/desorption

Fe(1-x)S + 2O2 → (1-x)Fe2+ + SO42-

S concentrations are observed at the interface
between the oxidized and unoxidized tailings.

Principal parameters
Al, Cd, Ca, Co, Cr, Cu, Fe, K, Mg, Mn,
Na, Ni, Pb, Zn, SO4, Cl, NO3
Secondary parameters
NiSO4, NiSO4.H2O, NiSO4.4H2O

pH values reflect combinations of acidity
production, groundwater flow and precipitation
dissolution reactions.
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Application in AMD
Table 2.2 (Contd.)
MINTOX
Bain et al. (2000),
Wunderly et al. (1996).
MINTRAN
Gerke et al. (1998)

Kinetics/Equilibrium

Key reactions

Equilibrium front

Principal and secondary parameters

First order kinetics (O2 diffusion)
coupled to shrinking core
(dissolution pyrite) and plume
evolution.

Set acid-base
Redox
Dissolution/precipitation.

Fe1-xS + 8Fe3+ + 4H2O = (9-x)Fe2+
+ SO4 2- + 8H+

Geochemical equilibrium may not be attained
between flowing groundwater and adjacent solid
phases.

Principal parameters
pH, Fe, SO4 and Al.
Secondary parameters
Cl, Ca, K, Mg, Na, Si

Thermodynamic equilibrium.
Oxidation of pyrite to be ratelimited by physical transport of
oxygen to the reaction site.

Sulphide (pyrite) oxidation
Speciation of Fe(II) and
Fe(III)
pH buffering
Mineral dissolution
reactions

FeS2 + H2O +7/2 O2 = Fe2+ +
2SO42- + 2H+

- Satisfied the Courant criteria and ensured
convergence of nonlinear oxidation and mineral
equilibrium processes. However, oxygen fluxes
decrease and oxidation front decreased in time.
- In 2-D background chemistry induces some
significant changes and the lower oxidation rate in
time is also evident.

Principal parameters
pH, O2, sulphur fraction, Ca, Mg, Na, K,
Cl, CO3, SO4, Mn, Fe(II), Fe(III),
H4SiO4, Al
Secondary parameters
CaCO3, FeCO3, CaSO4, Fe(OH)3,
Al(OH)3, SiO2, Saturated hydraulic
conductivity, Water retention, Pore
water velocities, Bulk density.

Chemical speciation
Acid-base
Oxidation-reduction
Nonlinear ion exchange
Adsorption
Precipitation-dissolution

Me = Metal in the sulphide mineral
MeS2 + 7/2 O2 + H2O →Me2+ +
2SO42- + 2H+

Model is subject to local equilibrium assumption
(LEA). Dependence of the metal immobilizing
mechanisms on the total mass of pH buffering
minerals and on the relative abundance and spatial
distribution of the various mineral types remains to
be investigated. Therefore the attenuation of
dissolved metals within the tailings can be
attributing to equilibrium reactions.

Principal parameters
pH, pe, Al, Fe(II), Fe(III), Mn
Secondary parameters
Cr, Pb, CaCO3, FeCO3, Al(OH)3,
CaSO4.H2O, SiO2, Fe(OH)3

FeS2(s) + 14Fe3+ + 8H2O → 15Fe2+
+ 2SO42- + 16H+
Fe3+ + 3H2O ↔ Fe(OH)3(s) + 3H+

Initial fluid in equilibrium with the host rock
minerals quartz, K-feldspars, pyrite.
As the pH drops ferrihydrite precipitates through
the oxidised zone and siderite appears early and
then completely dissolves.
Pyrite oxidation by oxygen in the smaller
tortuosities reduced rate of O2 diffusion and in time
greatly inhibits the rate of pyrite oxidation.

Principal parameters
Fe(III) – Fe(II) redox couple
Secondary parameters
Quartz, K-feldspars, kaolinite,
ferrihydrite, siderite, KalSO4

By interacting transport and chemistry this
maintains defined aqueous and mineral fronts.

Important inorganic species.

Assume all reaction will reach chemical
equilibrium. (eg. Increasing mineralization with
sulphate and iron is coupled to increasing
acidification).

Principal parameters
SO42-, Ca2+, Fe(tot), pH, Eh.
Secondary parameters:
As, Co, Ni, Zn, Temperature, O2(dis),
Alkalinity, others.

For pyrite oxidation:
Shrinking –core model

Walter et al. (1994 a, b)

Geochemical reactions

First order kinetics for pyrite
oxidation.
Thermodynamic equilibrium

MULTIFLO
Lichtner (1996)

First order kinetic rate laws
(sulphide oxidation due to O2
diffusion).

Aqueous
complexing,
sorption,
and
redox
reactions are included in the
code.

MST1D
Engesgaard (1991)

Equilibrium geochemical model

Complexation,
ion
exchange,
precipitation/dissolution,
and redox processes.

PHREEQC
PHREEQC-2
Malmstron et al. (2004),
Jacques et al. (2003),
Appelo et al. (1998)

Equilibrium thermodynamics and
kinetic dissolution of metals [eg
sulphide
oxidation
(timedependent and space evolution)]

Concentration of sulphates.
Dispersion, Complexation
Precipitation, Adsorption.

FeS2 + ½ H2O + 15/4 O2 = Fe3+ +
2SO42- + H+
Fe2+ + ¼ O2 + H+ = Fe3+ + ½ H2O

MeCO3(s) + H+↔ Me2+ + HCO3Me2+ + CO32-↔ MeCO3(s)
Men+ + nOH- ↔ Me(OH)n(s)

Pyroxpro; Fe2+ + 2SO42- + 2H+
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Anglesite PbSO4, cerussite PbCO3,
rhodochrosite MnCO3, amorphous
chromium hydroxide Cr(OH)3

Application in AMD
Table 2.2 (Contd.)
PYROX
Wunderly et al. (1996)

Kinetics/Equilibrium

Geochemical reactions

First order kinetics.

(See MINTRAN in Table
2.1).

RATAP
Parker and Robertson
(1999)

Shrinking model
biologic rate.

TOUGH AMD
Sraceka et al. (2004),
Lefebvre et al (2001a, b)

Reaction core model (redox
processes) uses first order kinetic
rate expression.

coupled

to

Key reactions
FeS2 + H2O +7/2 O2 = Fe2+ +
2SO42- + 2H+
FeS2 + ½ H2O + 15/4 O2 = Fe3+ +
2SO42- + H+
Fe2+ + ¼ O2 + H+ = Fe3+ + ½ H2O

Mineral dissolution
Aqueous speciation
Buffering
Ion exchange
Sorption

Aqueous complexation
Acid-base
Oxidation-reaction
Kinetic mineral
dissolution/precipitation
Equilibrium
dissolution/precipitation
Gas dissolution/exsolution

Q(Ox) = -KOxXTXwO

air
Ox

ƒ(x)

Q(Ox) volumetric oxidation rate
KOx volumetric kinetic constant
XT temperature kinetic factor
Xw oxygen partial density
ƒ(x) geometric factor [X (0 to 1)]
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Equilibrium front

Principal and secondary parameters

Although acid neutralization and attenuation of
dissolve metals can be attributed to first order
reactions, any model produced discrepancies may
be resulted from more complex geochemical
systems.

Principal parameters
O2, Fe2+, Fe3+
Secondary parameters
H+, SO42-

Fraction of unreacted sulphide in any layer can be
determined by using the size density function,
coupled with radial shrinkage function.

Principal parameters
Sulphide mineral (Pyrite, Pyrrhotite,
Chalcopyrite, Sphalerite), Calcite,
Aluminium hydroxide, Ferric hydroxide,
specific surface area, PO2, Temperature,
pH.
Secondary parameters
Secondary minerals (Gypsum, Ferric
hydroxide, Jarosite, Siderite, Aluminiun
hydroxide, Malachite, Covellite,
Antlerite, Smithsonite, Scorodite/ferric
hydroxide.
Biological variables
Sorption equilibrium of bacteria on
mineral surfaces, carbon source.

- Reasonable match gas transport processes.
- Secondary minerals are assumed at equilibrium.
- Reactive chemical in liquid phase depends of: a)
kinetic rate and b) oxygen availability.

Principal parameters
Supergene copper enrichment (oxidative
weathering and acidification that
mobilises metals in the oxidizing zones
thereby promoting enriched ore deposits
in the reducing conditions).
Secondary parameters
52 aqueous species

To evaluate pyrite oxidation in saturated and unsaturated subsurface flow systems
Xu et al. (2000) used the TOUGHREACT code. Simulation results indicated that
TOUGHREACT gives an accurate simulation of oxygen gas diffusion, which plays a
dominant role in the chemical evolution of pyrite oxidation in 1-D unsaturated conditions. In
a 2-D fractured rock with a complex flow and geochemical conditions, TOUGHREACT
shows that pyrite oxidation exerts strong influence on hydrogeochemical evolution in
variable saturated flow systems.
The relatively new set of models, i.e., MINTOX (Bain et al. 2000; Bain et al. 2001),
MINTRAN (Walter et al. 1994a, b), PYROX (Wunderly et al. 1996) are numerically based
simulators that mainly couple oxygen diffusion and sulphide-mineral oxidation. To simulate
kinetically controlled oxidation of sulphide minerals and reactive transport in 1, 2 and 3-D,
these models can be combined with each other and incorporate other models. MINTEQ2A, a
model for equilibrium geochemistry, is coupled with MINTRAN to generate physically
based flow models. Walter et al. (1994a, b) explained that, in order to model physicalchemical processes occurring in ground water and in mill-tailing environments, MINTEQA2
has also been coupled with a two-dimensional flow model PLUMED2D. To take advantage
of the structure of the solution space, Walter et al. (1994a, b) used a two-step method. The
first was coupled in space and uncoupled over the chemical components while the second
was uncoupled in space and coupled over the chemical components. Bain et al. (2000) and
Johnson et al. (2000), in order to evaluate whether laboratory-derived oxidation and plume
evolution processes describe field conditions, have also successfully incorporated these
numerical simulations. In an uniform 1-D system the model satisfied the number of
advection relative to the grid mesh size (Courant number/criteria) (Johnson et al. 2000; Bain
et al. 2001)and ensured stability for convergence of the non-linear oxidation and mineral
equilibrium processes. This was true even though the pH of the transported solutions are
dependent on the buffering capacity of the minerals in contact, and the relative abundance
and spatial distribution of various mineral types remain to be investigated. As a result the
model was further used to simulate a 2-D heterogenous system in where the background
chemistry induces some significant changes, e.g. mixed kinetic equilibrium and redox
processes, and lowers the oxidation rate. Based on the model of Davis et al. (1986), PYROX
incorporates spatially variable diffusion coefficient values, sulphide contents, porosities and
moisture contents. MINTOX simulates kinetically controlled oxidation of sulphide minerals
and subsequent reactive transport of sulphide oxidation products and other dissolved
elements across tailings and aquifer sediments. Although MINTOX provides a useful tool to
assess complex physical chemical sequences acting in plume evolution, the code has several
limitations that, for example, prevent the code to accurately appraise the pH conditions and
plume features (Bain et al. 2000). The model also implies that geochemical equilibrium may
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be attained between flowing groundwater and adjacent solid phase. In natural conditions this
is unlikely to occur. Kinetically controlled aluminosilicate mineral dissolution may affect the
pH and add less dissolved component(s) than expected, and this is not simulated by
MINTOX.

2.4.5 Selected case studies in AMD
Although to date there is not a model that can accurately describe processes
occurring during the formation and development of AMD, the models described above have
significantly improved our understanding and interpretation of physical-chemical and
biogeochemical aspects of acid formation and AMD contaminant transport. This review
therefore presents a brief summary of the main conclusions derived from modeling of acid
mines drainage and related processes.
Fennemore et al. (1998) presented a mathematical model which was used to predict
the mass of sulphate and acid generated, and the thickness of oxidation rind. The model
consisted of a system of four coupled equations and incorporated oxygen diffusion, the
oxidation rate, the oxidised volume and sulphate release. This laboratory validation of this
model found principally that laboratory humidity cells overestimate pyrite oxidation rate in
arid environments by a factor of >2 compared with the same material emplaced in the field.
In addition, the authors stated that, in order to develop a complete assessment of processes
related to AMD formation and its effects, there is a need to evaluate sulphide oxidation in
relation to the water content of the media.
By assuming that the mechanism for resupply of O2 into the fragment voids of the
spoil profile was by one-dimensional gas diffusion, Jaynes et al. (1984a) developed a model
to investigate the long-term oxidation of pyrite. Their work indicated that the activity of
sulphide-oxidising bacteria was controlled by the energy available from ferrous oxidation,
and from a combination of other factors such as oxygen limitation in the spoil air,
temperature of spoil, and hydrogen ion concentration in solution (Jaynes et al. 1984a). In a
subsequent paper, which presented several simulations on the basis of the original model, it
was concluded that the potential for increasing the pyrite oxidation rate by bacteria increases
as the rate of oxygen supply becomes less limiting and, in systems without iron-oxidising
bacteria, oxygen is the only important oxidiser of pyrite (Jaynes et al. 1984b). The rates of
ferrous to ferric iron oxidation by purely chemical means are slow, and therefore sulphide
oxidation by ferric iron within an abiotic system is not important.
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Elberling et al. (1994) developed a computer model to evaluate critical parameters
such as grain size, pyrite content and effective O2 and H2O diffusion for acidic drainage
production in tailings. The model predicted that high pyrite oxidation rates are produced in
the initial time after tailings deposition. However, the kinetics of this process which started
under convective control shifted to diffusional control over a period of time and this was
dependent on the composition and properties of tailings (Elberling et al. 1994). Diffusion of
O2 rather than biological or non-biological chemical kinetics in the tailings will control
oxidation rates over time-scales of a few years.
The effects of physical and chemical heterogeneity caused by mixing of soil
materials that may have already been oxidised to different degrees during the deposition of a
mine-spoil pile was studied by Hangen et al. (2004), Gerke et al. (2001) and Gerke et al.
(1998). Main parameters considered during the studies by Gerke et al. (2001) were the
variably saturated water flow, oxygen diffusion in the soil gas, kinetic pyrite oxidation and
acidic effluent generation. In order to represent the complete set of processes investigated,
simulation of these processes was achieved by coupled use of the SWMS-2D (Simunek and
Suarez 1994), MINTRAN (Walter et al. 1994), PLUME2D (Frind et al. 1990) and
MINTEQA2 (Allison et al. 1991) codes. Results from these one- and two- dimensional
simulations gave an indication on the long-term evolution of the oxidation front, the mass
flux of oxidation products, and the effects of system heterogeneity (Gerke et al. 1998). The
original analysis of the effects of spatial heterogeneity (Gerke et al. 1998) was compared to
the results of a generic 2D heterogeneous system with those obtained with a 1D
homogeneous system with average properties and found that the system returned to neutral
conditions over a time period of the order of several decades. Later studies considered
layered structures in homogeneous systems, and analysed the effect of the spatial distribution
of chemical properties for comparable initial chemistry and for reduced oxygen transport
rates (Gerke et al. 2001). Results showed that chemical components in vertical profiles vary
in relation to both high and low–sulphur content scenarios. While the sulphide mineral
distribution results in vertical spreading of the oxidation front, precipitation and dissolution
of the secondary minerals via local retardation and release of solutes affect the AMD (Gerke
et al. 2001). Variations were also interpreted to be relatively large in the beginning and with
respect to the distribution of solid phase components.
The model MINTOX was used to simulate sulphide oxidation and two-dimensional
reactive transport of dissolved sulphide oxidation products and other dissolved constituents
through tailings and aquifer sediments (Bain et al. 2000). In order to model chemical and
hydrological transport processes, MINTOX incorporated results obtained with the solute
transport PLUME2D model, which is based on steady state ground-water velocity vectors
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calculated for the flow system with the FNPCG flow model, the sulphide model PYROX,
MINTEQA2 and independent mineralogical studies (Bain et al. 2000). In contrast to
Eriksson and Destouni (1997), but in agreement with Gerke et al. (1998), it was concluded
that a well-developed conceptual geochemical model is capable of simulating sulphide
oxidation, and plume evolution, at mine drainage sites. MINTOX is also able to simulate
processes that are controlling pH, and metal and SO42- mobility. However, it was reported
that there were differences between the observed and simulated plume movement for pH,
metals and SO42- and these are attributed to discrepancies in the sulphide mineral oxidation
rate, ground-water velocities and the composition of the background solids (Bain et al.
2000).
As previously observed, the TOUGH2, TOUGH AMD, TOUGHREACT models
involve the simulation of AMD production in waste rocks including hydrology, gas transfer,
heat transfer, geochemistry and mass transport. These reaction core models consider oxygen
as the main effective pyrite oxidant and thus make a direct link between oxygen
concentration in the gas phase and the oxidation rate. To simulate pyrite oxidation under
non-acidic conditions, the models avoided considering Fe3+ as an oxidant and the total
volume of oxidation products were also considered independent of the geochemical leachate
parameters such as pH, redox, and ion concentrations. TOUGH AMD, which is the most
used model from this group, in addition to considering infiltration to represent saturated and
unsaturated liquid flow, convective and diffusive gas transfer, diffusion and reaction of
volumetric oxidation rate, included factors affecting reaction kinetics such as high
temperatures that control bacterial activity and pyrite oxidation rate, as explained by (Jaynes
et al. 1983; Pantelis and Ritchie 1991). The TOUGH AMD model was used to study a waste
rock pile at the Doyon mine, Canada and at Nordhalde in Germany (Azzam; Lefebvre et al.
2001a). The study indicated that both physical and geochemical processes within a waste
rock pile are interconnected for highly reactive sulphide waste rock, and they cannot be
considered separately (Lefebvre et al 2001b; Sraceka et al. 2004). A later study (Sraceka et
al. 2004) indicated that the model allowed the differentiation of strong spatial (slope vs.
core) and temporal (dry period vs. recharge period) variations in geochemical and physical
behavior. In addition, the model helped to pinpoint several dissolved species in the
unsaturated zone of the pile with extreme concentration values. Finally, in addition to
detecting internal evaporation indicated by increasing chloride concentrations with depth, the
model defined the main secondary minerals (i.e., K-jarosite and gypsum) (Sraceka et al.
2004).
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2.4.6 Conclusions
From an environmental view, sulphide weathering in mine tailings (i.e., overburden
materials) poses a long-term threat to the surrounding environment. Since the contamination
processes may last decades or even centuries, an adequate understanding and integrated
modeling of the physical and biogeochemical processes controlling AMD production has to
be achieved. Although economic and technological limitations have prevented an integrated
comparative model analysis of various possible abatement methods, recently the research
and scientific community has been working to resolve these problems. For example, studies
by Gerke et al. (1998), Bain et al. (2000), Chilakapati et al. (2000), and Saaltink et al. (2004)
who using a reactive flow and transport modeling tools investigated biological,
adsorption/desorption, complexation, and mineral dissolution/precipitation reactions; can be
developed to comparatively analyse long-term processes effecting AMD production and
these can also be used to validate data acquired in the laboratory and at mine sites.

2.5 Research objectives
Following the preceding literature review several issues addressing AMD were
observed to require attention. A considerable body of research literature is available
regarding AMD processes within various climatic and geographical settings, but mostly in
humid environments where water and oxygen are non-limiting. In semiarid/arid
environments oxygen is non-limiting but water accounts for a limited reactant input.
Accordingly, the prime objective of the current research is to investigate fundamental
AMD formation and evolution processes in semiarid/ arid environments. Knowledge about
the water content of a system and its relation to sulphide oxidation is essential. From an
environmental viewpoint, sulphide weathering in mine-waste embankments represents a
long-term threat to the surrounding environment. These mine-waste embankments,
depending on their location and environmental setting, present contrasting physical,
hydrological and chemical characteristics that are interrelated and controlling the fate and
transport of solutes resulting from AMD. Thus, a second objective of the research is to
assess sulphide oxidation in relation to changing hydrological conditions (water content
and flow regimes). HYDRUS 1D and PHREEQC-2 models will be used to validate
laboratory acquired data. The natural distribution and reactivity of pyrite and other sulphide
minerals affects the short- and long-term geochemical cycling of iron and sulphur in the
formation of AMD. This is especially relevant when sulphide bearing materials are
influenced by physical-mechanical and biochemical changes during ore recovery and their
placement as mine waste embankments (e.g. overburden and tailing waste piles). Several
mathematically based modeling codes/models widely used in the groundwater/geochemistry
communities are recently being incorporated to interpret these highly complex environments
in which AMD can be originated and evolve. Thus the third objective of this research is to
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assess, via solute transport studies, the reactivity of freshly broken mafic sulphide bearing
materials. The CXTFIT, HYDRUS 1D, and the geochemical speciation PHREEQC-2
model, will be used to test transport and geochemical acquired data.
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Chapter 3: Hydraulic properties of porous media mixtures: a case of
tailing-sand mixture
Abstract
Soil properties such as the water retention and the unsaturated hydraulic conductivity
curves controlling fluid flow in soil depend on pores sized distribution and pore connectivity.
For granular soils grain size distribution (GSD) has often been used to derive hydraulic
properties. The objective of this investigation is to experimentally assess how mixing of sand
and tailings affect hydraulic properties. Tailings and sands were mixed at proportions from
0.0:1.0 to 1.0 and water retention curves and saturated hydraulic conductivities were measured
for each mix and the pure materials. The data were adequately described with the van
Genuchten and the Brooks and Corey retention functions. The pore size distribution parameter
of both models was constant up to a mixing proportion of 0.6 representing the value of the pure
tailings. Above this mixing proportion the parameter increased and approached the value for
pure sands. This was also reflected in the changes of the hydraulic conductivity. The measured
data could be qualitatively reproduced using a two-dimensional model of particle packings that
were used to parameterize a pore scale model of fluid flow.
Key words
Porous-media, hydraulic properties, tailing-sand, pore-scale
3.1 Introduction
Water flow and transport of solutes through various porous media are largely influenced
by the spatial heterogeneity of the medium. The materials defining the heterogeneous nature of
the medium may differ with respect to various physical and chemical properties and this in turn
affects the mediums structure, water storage and transmission characteristics. In undisturbed
soils some physical properties such as grain-size distribution (GSD) have limits for predicting
hydraulic properties as soil structure and aggregates with large pores in between are first-order
controls of pore size distribution which cannot be captured by GSD. Hydraulic properties that
we consider here are the soil water retention curve and the saturated hydraulic conductivity. In
contrast to natural undisturbed soils, materials used for land rehabilitation and soil amendments
can often be viewed as mixtures of at least two different materials that are characterized by
contrasting GSDs associated with distinctively different hydraulic properties. This paper will
focus on such systems and elucidate how mixing two different materials will affect composite
hydraulic properties and how this can be modeled.
Current management practices of soil and mine wastes includes co-disposal of tailings
with other materials such as sand and to amendments of soil with industrial by-products,
including red mud, fly ash, slime and others or mixing of sands with clayey materials. The
purposes of these amendments are often directed to the improvement of physical, chemical and
biological properties of soil. For example, (Spomer 1980), investigating sand-soil mixtures for
drained turf sites, observed that the effects of coarse sand are restricted to matric suctions <10
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kPa and the amount of retained water at greater suction is related to the amount of fine materials
(i.e., soils) in the system. The amount of soils which substituted sand and sand-porosity in the
mixture controlled the retention curves of the mixture. Ravina and Magier (1984) observed that
rock fragments affect the permeability of the soil fraction at the higher moisture content or low
suction range. However in unsaturated conditions the hydraulic properties at high suctions
would not be much different in soils of gravely and non-gravely profiles. Fiès and Bruand
(1998) showed for a bimodal systems (i.e. a blended medium made up by a sand-sized particles
and fine grained or silt-sized soils) that mixing of two sand and silt-particle sized soils lead to
more interconnection between different types of lacunar-pores (i.e., pores between the particles
that form a skeleton), which affects hydraulic properties. Hydraulic characteristics of bimodal
distribution have also been observed by Fiès et al. (2002). They concluded that fine earth
particles with grain-size diameter <2 mm have their own pore space of relatively fine pores
compared to that of coarse fragments. These fine pores are preserved in the mixture while the
coarse lacunar pores result from substitution, filling or shrinkage. Based on the assumption that
fine particles were uniformly dispersed in the voids of the coarse grained skeleton, Côté and
Konrad (2003) indicated that there are notable relationships between hydraulic parameters such
as the air entry values, fines fraction porosity, saturated hydraulic conductivity and surface area
of fines.
While quantitative descriptions of SWRC and hydraulic conductivity (HC) functions
(e.g., Fredlund et al., 1994; van Genuchten, 1980; Mualem, 1976; Brooks and Corey, 1964) are
well established for common soils, it still needs to be shown how these functions change for
binary mixtures of fine and coarse constituents making up composite soils (Wu et al., 1990).
Accordingly, this investigation focuses on hydraulic properties of binary mixtures of two
materials with silt-clay and coarse-sand textures whose hydraulic properties are mainly
controlled by texture rather than structure. Empirical findings are compared with a pore scale
model (PSM) by Lehmann et al. (2004). This model quantified the geometrical properties of
sphere packing with uniform or non-uniform particle size distributions. Here, we use a twodimensional version of this model and characterize the pore space of sand and tailing mixtures.
Considering that particle size distribution of tailing materials in contrast to well graded sand has
a relative uniform distribution and therefore low permeability and conductivity, the study used
mixtures of silt-clayed tailings and medium-grained sand at compositions from 0 to 100 % sand
or tailings.
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3.2 Theoretical considerations
3.2.1 Soil-water retention curves (SWRC) models
Among the empirical models of soil water retention that describes changes of degree of
saturation in soil with respect to matric potential head are those of Brooks and Corey (1964) and
van Genuchten (1980). To use the soil water retention to predict the unsaturated hydraulic
conductivity Brooks and Corey (1964) used the approach by Burdine (1953) whereas van
Genuchten (1980) based his model on Mualem (1976). The Brooks and Corey model uses two
parameters, namely hb and Γ , and is given by the following expressions:

for h ≤ hb

1
Sr =

h
hb

−Γ

for

(3.1)

h > hb

Sr and h are the effective saturation ratio S r = (θ (h ) − θ r ) /(θ s − θ r ) and the matric
head (in cm) respectively. The parameter hb is related to the air entry value and the Γ parameter
reflects the pore size distribution (Sillers et al. 2001) and is related to the particle size
distribution of the soil. (h) is water content (cm3 cm-3) and

r

and

s are

the residual water

content and the water content at saturation, respectively.
The van Genuchten model (1980) consists of three parameters (n,

and m), which can

be obtained by fitting them to experimental data and these are related to Sr by the following
equation:

Sr =

1

(3.2)

[1 + (αh) n ] m

where m=1-1/n a necessary constraint to obtain the analytical form of the unsaturated hydraulic
conductivity function based on Mualem(1976).
3.2.2 Hydraulic characteristics
A bimodal grain size-distribution can be obtained by mixing soils with contrasting
textures. Côté and Conrad (2003) presented a brief review of saturated and unsaturated
hydraulic characteristics of mixtures. They focused on the effect of fines in coarse textured
materials and assume that fine particles have a pronounced influence on the hydraulic properties
of materials that consist mostly of coarse particles. The Brooks and Corey (1964) model appears
to be the best suited to describe hydraulic properties of coarse-grained (Côté and Konrad 2003 ;
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Timlin et al. 1999). Assuming that

kθ = k s (θ ( h ) / θ s )

( 3+ 2 Γ ) / Γ

r

0, Eq. (3.1) can be modified to either

or k h = k s (if h

hb) or k h = k s (hb / h )

2 + 3Γ

(if h > hb) in cases where

a constant Γ is determined from the SWRC. For binary mixtures we hypothesize that there are
two limiting cases of how hydraulic properties of the composite medium is related to the
hydraulic properties of the pure materials that make up the composite: (i) the soil water
retention and hydraulic conductivity of the fine textured material dominates the hydraulic
properties of the composite when the coarse material is “floating” within the fine material valid
for small fractions of coarse material and (ii) the composite hydraulic properties are directly
related to the coarse material as long as the coarse particles form a grain supported composite in
which some of the pores are filled with the fine material. In the first case, the hydraulic
conductivity and the water retention will be that of the fine material reduced by the volume the
coarse particles occupy. The second case is slightly more complicated. While the pore space of
the coarse material is preserved, the porosity and the pore size distribution of the composite may
be substantially changed by the presence of fine material in large pores of the coarse material.
Alternatively, the composite properties may be different from both fine and coarse materials due
to the spatial arrangements of the particles, hence creating pore size distributions and pore
connectivity that cannot be predicted from either the fine or coarse materials.
3.3 Materials and Methods
3.3.1 Materials
Sandy-silt tailings collected from the Nevoria Tailing Storage Facility (TSF), Southern
Cross Operations, Sons of Gwalia mining company and 99.5% SiO2 medium-grained
sandblasting-sand distributed by Cook Industrial Minerals PTY, Ltd were the nominated
materials.
3.3.2 Size Fractions
Ore processing in the Southern Cross region (Western Australia) goldfields use
normally large volumes of saline and hypersaline water. As a consequence much of the
materials in tailing storage facilities (TSF) within the region have extremely high salinities. To
reduce the salinity concentration of the tailing, before grain-size analysis was carried out,
samples were treated to about ten cycles wash with deionised water. Grain-size analysis of
tailing materials demonstrated that samples have a significant percentage of silt to fine sand
grain-size. Coarse-silt (20 to 63 µm) (about 34%) and fine-sand (63 to 125µm) size particles
(about 18%) are the dominant composites (Table 3.1). A mineralogical assessment of the
tailings (see 6.3.1) indicated that the clay fraction is dominated by chlorite, illite and kaolinite
minerals, being chlorite>illite>kaolinite.
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Medium grain-size dominated sand was sieved and portion of particle size ranging from
500 to 710 µm was selected for the tests. In order to remove potential organic matter, the sand
sample was washed using diluted (10%) hydrogen peroxide and then rinsed-dried-rinsed to
remove traces of peroxide.

Table 3.1 Overall grain-size distribution for tailings and sand. Grain size measurements of
tailings and sand were achieved via sedimentation and sieving techniques respectively (Komar
and Cui 2003). Sand grain-size portion for the tests was resieved from a mixture of the medium
and coarse sand proportions.
Tailings
Percentage retained

Sand
Percentage retained

3.9

0.8

Medium sand (0.250 - 0.600 mm)

14.5

94.0

Fine-Medium sand (0.125 - 0.250 mm)

14.9

4.6

Fine sand (0.063 - 0.125 mm)

17.7

0.6

Coarse silt (0.063 - 0.02 mm)

34.5

Medium silt (0.02 – 0.006 mm)

9.1

Fraction size
Coarse sand (>0.600 mm)

Fine silt (0.006 – 0.002 mm)

3.0

Clay < 0.002 mm

2.4

0.1
0.0

3.3.3 Mixture
Tailings and sand samples were air-dried at 30 oC before mixture. Then both
independent materials were carefully hand-mixed at sand: tailings mass proportions from
0.0:1.0 up to 1.0 (i.e., 100 % sand:0 % tailing to 100% tailing:0 % sand). To maintain
uniformity during packing, mixtures were slightly wetted to an approximate 1.5 % saturation
and then materials were placed and uniformly compacted into 10-mm thick and 33-mmdiameter soil retention cells. To prevent loss of finer materials retention cells were sealed at the
base with a double layer 11 µm nylon-net-filter.
3.3.4 Determination of soil water retention curve (SWRC)
Water retention data of the mixed and the two independent composites were obtained
using pressure chambers (0 to 1500 kPa). Low pressure (0 to 100 kPa) chambers were placed in
a controlled temperature room (14oC). Prior to application of selected pressure heads, samples
were completely saturated by placing them for 24 hours on/to ceramic plates. De-aireddeionised water was used as saturating media.
The average water content of triplicate specimens was used to construct the SWRC for
the samples. Water content for each suction was measured after samples reached equilibrium by
oven-drying at 105oC for 24 hours. The general physical parameters for composites and mixture
samples are shown in Table 3.2.
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3.3.5 Determination of the saturated hydraulic conductivity (SHC)
The saturated hydraulic conductivity (Ks) of all samples was measured using the
constant head method (Klute and Dirksen 1986). The column housing materials included PVC
pipes with 5 cm internal diameter and 5 cm height. Column exits were fitted with high flow
PVC-porous plates on which 50 µm porosity filters were placed. Filters were in contact to the
samples. De-aired-deionised water was supplied from an adapted Mariotte device. The volume
of the de-aired-deionised water flowing through the packed samples was firstly measured at
short intervals (every 20 min) and then after 24 and 96 hours. Mean Ks were calculated from
these measurements and the size of the hydraulic gradient.
3.3.6 Determination of the particle density ( p)
Particle density (ρd) of the composites and the mixtures were determined using the
standard pycnometer method, using de-aired distilled water as the displacing fluid (Gorrill,
1998). Particle density ranged from the 2.63 to 2.74 g cm-3 (0.03 standard error) for the sand and
from 2.91 to 3.49 g cm-3 (0.14 standard error) for the tailings (Table 3.2). McGregor and Blowes
(2002) observed a near similar particle density values and noted that these increases as the
tailing materials are influenced by S-bearing and Fe-bearing phases (e.g. Gypsum and Jarosite).

Table 3.2 Physical characteristics of mixtures and independent composites (sand and tailings).
Mass fraction of sand
Model

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

r

0.004

0.020

0.037

0.061

0.112

0.151

0.212

0.255

0.270

0.335

0.363

s

0.358

0.383

0.401

0.422

0.452

0.476

0.492

0.538

0.561

0.610

0.629

0.024

0.025

0.027

0.028

0.022

0.022

0.030

0.052

0.036

0.072

0.026

3.25

2.87

2.16

1.76

1.58

1.57

1.32

1.29

1.38

1.31

1.59

Variable

van Genuchten

n

Brooks-Corey

r

0.0002

0.010

0.040

0.07

0.11

0.16

0.18

0.21

0.25

0.31

0.37

s

0.34

0.38

0.38

0.41

0.44

0.46

0.48

0.52

0.54

0.58

0.62

0.04

0.10

0.04

0.04

0.05

0.04

0.04

0.05

0.05

0.06

0.04

1.14

0.89

0.77

0.57

0.38

0.38

0.23

0.27

0.30

0.33

0.38

hb

Measured physical properties
s

Ks (cm min-1)
-3

Particle density
(g cm-3)

Bulk density (g cm )
Ranges
Mean
Standard
error
Predicted

*

0.358

0.382

0.401

0.422

0.452

0.476

0.492

0.538

0.561

0.610

0.629

0.66

0.55

0.35

0.20

0.12

0.073

0.033

0.019

0.014

0.012

0.009

1.757
2.63274
2.65

1.717
2.662.73
2.70

1.642
2.70
2.74
2.72

1.638
2.702.80
2.75

1.603
2.70
2.93
2.82

1.591
2.722.98
2.87

1.525
2.833.01
2.88

1.495
2.723.24
2.91

1.484
2.803.38
3.01

1.367
2.753.49
3.01

1.291
2.913.49
3.10

0.03

0.02

0.01

0.02

0.05

0.06

0.05

0.12

0.13

0.17

0.14

2.65

2.70

2.74

2.79

2.83

2.88

2.92

2.96

3.01

3.05

3.10

* Values were calculated from mean particle density of sand and tailing respectively, and sand
mass proportions in each mixture.
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3.4 Data analysis and discussion
3.4.1 Composite volume based model
With an initial volumetric water content of 35.8 % and 62.9 % for sand and tailing
composites, the initial samples saturation was 99.9 %. All experimental data can be found in
Appendix 3.1 (electronic copy).
A model of binary mixtures was presented by Vallejo (2001), and was used in several
other related studies (e.g., Fiès et al. 2002; Côté and Konrad 2003). Vallejo (2001) discussed the
porosity of mixtures ( φ mix ) as a function of the sand-soil mixture proportions and the porosities
of each composite (i.e., volume of sand in mixture is calculated from the relationship of the total
dry mass of the mixture, particle density of sand and the sand mass proportion in the mixture).

φ mix =

Vmix − VS − VT
Vmix

(3.3)

where Vmix (cm3) is volume of mixture (voids, sand grains and tailing particles), VS is the volume
of coarse material (i.e., medium-coarse sand in this study), VT is the volume of fine material
(i.e., tailings in this study). A general assumption is that the resulting mixtures, from the
addition of sand and tailings, are well graded composite. Computed data using this basic
equation is shown in Figure 3.1

65.0
Porosity of mixture (%)

60.0
55.0
50.0
45.0
40.0
Laboratory determined porosity (%)

35.0

Estimated porosity (%)

30.0
0

0.1

0.2

0.3

0.4
0.5
0.6 0.7
Proportion of sand

0.8

0.9

1

Figure 3.1 Changes in porosity in the tailing-sand mixture Vallejo’s approach as compared to
the laboratory determined porosity (%)
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To comparatively analyse the results with the study of Vallejo (2001), the porosity of
the sand only was calculated assuming the voids can either be filled with water, air or the
tailings material:

φ S :=

Vmix − VS VV + VT − VS VV + F (Vmix − VV )
=
=
Vmix
Vmix
Vmix

(3.4)

where the volume of voids is VV,and F defined as volumetric fraction of tailing particles. For the
medium analyzed by Vallejo (2001), the small particles fill the voids between the large particles
and φ S remain constant for small fractions of fine particles. The function φ S (F ) found by
Vallejo for a mixture of gravel and sand is shown qualitatively in Fig. 3.2. In this case, φ S (F )
were calculated using the measured saturated water content for φ S and the measured mass
fraction of tailing particles per total solid mass for F . The values are shown in Fig. 3.2.

Porosity of sand proportion (cm3 cm -3 )

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Tailing proportion in mixtures
Figure 3.2 The fraction of volume complementary to the volume of sand particles as a function
of tailing and sand fraction. The solid line shows qualitatively the results found in Vallejo
(2001) for a gravel and sand mixture.
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Based on the results shown in Fig. 3.2 the mixture analysed in this study can not be
described with the model of Vallejo. This means, that in this case, the fine particles (the tailing)
do not fill completely the voids between the coarse particles (sand). Therefore, it will be used an
alternative approach to model the effect of the mixture on hydraulic properties using a pore
scale model.

3.4.2 Parameterization of water retention curve (WRC)
Fitted parameter values of the Brooks and Corey equation (3.1) are presented for pure
and composite materials in Table 3.2, whereas the retention curves are displayed in Fig. 3.3 .For
low tailing contents the shape of the water retention curve resembles that obtained for sand
alone (Fig. 3.3), whereas for low sand content the tailings dominate the shape of the retention
curves shifted along the x-axis by the volume the sand occupies. In this condition, fine grained
skeleton allows reduced volume of water flows. This is clearly shown by the hydraulic
conductivity (Fig. 3.4) and the van Genuchten parameter n – Brooks and Corey (Table 3.2,
Fig. 3.5).

100 % Sand

90 % Sand

80 % Sand

70 % Sand

4

60 % Sand

50 % Sand

40 % Sand

30 % Sand

3.5

20 % Sand

10 % Sand

100 % Tailings

WC-fit

Log P (kPa)

4.5

3

2.5
2

1.5
1
0.5
0

0.1

0.2

0.3
0.4
3
-3
WC (cm cm )

0.5

0.6

Figure 3.3 Fitted retention curves using Brooks and Corey equation. Note the better fittings for
the tailing dominated fractions.
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0.30
0.20
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0.00
0.0
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0.4
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0.8

0.9
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Tailing proportion in mixtures
Figure 3.4 Saturated conductivity in relation to sand proportions in the mixture. In general, as
the sand proportions increase conductivity of mixture increases. Normalised Ks was calculated
from (Kmixture-Ktailing)/(Ksand-Ktailing).

van Genuchten
Brooks & Corey

van Genuchten (n)

3.0

1.2

2.5

1.0

2.0

0.8

1.5

0.6

1.0

0.4

0.5

0.2

0.0

0.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Brooks & Corey (Burdine) ( )

1.4

3.5

1.0

Tailing proportion in mixture
Figure 3.5 The van Genuchten and Brooks and Corey n and are approximately constant up to
a sand content between 0.5 and 0.7. It is assumed that for high fractions, the sand develops its
own porosity causing an increase in n and consistent with sandy soils.
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3.4.3 Pore scale model
Figure 3.5 shows that the parameter of the SWRC for sand fractions smaller than 0.6 kg
-1

kg remains constant and increases for higher sand fractions. To analyze this change of the pore
structure in more detail, the arrangement of the pores and particles was modeled. The pore scale
model used here was a simplified two-dimensional version of an approach that was used to
describe the geometrical properties of sphere packings (Lehmann et al. 2004). To mimic the
sand and the tailings, two lognormal particle size distributions were chosen. The range of the
modeled particle size distributions correspond to the measured particle sizes, but the shape of
the distribution functions was slightly modified to decrease the number of particles in the clay
and fine silt fraction. The particle size distribution gives the relationship between particle size
and mass fraction. Based on the volumes of spherical particles, the number of particles as a
function of particle sizes was calculated. To calculate the number and size of particles in a
cross-section, a statistical approach given in Ohser and Mücklich (2002) was applied. The
resulting relationships between particle size, particle number and particle mass are given in

Cumulated distribution [-]

Fig.3.6.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Tailing number
Tailing mass
Sand number
Sand mass

0

100

200

300 400 500 600 700
Particle diameter [micron]

800

900

1000

Figure 3.6 Modeled particle size distributions. Two different lognormal density distributions
were chosen to model the sand and the tailing material. From the mass distribution, the number
of particles as a function of particle sizes was derived.
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0% sand

30% sand

80% sand

100% sand

Figure 3.7 Modeled media with different amounts of tailings. The tailings are surrounded by a
layer of immobile water. Particles of the tailings are shown in grey, sand grains in black.
Before the arrangement of the particles can be modeled, the porosity of the analyzed
system must be taken into account. As shown in Table 3.2, the measured saturated water content
increased almost linearly with increasing fraction of tailings. Probably, this was caused by the
slight swelling properties showed by tailings at saturated conditions. This influence was
modeled by surrounding the particles of the tailing with a layer of immobilised water, so the
amount of drainable water was roughly the same in all the modeled systems (Fig. 3.7). To
distribute the particles within a cross-section, a random number between 0 and 1 was chosen.
The value of this random number corresponds to the diameter of a particle according to the
cumulated frequency distribution function. This procedure is repeated until the cross-section of
all these particles exceeds the given porosity. Then, these particles are arranged randomly in the
cross-section beginning with the largest particles. If a particle overlaps with another one, a new
random position was chosen.
Because the water retention and the flow velocity depend on the size of the pores, the
pore size distribution had to be determined. For that purpose, the modeled spatial distribution of
the particles was transformed into a black and white image of solid phase and pore space,
respectively. At every pixel of the pore space, a disk that lies entirely within the pore space was
inserted. The radius of this disk was determined as pore size. If a pixel is within a larger disk,
this higher value was taken as pore size. With the simplification that the water retention depends
3-12

only on the pore size, the cumulated pore size distribution equals the water retention curve if the
pore radius is transformed into a pressure value using the capillary law (Fig. 3.8).

1
0% T
10% T
20% T
30% T
40% T
50% T
60% T
70% T
80% T
90% T
100% T

0.9
0.8

Water saturation [-]

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

h (kPa)

Figure 3.8 Modeled water retention curve for the various mixture, derived from the pore size
distribution function.
To compare the model with the measured water retention curve, the range of the water
retention curve that can be described with a linear relationship between suction and water
content was considered. More than 50% of the drainable water, determined as difference
between saturated and residual water content, could be described with a linear function. The
slope determined for the measured data was compared to the slope within the linear range of the
modeled water retention curve (Fig. 3.9). To compare the slope s obtained for the
measurements and the model, an effective slope was determined as;

s eff =

s − s min

(3.5)

s max − s min

with the minimum and maximum slope s min and smax . For the measurements and the modeled
value, an increase of the slope is observed for sand fractions above 50%. For high sand
fractions, the sand particles build a continuous skeleton, but the space between the sand
particles is too small for the larger particles of the tailing. With increasing sand fraction, more
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and larger pores between sand particles are created and these are partially filled with the finer
particles of the tailings (Figure 3.8).
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Normalized slope
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0.4
0.3
0.2
0.1
0.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Sand proportion in mixtures
Figure 3.9 Slope of linear range of the water retention curve determined in measurements and

with the pore scale model. In both cases, the slope increases for sand fractions > 50 %.

To analyze the effect of mixing on saturated hydraulic conductivity, the mean pore
radius of the modeled media was determined by calculating the first moment of the pore size
distribution. The flow density through a capillary is proportional to the square of the radius,
according to the Hagen-Poiseuille Law. As an estimator for the flow through the modeled
media, the flow through the capillary with the mean pore radius is chosen. Because the
conductivity is proportional to the flow density, the calculated proportion of flow densities
corresponds to the ratio of water saturated conductivities. So, the relative conductivity was
determined as

ks =

K mixture − K tailing

K sand − K tailing

=

2
2
rmixture
− rtailing

2
2
rsand
− rtailing

(3.6)

with the mean particle radius and saturated conductivities of the mixture rmixture , K mixture , the
pure tailing rtailing , K tailing and the pure sand rsand , K sand (Fig. 3.10).
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Figure 3.10 Measured and computed water saturated conductivities. The computed values were
derived from the Hagen-Poiseuille Law and the pore size distribution in the modeled media. For
sand fractions > 40 %, the conductivity increases.

3.5. Conclusions
The soil water characteristics of binary systems containing sand and tailings were
determined in a series of laboratory experiments. For sand fractions smaller than 0.5 kg kg-1, the
shape of the water retention curve and the water saturated hydraulic conductivity remain
constant. For such small sand fractions, the particles of the tailing build the skeleton of the soil.
The remaining sand particles are unconnected and float within the structure of the tailing
material. For higher fractions, a skeleton of the sand particles is built up and the tailing partially
fills the space within this skeleton of the coarse particles. As a consequence, hydraulic
conductivity and the slope of the water retention curve increase with higher sand fractions.
Although it is essential to emphasise that compaction and other physical and chemical factors
such as shrinking and soil weathering affect the internal structure of soil systems, porosity
distribution and hydraulic characteristics in bimodal mixtures is restricted by the critical amount
of volume of fine materials. Critical amount is referred to the fraction of tailings at which the
composite start to build up pore spaces that is caused by the formation of sand grain support. In
this study, a critical tailing fraction of 40% was determined using the laboratory experiments
and a pore scale model. Depending on the nature and objectives of mixing materials, such
analysis would help in defining idealized hydraulic characteristics of granular base materials.
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Chapter 4: Pyrite oxidation at circum-neutral-pH: Influence of water
content and implications for mine-waste management in semi-arid/arid
environments1
Abstract
Despite its importance to mine-waste management in strongly-desiccating environments
(e.g. inland Australia), little is known about the rate of circum-neutral pyrite oxidation at low water
contents. In this research, pyrite weathering in a calcareous matrix has been examined as a function
of water content, ranging from near saturation, to near air-dryness. Mixtures of pyrite, limesand and
(quartz) sand with water contents of 0.1 %, 25 %, 70 % and 95 % of the saturation value, were
aged at 20°C for up to 12 weeks in small columns, and the amount of sulphate produced through
oxidation determined via extraction with deionised-water. Sulphate production peaked at the
intermediate relative saturations. Reduced sulphate production at the wet-end of the water content
range reflects limited oxygen diffusion rates in porous media near saturation. Reduced sulphate
production at the dry-end of the water content range is ascribed to solute build up, and precipitation,
at the grain/pore scale which stifle oxidation by retarding mass-transfer (e.g. oxygen diffusion) at
reactive sites on pyrite-grain surfaces. This research has important implications for mine-waste
management where dry and dusty conditions are the norm. In particular, slow weathering beneath
(vegetated) 'store/release' covers should promote the formation of protective coatings on pyritegrain surfaces, and thereby geochemically contribute to engineered systems for mine-waste
containment.
4.1 Introduction
The overall oxidation of pyrite, when buffered at circum-neutral-pH by calcite dissolution,
may be described by:
FeS2 + 4CaCO3 + 15/4O2 + 7/2H2O → Fe(OH)3 + 2SO42- + 4Ca2+ + 4HCO3-

(4.1)

Reaction (4.1) implies that both oxygen and water are necessary for the reaction, and that a
source of alkalinity forms is required to neutralize the acidity produced through oxidation. Calcite,
dolomite and ankerite are common carbonate minerals effective in buffering during sulphidic mine
waste weathering, since the dissolution kinetics of these carbonates are non-limiting when
compared with the rates of circum-neutral pyrite oxidation (Campbell 2004; Chou et al. 1989).
Reaction (4.1) describes the weathering of waste-rock and process-tailings where the pyrite
content is small compared with the content of carbonates. Mine-wastes with this mineralogy are
non-acid forming, so that circum-neutral pH prevails during all stages of pyrite decomposition.
1

A short version of this Chapter 4 was presented at SuperSoil 2004, the 3rd Australian-New Zealand Soils
Conference, held in Sydney, Australia, December 2004. This version was published in the conference
proceedings (Appendix 4.1).
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Reaction (4.1) also describes the initial 'lag-phase' of weathering of mine-wastes which are acidforming, due to a shortfall in carbonates, and therefore acidify after some (often predictable)
threshold stage of pyrite decomposition has been reached. To prevent the production of acid-rock
drainage (ARD), containment strategies (e.g. covering and isolation) for acid-forming materials
need to maintain slow oxidation rates, so that 'lag phase' of weathering persists over the longer term.
There is an extensive literature on the mechanisms and kinetics of the abiotic oxidation of
pyrite by molecular oxygen at ambient temperature; especially under acidic (pH < 4) conditions [see
reviews by Lowson (1982), Nordstrom (1982), Nicholson (1994) and Rimstidt and Vaughan
(2003)]. However, pyrite oxidation at circum-neutral-pH has been studied less (Goldhaber 1983;
Moses et al. 1987; Moses and Hermann 1991; Bonnissel-Gissinger et al. 1998), and relatively few
investigations have involved carbonate-buffered systems (Nicholson et al. 1988; Brown and Jurinak
1989a; Evangelou et al 1998). Irrespective of the pH regime, the kinetics of pyrite oxidation
conforms to those of a surface reaction wherein the rate depends on the supply of reactant (e.g.
oxygen) to discrete reactive sites on the pyrite-grain surface. The nature and distribution of reactive
sites (e.g. crystal defects and other surface-structural imperfections) is closely dependent on both
geological origin (e.g. volcanic, hydrothermal or sedimentary), and sample treatment history, as
governed by crushing and grinding (McKibben and Barnes 1986; Sasaki 1994; Bonnissel_Gissinger
et al. 1998). When conditions permit (e.g. extended ageing periods of weeks to months between
oxidation cycles), crystal imperfections may heal via a range of solid-state and solution-based
processes, and thereby decrease pyrite reactivity overall (Sasaki 1994).
In beds of deposited process tailings whose surface zones are at least partially dewatered,
pyrite oxidation is generally limited by oxygen diffusion, and so is strongly dependent on the degree
of unsaturation (e.g. Elberling et al. 1994; Werner and Bergland 2003). An important outcome of
this limitation of diffusive oxygen supply is the widespread use of earthen covers for the
containment of pyritic mine wastes in humid environments where the weather patterns ensure yearlong, near-saturated conditions within the cover and tailings porespaces [e.g. mine sites in Western
Tasmania, Australia (Romano et al. 2003), and the Northern Island of New Zealand (Miller and
Brodie 2000)]. This management approach reflects both the low solubility of oxygen in water, and
the fact that the oxygen diffusion coefficient in water is 103-104 times lower relative to that in air
(Nicholson et al. 1989; Simms et al. 2000). Since mine wastes in humid environments are almost
always moist, reaction (4.1) generally proceeds in porewater films which are both relatively dilute
and have high volume (i.e., potentially acid to neutral solutions containing low concentrations of
ions).
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Within the Australian interior, the hydrological regime of mine wastes ranges from near
saturation during soaking rains, to near air-dryness often attained within days of episodic wet spells.
Under these conditions, reaction (4.1) occurs over the full range of water contents, including
extended time periods (e.g. up to several months) when water content is very low. In this case,
porewater films are both ultra-thin and concentrated (i.e., potentially very acidic to acid solutions
containing high concentrations of ions). The very meaning of porewater films is brought into
question at the low water contents involved (e.g. volumetric water contents ( θ v ) less than 1-2 %),
since much of the water may be modified physicochemically by high ionic strength and interactions
with reactive mineral surfaces. With increasing concentration during evaporative drying, the
formation of protective coatings, or alteration rims, is favored by precipitation reactions at reactive
sites on pyrite grain surfaces (Jerz and Rimstidt 2004).
Despite its importance to mine waste management in strongly desiccating environments, the
mechanism and kinetics of pyrite oxidation at low water contents – where oxygen supply is nonlimiting – has received only limited attention. Hollings et al.(2001) and Kempton et al. (1997)
determined the rate of oxygen consumption by chips of pyritic waste rock under sub-neutral (e.g.
pH 5-6) conditions, and showed that oxidation rates were significantly reduced when θ v values
were less than approximately 1-2 %. The stability against aerobic oxidation afforded by rapid oven
drying at 80-85 °C, and consequent removal of water, is taken advantage of in the analysis of
reactive sulphidic soils and sediments (Ahern et al. 1996). The rate of oxidation of (initially dry)
pyrite crystals in air of varying relative humidity was investigated by Jerz and Rimstidt (2004), and
Borek (1994), and necessarily apply to extremely acidic (e.g. pH less than 1-2) surface conditions.
Jerz and Rimstidt (2004) showed that the oxidation rate decreased with time, due to the surface
precipitation of acidic iron(II)-sulphates, as identified via electron-optic techniques. Deterioration of
reactive specimens of pyrite through oxidation (viz. "pyrite disease") is the bane of museum
curators (Howie 1992) and preservation may be best achieved in an atmosphere of low relative
humidity (Jerz and Rimstidt 2004). Vapor phase oxidation of pyrite at high relative humidities is
also evident at mine sites in the tropics where pyrite veins in drillcore stored under cover, and
protected from the weather, commonly blister and decompose rapidly. These investigations of
pyrite oxidation at low water contents correspond to a range of experimental approaches and
viewpoints, and have focused on oxidation under acidic (c.f. circum-neutral) conditions.
The Goldfields of Western Australia, world renowned for gold production, are
characterized by a mean annual rainfall of approximately 200-300 mm, and mean potential
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evaporation rates in excess of 2,500 mm annually. Rainfall distribution is bimodal with 100-200
mm typically occurring through intense, short-lived summer storms between December and April;
modest rainfall occurs during the cooler months (June to September) associated with weak frontal
systems. Under this climatic regime, field observations show that pyrite grains exposed on rock
chips may remain shiny, and minimally altered, even after decades of exposure to the atmosphere.
Such stability reflects infrequent flushing by rainfall, and an almost instantaneous return to dry and
dusty conditions. In preliminary laboratory studies on the weathering behaviour of process tailings
derived from local gold mines, Campbell (2004) showed the importance of the 'flushing frequency'
dependence of pyrite oxidation at circum-neutral pH. Stifling of pyrite oxidation where rainfall is
sparse has also been reported by other authors (e.g. Dold and Fontbotè (2002) for a mine site in the
Atacama Desert, Chile; Fennemore et al. (1998) for mine sites in the western states of the USA).
Curtailed pyrite oxidation in semi-arid/arid areas simplifies pre-design studies, and affords costeffective options for mine waste containment, compared with those typically needed for mine sites
in humid settings.
In this study, the rate of reaction (4.1) was determined under controlled conditions, using
ground pyrite dispersed within a calcareous matrix, in laboratory columns maintained at room
temperature (20 °C) and at varying water contents ranging from near air dryness to near saturation.
The mineral mixtures were allowed to react for up to 12 weeks, and at different times, selected
columns were terminated, and the amount of sulphate produced determined by extraction with
deionised water. The reaction times employed correspond to months of drought during which there
is no flushing of pyrite grain surfaces.
Although applicable to circum-neutral weathering of pyritic mine wastes generally, the
mineral mixture employed herein serves as a geochemical model of process tailings derived from
primary ores within the Greenstone Belts of the Western Australian Goldfields where gold
mineralization is typically characterized by trace to accessory amounts of pyrite, and pervasive
carbonate alteration with a distal-proximal zonation invariably calcitic to ankeritic (Eilu et al.
1999). Given the increasing proportion of primary ores in the ore blends now being treated for gold
recovery, information on the kinetics and mechanism of circum-neutral pyrite oxidation under
Western Australian Goldfields conditions is needed as input to future planning for process tailings
and mineralized waste containment (e.g. design of 'store/release' covers) over the longer term.
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4.2 Materials and methods
4.2.1 Pyrite source and characterisation
Well formed octahedral pyrite from Perú was used in the column experiments. Fragments
of massive pyrite were crushed, ground, and sieved to produce a 90-125 µm fraction. The total
sulphur (Leco combustion), and sulphate-sulphur (sodium carbonate extraction), contents of this
size fraction were 53.7 %, and 0.33 %, respectively. When examined with an automated Phillips
X-ray diffraction system using Cu K -1 radiation, pyrite was shown to be almost the sole
constituent, with traces of halite and barite.
The pyrite (90-125 µm) was first rinsed with deionised water until the supernatant was
clear, air dried at 30 °C, stored in a desiccator at room temperature for 2 days, and resieved. To
remove iron oxyhydroxides precipitated during pre-treatment, the pyrite was treated with 6 N
hydrochloric acid, with gentle agitation, for 2-3 hours. After thoroughly rinsing with deionised
water, the pyrite was suspended in reagent grade acetone at a solid:solvent ratio of 1:10 (w/w), and
ultrasonified (for 5-7 minutes) until the supernatant was clear. It typically took 10-15 cycles of
ultrasonification to obtain a clear supernatant. Finally, the pyrite – still saturated with acetone – was
placed in a desiccator, and dried at room temperature under a vacuum. Pre-treatment procedures of
the above kind are necessary in kinetic studies on pyrite oxidation, so that complications arising
from the preferential reaction of ultrafines are minimised. The pre-treated 90-125 µm fraction was
the pyrite employed in the column experiments, and had a mean specific surface area (S) of 0.09 m2
g-1 (standard deviation of 0.04 m2 g-1), as determined by BET (dinitrogen) adsorption.

4.2.2 Preparation of mineral mixture
Sieved (150-250 µm) industrial quartz sand (99.5% SiO2) was used as an inert matrix. To
remove traces of organic matter, the sand was soaked overnight with 10% (v v-1) analytical grade
hydrogen peroxide, sequentially rinsed with deionised water, and air dried at 30 °C.
Calcitic sand (from Lancelin, Western Australia) was used to maintain circum-neutral pH,
and is predominantly magnesian calcite with minor aragonite (Whitten, 2002). To remove traces of
organic matter, the sieved (150-250 µm) fraction was treated overnight with sodium hypochlorite
solution (pH 9.5), followed by rinsing with a 2 % (w v-1) sodium carbonate – sodium bicarbonate
solution adjusted to pH 9.5. This treatment was repeated three times, and the calcitic sand finally
oven-dried at 105°C.
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The mineral mixture employed in the column experiments was prepared by thoroughly
hand mixing the prepared fractions of pyrite, calcitic sand and quartz sand. Prior to preparing the
mineral mixture, the pyrite was stored in a desiccator, under constant vacuum, for approximately
one week. Less than three days elapsed between preparing the mineral mixture and packing the
columns (as described below). These steps were taken to minimise pyrite oxidation prior to the
column experiments.
The mineral mixture comprised 5.0 % (w w-1) pyrite, 5.0 % (w w-1) calcitic sand, and 90.0
% (w w-1) quartz sand, and in petrological terms, corresponds to accessory amounts of pyrite and
magnesian calcite in a quartz groundmass. Calculations showed that the pyrite sulphur content of
the mineral mixture was approximately 2.7 %, and that the total amount of alkalinity forms
corresponds to approximately two-thirds of the total amount of acid which could be theoretically
produced through complete oxidation of pyrite. Under the conditions employed in the column
experiments, the extent of pyrite decomposition was approximately 4.3 % (w w-1), 7.5 % (w w-1),
19.24 % (w w-1) and 0.8 % (w w-1) for the columns with 95 %, 70 %, 25 % and 0.1 % of saturation
respectively (Appendix 4.2).

4.2.3 Physical properties of mineral mixture
The particle density ( ρ d , g cm-3) of the mineral mixture was determined using the
pycnometer method (Gorrill, 1965-1998). The measured mean ρ d was 2.69 g cm-3 (standard
deviation of 0.02 g cm-3), consistent with 2.7-2.8 g cm-3 calculated from the ρ d values for pyrite,
calcite and quartz (Deer et al. 1992), and the respective proportions of these components in the
mineral mixture.
The water retention properties of the mineral mixture were determined using pressure plates
and pressure chambers (nitrogen) over the soil water matric potential (ψ m ) range of 10-1,500 kPa
(Nimmo, 2002). The mineral mixture was packed (in triplicate) into PVC rings (10 mm height and
30 mm inside diameter) whose bases were covered with nylon mesh (mean pore size of 50 µm)
attached with elastic bands. After saturation with deionised water, progressive dewatering was
undertaken using the pressure chambers. The drying curve was completed within approximately 5
weeks.
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4.2.4 Column design, packing and initial saturation
The arrangement employed in the column experiments is shown in Fig. 4.1, and was
designed to minimise variations in degrees of saturation within the columns. At all stages of column
packing, weighing was performed for calculation of water contents, and other physical parameters.

Outlet water

Inlet air

3 cm

Screw shaft

O-ring

Top end-cap

Perforated PVC sheets
& mesh

3 cm

Bottom end-cap
On/off valve

Inlet water

Tripod
Balance

N o sc ale

To vacuum l ine
Solution
Vacuum gauge
flask

Inset

Figure 4.1 Schematic showing column design. Inset Fig. accounts for arrangement to collect the
eluted porewater.
The columns were constructed from transparent PVC tube (30 mm height and 30 mm inside
diameter), and opaque PVC plate as top and bottom end caps. The bottom end cap had a central port
(equipped with a plastic stopcock) for water exchange at different stages of the experiment. To
support the mineral mixture, a thin (1.5 mm), perforated PVC sheet was placed on top of the bottom
end cap, which in turn supported a nylon mesh (mean pore size was 50 µm, corresponding to an air
entry value (AEV) of approximately 0.1-0.5 kPa). The top end cap had a similar configuration,
except that it had two ports (each equipped with a plastic stopcock) to allow water and air exchange
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at different stages of the experiments. The nylon mesh used for the top end cap had a mean pore
size of approximately 70 µm.
The columns were packed with the mineral mixture in a manner that minimised
segregation, and was thereby conducive to a consistent pattern of oxidation. Careful packing was
also needed to ensure that uniform water content profiles were reproduced for all columns. Each
column was packed with approximately 45 g of mineral mixture. The packing was undertaken in
stages whereby 4-5 grams at a time were placed in each column, and gently tamped with a flatended plunger whose diameter was slightly smaller than the column inside diameter. A small
amount of deionised water was misted onto the mineral mixture following each addition to facilitate
packing, and minimise segregation.
Following packing, the columns were slowly saturated by capillary uptake of deionised
water by means of a shallow water bath. The columns were placed on a perforated PVC plate to
allow imbibition through the open ports on the bottom end caps. The ports on the top end caps were
also open during the saturation step, and remained open during the course of the column
experiments. As expected, the wetting fronts rose rapidly upon contact of the columns with
deionised water. The columns were left to saturate for approximately 24 hours, before controlled
dewatering (see below) to achieve a range of target water contents. The volume of pore water
within the saturated bed in each column was approximately 10 cm3.

4.2.4.1 Column dewatering and target water contents
The θv values employed in the column experiments were approximately 0.001 cm3 cm-3,
0.10 cm3 cm-3, 0.30 cm3 cm-3 and 0.38 cm3 cm-3, corresponding to relative saturations of
approximately 0.1 %, 25 %, 70 % and 95 %, respectively. These water contents were achieved by
controlled dewatering of the saturated columns described above. An important step in the
dewatering process was the collection of pore water for analysis, so that the amount of sulphate
produced through pyrite oxidation prior to commencing the column experiments could be
determined, and subsequently corrected for. Depending upon the relative saturation required, the
dewatering was performed in different ways, as described below.
Columns with a relative saturation of 95 % were obtained by slowly pumping degassed
deionised water through the ports on the bottom end caps by means of a peristaltic pump. The ports
on the top end caps were open for collection of the displaced pore water, and the deionised water
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was de-aired by boiling and cooling to room temperature under an atmosphere of nitrogen. The
mean flow rate during displacement was approximately 0.11 cm3 minute-1, and the volume of pore
water collected for analysis was approximately 10 cm3. After completing displacement, the
stopcocks connected to the ports of the bottom end caps were closed, and remained so for the
duration of the column experiments. The columns were then placed in the reaction chamber, as
described below.
Columns with relative saturations of 25 % and 70 % were obtained by applying a small
suction (ψ m value of approximately 7-10 kPa) to the port on the bottom end cap until a precalculated weight was achieved, typically within minutes. The ports on the top end caps were also
open. The arrangement shown in the inset to Fig. 4.1 was employed for the collection of pore water
for analysis. The collected volume of pore water ranged from approximately 7-8 mL (25 % relative
saturation), to 2-3 mL (70 % relative saturation). After attaining the predetermined weight for each
target water contents, the stopcocks on the ports of the bottom end caps were closed, and the
columns placed in the reaction chamber.
Columns with a relative saturation of 0.1 % were first dewatered by applying a small
suction (ψ m value of approximately 20 kPa), and collecting pore water (approximately 9.0-9.5 ml)
for analysis. Additional dewatering was undertaken using a pressure chamber (nitrogen) at a
pressure of 1,500 kPa for 48 hours, followed by drying at 55 °C for approximately 18 hours. The
columns were then placed in a desiccator, as described below.
The column replicates, and reaction periods, employed are presented in Table 4.1.
Table 4.1 Experimental design showing number of column replicates as a function of relative
saturation and reaction time
Water regime of
mineral mixture
95 % saturation

Reaction periods
3.5 days

1 week

3 weeks

6 weeks

12 weeks

3

3

3

3

3

70% saturation

3

3

3

3

3

25% saturation

3

3

3

3

3

0.1% saturation

2

3

3

3

2

Total columns

11

12

12

12

11
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4.2.5 Reaction chamber for columns at 25 %, 70 % and 95 % relative saturation
The reaction chamber was made of acrylic, and had a box shape. It was designed to
maintain at an atmosphere of near-saturated air, so that evaporative drying in the columns was
minimised. The reaction chamber was located in a constant temperature (20 °C) room, and was
equipped with inlets and outlets for air exchange, and addition of deionised water, as required. The
base of the reaction chamber was ponded with deionised water to a depth of approximately 3 cm,
and the columns were placed on a perforated PVC plate positioned approximately 2 cm above the
water line. A train of one litre plastic bottles containing deionised water was located outside the
reaction chamber, and via a flow-controlled line of compressed air, a stream of saturated air flowed
(approximately 1.5 litres per minute) was continuously passed into the air space of the reaction
chamber. A small fan was attached to the underside of the chamber lid to promote circulation. The
ponded deionised water at the base of the reaction chamber was periodically topped up to
compensate for evaporative losses.

4.2.6 Desiccator for column at 0.1 % relative saturation
Columns with a relative saturation of 0.1 % were placed in a transparent desiccator made of
acrylic. To minimise absorption of water vapour by the mineral mixture, the desiccator contained a
basal layer of silica gel which was periodically replaced, as appropriate. The tap on the top of the
desiccator lid was kept open throughout the column experiments to allow for exchange of O2.

4.2.7 Reaction periods, extraction procedures and chemical analyses
After predetermined reaction periods (viz. 3.5 days, and 1, 3, 6 and 12 weeks), selected
columns were removed, and weighed to determine any variation in water content.
As required, the mineral mixture in each column was placed in a 120 cm3 plastic screw-cap
vial, and after allowing for entrained pore water, deionised water was added to produce a final
solution volume of 50.0 cm3, corresponding to a solid:solution ratio of approximately 1:1.2 (w w-1).
The deionised water was first boiled, and cooled to room temperature under a nitrogen atmosphere.
Each mineral mixture was extracted by end-over-end tumbling for 18 hours, and then centrifuged at
approximately 1,200 g for 15 minutes with an Eppendorf 5810 Centrifuge. The resulting water
extracts were vacuum filtered through a 0.45 µm membrane. The pH values of the water extracts
were determined immediately, and aliquots frozen for subsequent analysis of sulphate by ion
chromatography (IonPac AS4A-SC Analytical Column). The water extracts (dosed with lanthanum)
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were also analyzed for calcium, magnesium and potassium using atomic absorption spectrometry
(AAS).

4.2.7.1 Sulphate
Numerous researchers (e.g. Moses et al. 1987; Brown and Jurinak 1989a, b; Moses and
Herman 1991; Hossner and Doolittle 2003) have indicated that when pyrite oxidation followed
zero-order kinetics, production of Fe3+ and/or SO42- is linear over time, in agreement with the zeroorder rate law. In general, rate laws are dependent on the pH of the system, and when pH is greater
than 4, pyrite oxidation follows zero-order kinetics (Hossner and Doolittle 2003). Pyrite oxidation,
regardless of the rate law at which it reacts, will also produce other products such as intermediate
sulphur phases and side reactions. For example, elemental sulphur or sulphoxyanions such as
thiosulphate, sulphite and polythionates may be formed (Goldhaber 1983; Moses et al. 1987;
Williamson and Rimstidt 1993; Williamson and Rimstidt 1994). However, in the natural
environment some side reaction products, such as elemental sulphur, can be converted to sulphate
either inorganically or through microbial mediation (Kwong et al. 2003), and some such as the
sulphoxyanions are rarely detected in natural waters, since they are a good source of energy for
sulphur oxidizing bacteria (Nordstrom and Alpers 1999). Thiosulphate was also reported to
immediately diminish in AMD solutions (Goldhaber 1983; Moses et al. 1987). In acidic solutions
thiosulphate reacts to form sulphite and long chain polythionates (Rimstidt and Vaughan 2003).
These polythionates eventually decompose to elemental sulphur. Furthermore, these sulphoxianions
are very sensitive to pH (Goldhaber 1983) and in solutions containing Fe3+, because they oxidize so
rapidly, these were not detected (Moses et al. 1987, Williamson and Rimstidt 1993).
Under most natural conditions, pyrite oxidation in accordance to the pH, the source oxidant
in the media and the morphology of the pyrite grains generates many other chemically metastable
species (Evangelou 1995) including the ferric-sulpha oxy(hydro)xide complexes. These by
triggering changes in the oxidising environment, may either enhance dissolution of minerals and
release of ions or these may enhance adsorption of oxidation product onto mineral surfaces and into
other oxy(hydrox)ide complexes. Accordingly, to obtain a consistent set of analytical data, the
sulphate analyses for all columns and reactions periods were conducted at the one time after
completing the column experiments. However, separate analyses were also undertaken during the
early stages of the column experiments, and included determination of total dissolved sulphur by
inductively coupled mass spectrometry.
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4.3 Results and discussion
4.3.1 Physicochemical characteristics of mineral mixture in columns
The mean dry bulk density ( b) of the beds in the columns was 1.67 g cm-3 (standard
deviation of 0.10 g cm-3), consistent with that expected for the mineral mixture whose texture
corresponds to fine- to medium sand (Table 4.2). Based on the

b

and ρ d values, the beds in the

columns had a mean porosity ( φ ) of 0.40 cm3 cm-3 (standard deviation of 0.01). The water retention
curve of the mineral mixture is typical of that for apedal, fine- to medium sand with an AEV of
approximately 1.5 kPa, and a θ v value of 0.04 cm3 cm-3 at a ψ m value of 100 kPa, corresponding
to a relative saturation of 10.5 % (Fig. 4.2). Based on the water retention curve shown in Fig. 4.2,
the columns at relative saturations of 95 %, 70 % and 25 % correspond to ψ m values of
approximately 2 kPa, 6 kPa and 15 kPa, respectively.

Table 4.2 Summary of column physical characteristics
Water contents and dry bulk density prior to wetting of columns
Gravimetric water content
Volumetric water content
Dry bulk density
(g g-1)
(cm3 cm-3)
(g cm-3)
Mean
Std Dev.
Mean
Std Dev.
Mean
Std Dev.
0.006
0.000
0.010
0.001
1.67
0.10
Water contents during/after ageing period and water loss/gain during ageing period

Relative
saturation (%)

0.1
25
70
95

Gravimetric water content
(g g-1)
Mean
Std Dev.

0.0004
0.064
0.189
0.236

Volumetric water content ( v,
cm3 cm-3)
Mean
Std Dev.

0.0004
0.009
0.017
0.008

0.001
0.106
0.299
0.380

0.001
0.015
0.028
0.013

Ranges water loss/
gain during ageing
period (%)

-0.06 to
-0.24 to
-0.28 to
-0.15 to

+0.16
+0.25
+0.14
+1.34

Over the 12-week duration of the column experiments there was minimal variation in the
weights of the columns (Table 4.2), and such variation corresponded to a range of -0.28 up to a 1.4
% change from the initial θ v values. The water extracts were characterized by a range in pH values
of 7.6 to 9.2, and calcium predominated over magnesium and potassium (data not presented). These
results show that, as expected, circum-neutral conditions prevailed throughout the column
experiments, due to buffering by calcite dissolution.
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Figure 4.2 Water retention (drying) curve for mineral mixture employed in column experiments
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Based on the models proposed by Millington and Shearer (1971) and Moldrup et al. (2000),
the variation of the oxygen diffusion coefficient as a function of relative saturation of the mineral
mixture is shown in Fig. 4.3. The diffusion of gases (e.g. oxygen) in air at ambient temperature
progresses at a rate of approximately 10 cm min-1 (Cussler, 1997). Since the heights of the columns
were 3 cm, in the absence of any reaction with oxygen (e.g. consumption by pyrite oxidation), it
would take up to several hours for oxygen to diffuse throughout the columns at relative saturations
of 0.1 %, 20 %, and 70 %. Up to a few weeks would be needed for oxygen to diffuse throughout
the column at a relative saturation of 95 %. Although approximate, these estimations show that
pyrite oxidation in the columns at relative saturations of 0.1 %, 20 % and 70 % should not be
limited by diffusive supply of oxygen. Pyrite oxidation in the column at a relative saturation of 95
% should have been limited by oxygen diffusion; nevertheless, the amount of sulphate produced by
the mineral mixture in this column was larger than expected, as discussed below.

4.3.2 Water extractable sulphate
Although in this research pyrite oxidation side reactions such as intermediate sulfoxy
anions were not measured nor were considered in any rate related calculations, under the conditions
of the column experiments carried out in this study appears that within analytical uncertainty, all
sulphur in solution occurred as sulphate. Under these circumstances sulphate concentrations would
not necessarily express POR, and the stoichiometric relationship assumed in developing rate
expressions like equation 4.1 would be invalidated. The use of sulphate as a proxy indication of
pyrite oxidation in this research is justified by previous researches (e.g. Moses et al. 1987; Moses
and Herman 1991) whose findings indicated that under the circum-neutral pH conditions of their
experimental setup the presence of sulfoxy intermediates were negligible. Furthermore, since the
sulphate concentrations in the water extracts were typically less than 500 mg L-1, and always less
than 1,000-1,100 mg L-1, the water extracts were also unsaturated with respect to gypsum which has
an equilibrium sulphate concentration of approximately 1,600 mg L-1. Also according to
observations made after completing oxidation periods the formation of iron-sulphur oxy(hydro)xide
precipitation were not evident in the extracted samples. Thus, assuming the majority of the sulphate
produced through oxidation should therefore have been extracted for analysis; in this paper
concentrations of this conservative ion will be used as a proxy indicator of pyrite oxidation.
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4.3.2.1 Calculation assumptions and results for near saturation columns
The amount of sulphate produced (in mg sulphate per kg mineral mixture) in the columns
as a function of time is the difference between the amount of sulphate in the columns at the end of
each reaction period, and that in the columns at the commencement of the column experiments, due
to inevitable oxidation during pre-treatment of pyrite, mineral mixture preparation, and column
packing.
The amount of sulphate produced prior to commencing the column experiments was
approximately 1-4 mg kg-1 (for 0.1 %, 25 % and 95 % relative saturations), and so negligibly small
compared with sulphate production during the reaction periods ranging up to 12 weeks. The amount
of sulphate initially in the column at 70 % relative saturation was apparently 5-25 mg kg-1, and
therefore appreciably greater than that for the columns above. However, unlike the latter where the
majority of the pore water in the pre-saturated columns was removed during dewatering; only 20-30
% of the original pore water was removed from columns finally dewatered to 70 % relative
saturation. It is suspected that, within the near-saturated mineral mixtures, porewater sulphate
concentrations were not uniform, and that the larger pores which were first to drain were
characterised by higher porewater sulphate concentrations. The estimated production of sulphate
prior to running the column at 70 % relative saturation was therefore biased on the high side. That
pore water quality may vary in variably saturated soils as a function of pore size, and hence applied
suction needed for drainage of those pores, has been reported previously (Adams et al. 2001). In the
present study, it was assumed that the amount of sulphate produced prior to running the column at
70 % relative saturation was similar to that for the columns at 0.1 %, 25 %, and 95 % relative
saturations. Due to the amount of sulphate actually produced during the column experiments, this
assumption was shown not to be crucial to the overall results.
Contrary to expectations based on the assumption that diffusive supply of oxygen was
limiting, the amount of sulphate produced in the columns at a relative saturation of 95 % was
typically only up to a few fold lower than that produced in the columns at relative saturations of 25
% and 70 % (Fig. 4.4). Although there was minimal variation in the weight of the columns at 95 %
relative saturation during the column experiments (Table 4.2), it is suspected that some
redistribution of porewater as a result of diffusive redistribution of trapped air bubbles (Holocher et
al. 2003), so that the surface zone of the mineral mixture in the columns may had a relative
saturation less than 95 %. There may also have been minor evaporative drying, which in any case
may be represented by higher water losses at the highest range (Table 4.2). Local pyrite oxidation in
this “partially dewatered surface zone” would thereby result in greater sulphate production (c.f.,
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where diffusion-limited supply of oxygen prevailed through the entire column bed length), and
therefore bias the overall pyrite oxidation rate at 95 % relative saturation. Since the present study
focuses on pyrite oxidation at water contents well below saturation, the potentially anomalous high
rates of sulphate production recorded for the 95 % relative saturation are of little consequence
overall. Accordingly, in the discussion below, emphasis is placed on the results obtained for the
relative saturations of 0.1 %, 25 % and 70 %.

4.3.2.2 Trends in sulphate production at intermediate and lower water contents
Sulphate production during the column experiments is indicated by the plots shown in Fig.
4.4 and Fig. 4.5. Although sulphate production at 95 % relative saturation is indicated on Fig. 4.4,
such data are omitted from Fig. 4.5, due their potentially anomalous nature, as discussed above.
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Figure 4.4 Cumulative production of sulphate by mixtures of pyrite, calcitic sand and quartz sand
as a function of relative water saturation and time. Standard error bars indicate data-range at each
ageing period.
The results show that sulphate production depends on relative saturation, and in the case of
25 % and 70 % relative saturations, also upon reaction time. The data also show a decreasing rate of
pyrite oxidation over the reaction period of 12 weeks, as discussed further below.
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At any given reaction time, sulphate production peaked at the intermediate relative
saturation of 25 %. This finding for the circum-neutral oxidation of specimen pyrite in a calcareous
groundmass is similar to that reported by Hollings et al. (2001) for the rate of oxygen consumption
by pyritic rock chips under sub-neutral (pH 5-6) conditions. That there was essentially negligible
oxidation of pyrite in the present study at 0.1 % relative saturation is consistent with field
observations of mine waste weathering in semi-arid/arid settings, especially those where dry

Sulphate production (mg SO4 kg-1
mixture)

conditions are the norm (Dold and Fontbotè 2002; Fennemore et al. 1998).
800

After 3.5 days oxidation

700

After 12 weeks oxidation

600
500
400
300
200
100
0
0.1 % rel. sat

25 % rel. sat
Relative saturation (%)

70 % rel. sat

Figure 4.5 Total production of sulphate by mixtures of pyrite, calcitic sand and quartz sand after
3.5 days and 12 weeks in relation to relative water saturation. Bars indicate total mean value of
sulphate produced during the 12 weeks of ageing excluding sulphate at initial conditions. Error bars
indicate data range.

4.3.3 Pyrite oxidation rate (POR)
It is assumed herein that sulphate production provides a proxy indication of pyrite
oxidation; so that the sulphate production rate reflects an estimated POR, due regard being given to
the stoichiometry of reaction (4.1). This assumption underpins both laboratory and field
determinations on the weathering kinetics of pyritic mine wastes worldwide, especially under
conditions which restrict the formation of sulphate compounds (e.g. jarosites) of low solubility
(Morin and Hutt 1997).
The estimated POR corresponds to moles of oxygen consumed per unit area of pyrite, per
unit time, and has the units mol O2 m-2 s-1. The POR was calculated from the recorded sulphate
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production rates, and the surface area of pyrite in the mineral mixtures. The variation of the PORs
as a function of relative saturation and time is indicated by the plots in Fig. 4.6. The corresponding
sulphate production rates are also plotted in Fig. 4.6.
All relative saturations are characterized by a decreasing trend in POR with reaction time
(i.e. oxidation slows with increasing extent of pyrite weathering), and this trend is particularly well
shown by the 25 % relative saturation. The POR of 10-8-10-7 mol O2 m-2 s-1 recorded for the 25 %
relative saturation during the first few days of the column experiments attests to the reactivity of the
pyrite employed in this study, and reflects dry grinding during sample preparation. A POR near 10-9
mol O2 m-2 s-1 was reported by Nicholson et al. (1988) for the circum-neutral oxidation of specimen
pyrite in carbonate-buffered, unsaturated conditions (see Table 1 in Jerz and Rimstidt 2004).
Several authors (e.g. Nordstrom and Alpers 1997; McKibben and Barnes 1986) reported that POR
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Figure 4.6 Estimated rates of pyrite oxidation (POR) as a function relative saturation and time.
The decrease in estimated POR with time is likely to reflect the potential formation of solid
secondary products (e.g. ferrihydrite-type phases), as reported by Nicholson et al. (1990) for
circum-neutral oxidation, and as observed consistently in 'kinetic' testing of mine waste materials
generally (e.g. Morin and Hutt 1997). Although the formation of protective 'alteration rims' plays an
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important role in the longer-term management of mine wastes, this is an area in need of further
research (Campbell 2004).

4.3.4 Overall mechanism of circum neutral pyrite oxidation
In unsaturated porous media (e.g. vadose zone of process tailings beds) where porewater
films are dilute and moderately thick, the supply of oxygen is a key control in the abiotic circumneutral oxidation of pyrite. Moses and Herman (1991) propose that Fe(II) species sorbed to reactive
sites on pyrite grain surfaces are oxidized to sorbed Fe(III) species by oxygen, and that the pyrite is
then oxidized by the sorbed Fe(III) with the regeneration of sorbed Fe(II). In laboratory studies
using freshly prepared specimens, the rate of circum-neutral pyrite oxidation may, in fact, be
temporarily increased in the presence of bicarbonate ions. Observations to this effect has been
reported in the literature (Nicholson et al. 1988; Nicholson et al. 1990; Evangelou et al. 1998;
Evangelou 2001). However, in practical terms this effect is of little consequence, since it is relevant
for only minute extents of reaction on “pristine” surfaces of pyrite. The net outcome of circumneutral oxidation is therefore the formation of Fe(III)-oxyhydroxide deposits/films that curtail
subsequent rates of reaction (Bonnissel-Gissinger et al. 1998; Nicholson et al. 1990). The degree
that overall pyrite oxidation is restricted by such coatings depends very much on their
physicochemical nature, as governed by the formation/growth mechanism, and conditions at the
grain/pore scale which permit their persistence and longevity.

4.3.5 Pyrite weathering under dry conditions
The reduced production of sulphate at the dry end of the water content range (Fig. 4.4) has
important environmental implications for the rate of acidification in semi-arid/arid settings where
oxygen availability is most likely non-limiting. At these conditions, desiccating mine waste
structures (e.g. tailing storage facilities) contains pores where residual water (i.e., aqueous solutions
or thin water films on particle surfaces) is sequestered for periods of time and can react in a closed
system before a flushing event (Borda et al. 2003). Due to temperature fluctuations, potential
evaporation of these water films causes residual metal enriched solutions and/or protective coatings
and this affects the activity or/and phases of water. Additionally, under very dry conditions, water
vapor fluxes become the main water flux mechanism (Borda et al. 2003). Despite this, to the best of
my knowledge, there is no investigation that contributes directly to the role of the water films in
pyrite oxidation. However, several molecular scale investigations have been directed to study the
pyrite surface during oxidation via spectroscopic techniques (e.g. Borda et al. 2003), theoretical
calculations (e.g. Rosso et al. 1999) and electrochemical studies (e.g. Guevremont et al. 1998).
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These mainly laboratory studies have been interested in the role of Fe3+, O2, H2O, and bacteria in
the oxidation of the disulphide group ( S 22− ). From an overview of these findings, there is evidence
that each of these oxidants, in accordance with the nature and morphology of the pyrite grains and
their mechanisms of transport and occurrence, has a function in pyrite weathering. For example, the
oxygen/water experimental work of Guevremont et al. (1998) examined the influence of coadsorbed
water and oxygen on the oxidation of both FeS2 (100) and FeS2 (111) single crystal surfaces and
observed that the oxidation of pyrite may be originally triggered by the primary interaction of H2O
vapor or thin water films and the non-stoichiometric regions of FeS2 (100). Rosso et al (1999) also
concluded that water + oxygen gas mixture increased the extent of FeS2 (100) oxidation by an order
of magnitude over than seen for oxygen alone, with no oxidation observed for water alone.
In this case, without getting immersed in a detailed discussion about the physical and
chemical properties of the thin water films, an attempt is made to calculate the water film thickness
at the driest end of the considered pore water scale. Calculations indicate that for the 0.1 % relative
saturation, the mean nominal water film thickness ( ) is approximately 3.1 x 10-6 cm, as estimated
from:

γ =

θ v rs ρ d
3ρ b

(4.2)

where rs (cm) the mean particle radius for a given particle size class. The mean particle radius for
the mixture’s particle size class was calculated from:

rs =

d max + d min
4

(4.3)

where dmax and dmin are maximum and minimum effective particle diameter (cm) for the given size
class. Calculations based on the assumption that the oxidation of the pyrite can be defined according
to the stoichiometric formula, Eq. (4.1), indicates that the mean 9.0 x 10-5 moles of SO42corresponds to 8.7 × 10-4 moles of water, and this represents a 10 fold excess of water in the system
at 0.1% saturation. An apparent stoichiometric excess of water, however, may be misleading due to
decreased water activity at high ionic strength or from interactions of water at particle surfaces. A
stoichiometric water limitation effect can not therefore be discounted.
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4.4 Conclusions and implications
Lack of water in arid/semiarid climates substantially decreases the rate of pyrite oxidation,
as shown in the present investigation by the low production of water-extractable sulphate at 0.1 %
relative saturation. At intermediate water contents, especially 25 % saturation, sulphate production
was much greater, and may be attributed to water content and aeration conditions which are each
nearly optimal for oxidation
At mine sites characterised by temperate climates, moist conditions are generally the norm,
so that pyrite oxidation proceeds more or less continuously throughout most of the year. Although
circum-neutral oxidation may be slowed through the precipitation of secondary oxidation products,
the semi-regular occurrence of rainfall may not promote the formation of deposits/films that are
both adherent, and coherent, and thereby protective against further oxidation. However, within
strongly desiccating settings (e.g. inland Australia), the combination of sparse, episodic rainfall, and
extended dry spells (up to several months), should favour the formation of protective alteration
rims, especially at circum-neutral pH through buffering by carbonate minerals (Campbell 2004).
The results of the present work are therefore consistent with the common field observation of
sluggish oxidation kinetics of pyritic mine wastes in strongly desiccating environments (e.g.
Western Australian Goldfields).
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Chapter 5: Sulphide (pyrite) oxidation at circum-neutral pH as affected
by water content and flow regime
Abstract
Environmental variables, including climatologic, hydrologic and geological factors, control
the rate of oxidation of sulphide bearing materials. In all environments, water is the main medium
of transport and weathering. In addition, the frequency and distribution of water inputs define the
rates at which solutes are transported. In semiarid and arid environments, therefore, weathering of
sulphide minerals and solute transport is controlled by episodic influx of reactants, and this pattern
greatly differs from processes that characterise humid environments. This investigation aims to
experimentally assess pyrite oxidation rates at circum-neutral pH as related to various water content
and flow regimes, through the use of well controlled column experiments. To test the hypothesis
that episodic flushing gives greater pyrite oxidation rate than continuous leaching; a flushing/drying
column was assembled and tested. Experimental data clearly indicated that the production of
sulphate, under conditions where O2 supply was non-limiting, was clearly influenced by the
availability of water at various stages of drying periods. Results from a second column, which was
assessed at various saturation and flow conditions, showed that sulphate production was strongly
dependent on the water content and flow regimes of the system in which pyrite was oxidised.
Overall experimental data were not described well by modeling with PHREEQC 2, and this appears
to be related to the inadequacy of both the pyrite oxidation rate constants supplied with the model,
and the simplified treatment of solute transport by PHREEQC 2.
5.1 Introduction
Environmental variables, including climatologic, hydrologic and geological factors, control
the rate and amount of oxidative weathering of sulphide bearing materials. In contrast to humid
environments, weathering of sulphide minerals and solute transport in semiarid and arid
environments is controlled by the episodic influx of reactants (Hawkins 1998). Transient water
flow, a typical feature of semiarid/arid environments, is a result of sporadic, intense rainfall events
that occur in short bursts. Water flow varies, from relatively rapid movement through
interconnected large pores, fractures and joins, to slow movement or nearly stagnant conditions in
water films or small pores (Rose and Cravotta 1998). Thus, knowledge on how transient water flow
regimes within mine-waste structures relate to the sulphide weathering processes in relation to timescales ranging from days up to weeks-to-months-to-years is necessary. Residence times within mine
structures, e.g. tailings storage facilities (TSF), may be especially extended, due to capillary-driven
redistribution of water or via transient flow during the 'dry-spells' following rainfall infiltration.
Prediction of the period in which sulphide oxidation occurs, but acidification does not
develop through pH-buffering reactions, is mainly based on ‘kinetic’ testing, and typically
comprises weekly cycles of flushing/drying column leaching tests and/or conventional humid cells
(Morin and Hutt 1997). Column experiments are the most widely practiced technique and are used
to assess the rates of sulphate production, metal mobility, and to simulate the treatment of acidity.
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Data resulting from these kinetic experiments have recently been used in modeling studies, mainly
to predict the mobility of contaminants (Jurjovec and Blowes 2004). Although predictive models
(e.g. Glynn and Brown 1996) are limited by factors related to both transport and geochemical
evolution of contaminants, a number of studies have shown that the use of reactive transport models
can assist in interpreting mobility of contaminants in well-controlled laboratory column studies
(Hecht and Kolling 2001; Amos et al. 2004; Jurjovec and Blowes 2004).
This investigation, under the hypothesis that episodic flushing contributes greater to pyrite
oxidation rate (POR) than a continuous steady-state water flow leaching at which water content and
porewater flow are constant with distance and time, aims to experimentally assess pyrite oxidation
rates at circum-neutral pH. Various water content and flow regimes as achieved by means of using
column experiments are key variables. A flushing/drying column was used to assess pyrite
weathering under transient flow conditions. At these conditions, inflow water can be partially
retained within the porous system and influence more contact between inflowing solution and
surface of pyrite particles. Thus, as compared to complete water saturated conditions in which
steady state water flow prevails, under transient-flow and/or unsaturated conditions POR would be
dependant on different processes and parameters including the water content of the system, the flux
density, and the forms oxygen is transported through the system. The role of the latter parameter
however, has been widely studied (e.g. Nesbitt et al. 1995; Smolensky et al. 1999; Silverstein and
Fort 2000; Xu et al. 2000) and observed that in most systems, in which pyrite decomposes,
dissolved or gas phase oxygen transport within the seepage water plays a secondary role as a result
of its low solubility (Hecht and Kolling 2001). A second column experiment was used to investigate
pyrite weathering under variably-saturated unit-gradient flow conditions. Well controlled
desaturation of the column, following chemical equilibrium at saturated conditions, produced data
to indicate potential relationships between water content and water flows, and pyrite oxidation rates.
Experimental data were interpreted through the use of modeling codes. In this work, the
following programs were used in sequence: CXTFIT (Toride et al. 1995) and HYDRUS 1D
(Simunek et al. 1998) to interpret the hydrologic conditions and transport parameters of the system,
and then PHREEQC 2 (Parkhurst and Appelo 1999) to conduct a quantitative simulation of multicomponent reactive transport during variably-saturated and various water flow conditions. The
overall modeling approach can allow stepwise calculation of solute transport parameters, simulation
of variably-saturated transient water flow, and implementation of a multicomponent solute transport
simulation under variably-saturated conditions at different rates of water flow (Jacques et al. 2003).
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5.2 Materials and methodology
5.2.1 Mineral mixture, sample preparation and characterization
The mineral mixtures used in the present experiments are similar to those used in the
previous experiment (Chapter 4) which relates to the assessment of pyrite oxidation in relation to
water content. Therefore, full accounts of sample-mineral conditioning are described in Chapter 4.
Major physical and chemical properties of the materials are also reported in Chapter 4.
Following removal of fines and subsequent rinsing, all samples were kept in a desiccator
under constant vacuum for approximately one week. Subsequently, before packing of columns as
explained below, composite-samples were uniformly hand-mixed in the proportions 5% pyrite, 5%
calcitic-sand and 90% quartz-sand. Samples during packing processes, wherever it was possible,
were returned into the desiccator and kept under constant vacuum.

5.2.2 Column design and packing
5.2.2.1 Transient flow column
The column was constructed from transparent PVC tube (100 mm length with an inside
diameter of 93.5 mm), and a transparent PVC plate at the bottom end. The bottom end-plate was
designed with a central outlet (fitted with a plastic stopcock) for water exchange at different stages
of the experiment. Except at the initial stage of the tests, column outlet remained open throughout
the duration of the experiment. To support the mineral mixture, a thin (2.5 mm), perforated PVC
sheet was placed on top of the bottom end-plate, which in turn supported a nylon mesh [mean poresize was 1 µm, corresponding to an air entry value (AEV) of approximately 7-10 kPa].
A wet-packing technique that results in a homogeneous packing (see Chapter 4) was used to
fill the column with the mineral mixture. This included sequential placement of pre-weighed
batches (at dry and wet conditions) of uniformly hand-mixed samples. About 1 cm height of
mineral mixture was introduced at a time and these were lightly compacted with a flat-headedpestle. After full packing, the column was slowly saturated from bottom to top by injecting degassed water through the use of a peristaltic pump with an average flow of 1.68 × 10-4 L min-1.

5.2.2.2 Variably saturated unit gradient flow conditions column
A PVC column of 200 mm length and 70 mm internal diameter was uniformly packed with
1.12 kg of mineral mixture to a dry bulk density 1.65 g cm-3 and a total porosity of 0.39 cm3 cm-3.
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The column was equipped with 5 side ports placed at different depths, 3.0, 6.9, 10.8, 14.6 and 18.5
cm from the top of the column (Fig. 5.1). A perforated PVC plate, on which a 1 µm nylon filter (7 10 kPa air entry value) was placed, supported the material in the column. Two UMS-MiniTensiometers T5 (UMS 1994), one at 4.9 and the other at 12.7 cm from the mineral mixture surface,
were placed to monitor the water-tension (or matric potential) inside the mixture. These ensured
that the water-tension was approximately the same along the length of the column during tests at
unsaturated conditions. During unsaturated flow conditions, the tension should be the same at each
position in the column (i.e., at unit gradient flow condition). Internal temperature was monitored by
a soil-temperature-sensor type UMS-pT 100 which was placed at 8.8 cm depth from the mixture
surface. Signals of all sensors were recorded using an Agilent 34970A Data Acquisition unit. This
also acquired data from two Lazar Research Laboratory, Inc. flow-through pH and EC electrodes
situated at the column outlet.

Nozzle: sp rinkled column-head

So lenoid valve

I nlet

Coun ter

Degas sing po rt

On/off valves

2. 5 cm ID nylon tubing syste m

Three-way valv e
Inter nal b ladde r

Screw shaft

Pu lse so lution

Air-pressure gauge

Compre ssed a ir

To vacuum line

Background solution

Water-purifying vessels

T5 - Tensiometers

Tem perature sensor

O-ring

Perforated PVC sheet
& mesh

On/o ff valve

10 ml capaci ty base-chamber
Vacuum ch amb er

Vacuum gauge

F rac tion coll ecto r

Figure 5.1 Experimental setting for column experiments (no scale). Column after saturation
experimental runs was gradually desaturated through the use of the vacuum chamber and influent
solution was input using the sprinkler nozzle.
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During solute transport under saturated conditions, the column was operated with an
upward-flow and the leaching/tracer solutions were gravity fed. During the unsaturated
experiments, the column was operated in a downflow mode and the leaching/tracer solutions were
uniformly irrigated using a pulsating sprinkling device (Fig. 5.1). This comprised of a sprinkler
column-head unit with a 10 ml solution reservoir on which 40 capillary tubes (1.5 cm length and
0.96 mm ID) were connected. Leaching/tracer solutions were contained in 25 L and 5 L waterpurifying vessels with interior bladders from which solutions could be supplied into the columnhead through 2.5 mm ID nylon-tubing at a constant 250 kPa pressure. A three-way manually
operated valve allowed switching between the reservoirs without flow interruption. A high accuracy
Norgren 12.0 bar capacity regulator controlled the 250 kPa airflow pressure into the vessels (outer
of bladders) and a Burkert compact 3/2-way solenoid valve type 6012 with response of 12 ms
opening-time and 8 ms closing-time controlled flow rates of solution. Solenoid valve opening and
closing times were triggered by a Hengstler multifunctional counter Tico 732.
The column was packed using the methodology described in above section (5.2.2.2).
Effluent solutions were ‘in-line’ assessed for pH, electrical conductivity (EC, dS/m), and dissolved
oxygen [DO (O2), ppm] by Lazar Research Laboratory flow-through electrodes. O2 of feeding
degassed DI water and effluents during unsaturated test were measured using a TPS-ED1-DO
electrode.

5.2.3 Column saturation, dewatering, and solution collection
5.2.3.1 Transient flow column
During the transient flow, column samples were subjected to alternating dry (5, 19, 26, 40,
75 days) followed by leaching with deaired deionised water (2 days). This simple procedure was
run for a total of a 61-week period and corresponded to a total of 31 cycles. A weekly cycle
included a dry period of five days followed by two days leaching (a total of 26 cycles). Then drying
periods, always followed by 2 days leaching, were increased to 3-weekly (1 cycle), 4-weekly (1
cycle), 6-weekly (1 cycle), and 11-weekly (2 cycles) basis. Consecutive ‘leaching’ periods were
carried out in a down flow mode and a mean of 0.24 L (standard deviation 0.02 L) of water was
slowly sprinkled using a gravity operated sprinkling head (Fig. 5.1).
A total porewater volume of 0.18 L was measured to correspond to 100 % saturation. Thus
the total amount of flooded solution corresponded to an average approximate 32 % excess of water
as related to the total porewater volume of the mineral mixture under saturated conditions. The
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average downward water flow was 2.35 × 10-4 L min-1 indicating that the total mineral mixture mass
was saturated after about 13 hours of continuous water input. After completing flooding of the
mineral mixtures, the column was weighed and the solution was allowed to have an approximate
1.5 days of residence time, and then about 1/3 of the total saturating solution was slowly drained at
about the same rate as water input. A total mean of 0.11 L (standard deviation 0.02 L) of solution
was always collected. Total drained solutions were immediately measured for pH and EC and three
aliquots were immediately placed in a freezer for sulphate and major cation analyses. Between
‘leaching and drying’ periods, the temperature of the mixture surfaces was maintained at 35 – 45 °C
through the use of a flood lamp positioned above the uncapped top end of the column. Thus, the
interstitial water present in the mineral mixture sample after the leach gradually evaporated during
the drying cycles. Additionally, as the top end of the column was not air tight, it is obvious that
during the ‘leaching and drying’ periods ambient air exchange at the surface of the mineral mixture
occurred. At such conditions the dominant transport mechanism of oxygen into the unsaturated pore
spaces of the mineral mixture was most likely diffusion. To observe the pattern of water loss during
the drying periods, the column and its contents were initially weighed on an hourly basis and then
on an increasing time intervals including a daily and/or twice-daily basis.

5.2.3.2 Variably saturated unit gradient flow conditions column
Immediately after completing the packing, the column was saturated upwards throughout
the outlet connected to the bottom plate of the column. Gravity feed influent was initially applied at
a constant flow rate of 5.60 × 10-4 L min-1 and after total saturation, which was achieved after about
20 days, at a constant flow rate of 6.50 × 10-4 L min-1. In contrast to the transient flow column, the
column remained air tight throughout the duration of the experiment.
Following 175 days of column conditioning under saturated conditions, the column was
gradually dewatered by applying matric potentials (ψ m ) ranging from 1 kPa to 10 kPa. While
dewatering the column, leaching/tracer solutions (i.e., deaired deionised water/0.05 M KCl) were
input through the use of the sprinkler head at a rate of 9.7 × 10-4 L per pulse. The pulse frequency at
each ψ m changed. For example, to conditioning the column to a ψ m of 1 kPa, the pulse frequency
corresponding to 100 % saturated conditions (i.e., 39.5 pulses per hour) was gradually decreased to
39 pulses per hour and this corresponded to a 96 % saturated conditions. This last pulse frequency
produced a pore velocity of 0.045 cm min-1 and was maintained for 16 days. During this period the
water tension inside the mixture was approximately the same at each position of the column.
Subsequent column conditioning to selected matric potentials followed the same process, i.e.,
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reduction of pulse frequency as the water content decreased. Following test at 10 kPa, column was
slowly resaturated upwards to achieve an approximate 99 % saturation and this represented less
than about 1 % volumetric water content ( θ v , cm3 cm-3) as compared to the initial saturated
conditions. Leaching solution was injected via a peristaltic pump at an average flow rate of 1.95 ×
10-4 L min-1.
Effluent sample solutions for the saturated and resaturated conditions were collected
manually. Sample solutions for the unsaturated steady-flow conditions were collected through the
use of a fraction collector which was placed in a vacuum chamber to suppress oxidation and/or CO2
uptake (Fig. 5.1). To calculate column flow and solute transport parameters of the saturated and
unsaturated column experiments, namely dispersivity ( λ , cm), pore water velocity (vo, cm min-1),
and retardation (R), a total of 11 conservative trace transport experiments were conducted, 6 of
which were performed under saturated flow conditions at different pore water velocities. In the case
of unsaturated conditions, trace solution (i.e., 0.05 M KCl) was injected for a mean of 9.5 hours per
individual tests following column conditioning to chosen matric potentials. Between these
individual tests columns was always leached using deaired deionised water (i.e., leaching solution).

5.2.4 Solid and liquid solution analyses
Chemical and mineralogical assessment of the solid samples was achieved through the use
of various techniques (more details in Chapter 4). Treatment and analysis of selected column
effluent solutions as well as is explained in Chapter 4. All inflow and outflow (except from those of
the transient experiment) leaching solutions were monitored for DO. Inflow solutions (i.e., deaired
deionised water) had pH ranging from 5.6 to 6.5 (an average of 6.05, standard deviation 0.02).
Effluent solutions were immediately measured for pH, EC and three sub-samples of all extracted
leachate solutions for analysis of sulphate and major cations were immediately frozen. These were
filtered with a 0.45 µm pore diameter membranes prior to analysis.
The deionised water used for column inputs was first boiled, then cooled to room
temperature under a nitrogen atmosphere (i.e., deaired) and stored in an air-tight plastic drum. To
obtain a consistent set of analytical data, the sulphate analyses for all column effluents were
conducted in a single batch after completing 22 weeks of saturated conditioning experiment and
then in a two weekly basis as the experimental runs progressed. However, separate analyses were
also undertaken during the early stages of the column experiments, and included determination of
sulphate by the turbidimetric method (barium sulphate precipitate; see Appendix 5.1) and total
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sulphur by inductively coupled plasma – optical emission spectrometry (ICP-OES). Within
analytical uncertainty, early sulphate concentrations as analysed by both ion chromatography
(IonPac AS4A-SC Analytical Column) and barium sulphate precipitate were closely related with an
R2 = 0.95 (Appendix 5.1). As explained in Chapter 4 (Section 4.2.7.1), under the conditions of the
present experimental setup, all sulfur in solution appears occurred as sulphate and therefore sulphate
concentration was considered as a proxy for pyrite oxidation.
Aliquots of water extracts (dosed with lanthanum chloride) were analyzed for calcium,
magnesium and potassium using atomic absorption spectrometry (AAS) and inductively coupled
plasma - mass spectrometry (ICP-MS).

5.2.5 Analytical approach
5.2.5.1 Model and transport parameters
Water flow and retention are key components of transient flow, unsaturated and saturated
soil systems. The two key parameters being the water content-pressure head relationship ( h) and
the conductivity-pressure head relationship (Kh). Experimental data obtained using these columns
were interpreted using the HYDRUS 1D model, which numerically solves Richards’ equation in
one dimension using a Galerkin-type linear finite element scheme (Simunek et al. 1998). Hydraulic
properties of the transient-flow condition were simulated by using the direct analysis (i.e.,
HYDRUS-1D simulates water flow using assigned initial and boundary conditions and compares
the modeling results with observed data) and hydraulic properties of the saturated/unsaturated
conditions was simulated by using the direct and inverse analysis capacity of the model. While the
direct analysis includes a straightforward mass balance calculation derived from the weight change
of the samples, the inverse analysis considers the Richards’ equation as governing for water flow
and uses the flux and/or pressure response data in a weighted least-square parameter estimation
algorithm to solve Richards’ equation (Simunek et al. 1998). In general both analyses allow us to
calculate van Genuchten parameters ( and n) for samples at various pressures on both upper and
lower boundaries.
The movement of solutes and associated contaminants, as defined by the breakthrough
curves (BTC’s) during the various saturated and flow conditions, were firstly fitted to the
advection-dispersion equation (ADE; van Genuchten and Wierenga 1986). Parameters including D
(cm2 h-1) and vo keeping R constant or D and R using the measured average vo, were curve fitted and
interpreted through the use of the CXTFIT (Yamaguchi et al. 1989).
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5.2.5.2 Effluent modeling
The composition of the column effluents and movement of solutes was modeled with
PHREEQC 2. The model allows the inclusion of aqueous complexation, kinetics, and redox
reactions, as well as mineral-dissolution precipitation reactions (Jacques et al. 2003). For this a twostep modeling approach was used. First, experimental data during both saturated and unsaturated
flow conditions were calibrated to the model. This calibration was achieved by first simulating all
data corresponding to the saturated condition, and then the parameters derived from saturated
conditions were used to simulate data corresponding to each unsaturated condition. Secondly, once
all unsaturated experimental runs were simulated, these were integrated to one model data input and
then simulated by initially using the parameters fitted to the saturated conditions. Subsequent runs
were calibrated by using those parameters derived for the simulations of the unsaturated conditions.
The PHREEQC 2 one-dimensional transport uses a split-operator scheme; therefore, the
total length of the domain was ‘split’ into 19 cells ( X) and the time step for the advective transport
( t) was adjusted to the cell size by using ∆t = ∆X / v o ; where vo is pore water velocity in cm s-1.
This relationship between time and distance discretization reduces the numerical dispersion which
in many cases if ∆X ≤ λ this is negligible. For this exercise, it is conceptualized that transport is
seen as occurring via stepwise movement of solute along an individual stream-tube comprised by a
series of homogeneous sequential cells with identical water volumes (V). The solute advection time
steps (i.e., shifts) are calculated by computing the total advection transport time and then, this is
divided by the advection time steps.
Pyrite oxidation: kinetic approach
The PHREEQC program was used to calculate the position of equilibrium and the progress
of kinetically-controlled reactions. Kinetically controlled pyrite oxidation by oxygen was previously
successfully modeled (e.g. Appelo et al. 1998) and this used the rate expression proposed by
Williamson and Rimstidt (1994).

rFeS2 = C C
0.5
02

− 0.11
H+

10

−10.19

AFeS2
V

C
Co

0.67

(5.1)
FeS2

where C O2 the O2 concentration, C H + is the proton concentration, C / C o is a factor that accounts
for changes in surface area resulting from the progressing reaction and AFeS2 / V is the ratio of
pyrite surface area to solution volume (Prommer and Stuyfzand 2004). This rate expression was
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further modified to incorporate an Arrehenius equation base temperature factor f t and pyrite
oxidation by nitrate and dissolution in the absence of oxidants (Prommer and Stuyfzand 2004). For
this study, Equation 5.2 has been adapted and used. This is the Monod-term type reaction following
the rate proposed by Parkhurst and Appelo (1999) and includes an adaptation to the temperature
dependency.

f a1 (Tc )
f a 2 (Tref )

rFeS 2 =

k O2

C O2
(2.94e − 4) + C O2

+ k SO 2 −
4

C SO 2 −
4

(1.0e − 4) + C SO 2 −

(5.2)

4

where a1 and a2 are constants, Tc is the porewater systems’ temperature in ˚C and Tref is the
reference temperature. k O

2−
2 ,SO4

are rate constants with respect to oxygen and sulphate respectively,

and C SO 2 − is the concentrations of sulphate in the porewater. Thus, here, pyrite oxidation is
4

modeled as a reaction controlled by chemical kinetics rather than equilibrium thermodynamics.
5.3 Results and Discussion
5.3.1 Water flow regimes and parameter calculation
5.3.1.1 Transient flow conditions
A total of 31 transient-flow tests were carried out and a series of physical-chemical
parameters (e.g. pH, EC, sulphate concentrations) were controlled in the effluents. Measured
mineral mixture water content and corresponding dry bulk density ( b, g cm-3) and porosity ( φ , cm3
cm-3) of representative experimental runs are shown in Table 5.1. Although all experimental runs
were controlled for the water content at saturated and unsaturated conditions, seven experimental
runs (Table 5.1) were closely monitored (i.e., hourly and daily basis) for their water content and
therefore were considered representative of the overall 31 experimental runs.
Various initial and final θ v values, as shown in Table 5.1, were calculated following
completion of leaching and drying periods respectively. The excess of % saturation was computed
from the difference between excess mass of total added leaching solution and the mass of solution
pertaining to 100 % saturation.
Some

v

data from Table 5.1 (Week 1, Weeks 26-28 and Weeks 29-32) in addition to data

from Week 6 was used to simulate instantaneous water-surface-flux (qo, cm day-1) for transient-flow
experiments via HYDRUS 1D model (Fig. 5.2). Results were interpreted in relation to
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drying/evaporation time (h). A key component of this exercise is that water balance refers to the
partitioning of water between evaporation and water storage change. During simulations the mineral
mixture was assumed to be at an initial pressure head of -1 kPa, and it had a saturated hydraulic
conductivity of 71 cm h-1. The column was subjected to ponded infiltration resulting in onedimensional vertical water flow. Solute infiltration throughout of the columns was simulated by
conditioning an open boundary condition (top of the column) and a seepage face lower boundary
condition.

Table 5.1 Principal characteristics of mineral mixture considered during transient flow experiments
(only representative experimental runs).
Experiment number
Dry bulk density ( b, g cm-3)
Initial v (cm3 cm-3)
Mass of added solution (L)
Mass solution (L) at 100 % saturation
Final v (cm3 cm-3)
Excess % saturation
Duration of test (days)
Porosity ( φ , cm3 cm-3)

3
Week
3
1.74
0.25
0.26
0.18
0.11
32.87
7
0.38

-3

0.20
0.15

v

1.0E-01

0.25

3

(cm cm )

1.0E+00
-1

2
Week
2
1.74
0.21
0.24
0.18
0.11
23.83
7
0.38

0.30

1.0E+01

Log qo (cm h )

1
Week
1
1.74
0.27
0.28
0.18
0.11
56.25
7
0.38

4
Week
4
1.74
0.21
0.24
0.18
0.10
30.80
7
0.38

5
Weeks
26-28
1.74
0.22
0.23
0.18
0.08
28.02
21
0.38

6
Weeks
29-32
1.74
0.25
0.24
0.18
0.08
32.7
28
0.38

Week 1

Week 6

Week 26-28

Week 29-32

7
Weeks
50-60
1.74
0.16
0.24
0.18
0.04
30.10
77
0.38

0.10
0.05
0.00

1.0E-02

0

100

1.0E-03
1.0E-04

200
300
400
Drying time (hours)

500

600

Week 1

Week 6

Weeks 26-28

Weeks 29-32

1.0E-05
0

100

200

300
400
Evaporation time (h)

500

600

Figure 5.2 Instantaneous surface flux (qo) rates simulated with HYDRUS 1D. Inset Fig. shows
measured v in relation to drying/evaporation time (h). Data points and simulations are only
representative from the total 31 transient-flow tests carried-out through the experimental period.
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5.3.1.2 Various saturation conditions column
Breakthrough curves (BTC’s, Fig. 5.3) were determined from the measured electrical
conductivity (EC) following application of a conservative tracer (0.05 M KCl), and flow rates were
measured gravimetrically. Tracer transport experiments, during various unsaturated flow conditions,
were completed once steady flow-rates, water content, and unit gradient were reached. Table 5.2
shows experimental details and corresponding transport parameters calculated using CXTFIT
(Table 5.2). Fig. 5.4 presents the water content domains of the system as inversely simulated by
HYDRUS 1D. Table 5.2 also lists initial measured/estimates and final values of the HYDRUS 1D
optimized parameters. Initial n, , and l are estimates as predicted by the Neural Network Prediction
(NNP) capacity of HYDRUS 1D and van Genuchten parameter calculation via RETC code (v.1.0,
van Genuchten et al. 1991). The global parameters obtained are typical of a sand-dominated mineral
mixture composite.
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Figure 5.3 Leading edge of the breakthrough curves of the non-reactive solute (0.05 M KCl)
displacement through the pyrite-calcitic-sand-sand mixture beds. Solid lines are the best fit, least
squares solutions to the advection-dispersion equation.
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Table 5.2 Transport parameters for the non-reactive tracer (0.05 M KCl) experiments. All BTCs
were determined by measuring EC (dS/m) of transported (background and pulse) solutions. The
second part of this Table summarizes measured/estimated and simulated HYDRUS 1D parameters
corresponding to Fig. 5.4.
Matric
potential
(kPa)

0.00
0.00
0.00
0.00
0.00
0.00
2.00
4.00
5.50
7.50
10.00

Volumetric
water
content ( v,
cm3 cm-3)

Experimental

0.386
0.386
0.386
0.386
0.386
0.386
0.363
0.331
0.225
0.205
0.175

Water flux
(q0,
cm min-1)

v,
(cm h-1)

v,
(cm h-1)

D,
(cm2 h-1)

, (cm)

Retardation
(R)

0.017
0.013
0.011
0.010
0.007
0.005
0.016
0.014
0.007
0.006
0.004

2.63
1.96
1.70
1.34
1.03
0.76
2.57
2.38
1.87
1.81
1.54

2.57
1.98
1.57
1.29
0.92
0.81
2.58
2.26
1.72
1.34
1.28

0.25
0.23
0.17
0.14
0.13
0.15
0.45
0.32
0.58
0.64
0.69

0.10
0.12
0.11
0.11
0.14
0.18
0.17
0.14
0.34
0.48
0.54

1.02
0.99
1.04
0.99
1.02
0.99
0.99
1.01
0.99
0.99
1.01

3
r (cm

HYDRUS 1D parameters

Initial measured/estimate
Final simulated

CXTFIT calculated parameters

cm-3)

0.15
0.16

s

(cm3 cm-3)

0.39
0.39

(l cm-1)

0.022
0.023

n

7.33
6.44

Saturated conditions

0.40

1 kPa suction

0.50
0.60
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4 kPa suction
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v

3

-3
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Figure 5.4 Water content – time relationship under saturated and unsaturated conditions and
predicted values as inversely simulated by the HYDRUS 1D model.
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5.3.2 Pyrite weathering under transient-flow conditions
5.3.2.1 Column infiltration tests
Figure 5.2 shows the overall volumetric water content behaviour and the simulated surface
flux (qo) occurring during the dry periods. Accelerated loss of leaching solution can be seen to be
produced during the first week of the drying period, and then the sandy texture of the mineral
mixture provides a minimal amount of water for evaporation during extended dry periods. As the
experimental runs progressed and the drying lag-time is increased there was a tendency of the
mineral mixture to retain more solution and therefore decrease the infiltration rates. This implies
that the water-residence-time (i.e., the time entrapped and/or blocked water is in contact to reactive
particles) is likely to be a key element that strongly influences on the fate and transport of solutes
within the system.
Sulphate production under transient-flow conditions
Sulphate production during the transient-flow experiments is shown in Fig. 5.5. This also
shows computed cumulative values in relation to time. Sulphate production during the first three
weeks of leaching (Fig. 5.5) was typically high. From the initial concentration of 9.6 mg SO42- kg-1
sample this increases to 23 mg SO42- kg-1 sample. Following the fifth week of leaching, sulphate
production decreased to an average of 5.6 mg SO42- kg-1 sample and this pattern was maintained up
to the 24th week. However, in Fig. 5.5 a peak corresponding to week 8 can be seen and this may
have occurred as a result of sudden flushing of sulphate cumulated in a localised sequestered porewater.
At the end of the phase of leaching every week, sulphate production appeared to slightly
increase and this sudden ‘jump’ can be better observed in the cumulative sulphate curve. As a result
of this event, the column was subjected to increasing drying-periods, but this time-lag increase for
pyrite oxidation did not generate an increase of sulphate production rates. On the contrary, this
seemed to slightly decrease sulphate production and this can be observed by the flatter slope of the
cumulative sulphate curve (Fig.5.5). This suggest that pyrite oxidation and therefore the fate and
transport of AMD solutes is strongly influenced by the abundance of porewater resulting from
infiltration and/or precipitation/flushing events and upward movement of water due to
evapotranspiration (Jacques et al. 2003). During longer drying periods, at which available water is
present as a molecularly thick/thin liquid-like film which forms on the substrate surface due to
favorable molecular interactions (Netz and Andelman 1997), the system appears to have been
providing little water to induce pyrite oxidation (Fig. 5.2). Thus, it seems that an essential
constituent to trigger in situ continuous weathering of pyrite is the water films which are invariably
forming within porous materials (Raviv et al. 2001). The effectiveness of water films will, however,
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be dependent on their chemical and physical properties. In addition, despite the non limiting supply
of oxygen, solute loading as a result of pyrite oxidation appears directly related to the water
flushing frequency.
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Figure 5.5 Sulphate production in relation to pyrite oxidation time.

5.3.3 Pyrite weathering in relation to various saturation conditions
5.3.3.1 Transport parameters and tracer tests
In order to interpret the transport of solutes relevant to AMD, the measured hydraulicphysical parameters and the breakthrough curves (BTC) resulting from the displacement of a
conservative tracer through the mineral mixture at various saturation conditions were successfully
fitted to the advection dispersion equation (ADE) using the CXTFIT and HYDRUS 1D codes. The
good agreement between the CXTFIT simulated and measured BTC (Fig. 5.3 and Table 5.2), infers
that the parameter set can be confidently used for predictive purposes. The overall water content
and flow-parameter domain, as interpreted using the inverse analysis of HYDRUS 1D model (Fig.
5.4), also shows good agreement with the measured values. The final fit had an r2 of 0.976.
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5.3.3.2 Sulphate production
Figure 5.6 shows the cumulative trend in sulphate production for the total experimental
time. This includes measurements made during the saturated, unsaturated and resaturated
conditions. Pyrite oxidation rate (POR), as calculated on a w/w basis, is also shown in Fig. 5.6. The
POR shows a steeply decreasing trend from a high of 15.2 mg SO42- kg-1 sample day-1 to a minimum
of 0.22 mg SO42- kg-1 sample day-1 during the saturated experimental phase. During the unsaturated
conditions, POR slightly and steadily increased from 0.22 mg SO42- kg-1 sample day-1 to 0.37 mg
SO42- kg-1 sample day-1, but when the system reaches the lowest water content POR appears to
steadily decrease (Fig. 5.6). At resaturated conditions, in which different porewater flow velocities
and their influence on sulphate production were considered, POR also slightly increased from 0.31
mg SO42- kg-1 sample day-1 to 0.34 mg SO42- kg-1 sample day-1. The highest sulphate concentration
at resaturated conditions corresponded to the slowest porewater velocity of 0.01 cm min-1.

2-1
mg
sample
mg SO
SO42/ kg sample
4 kg
2-

-1

1.E+02
-1

120

Resaturated conditions
-1

POR(mg
(mgSO42-/kg
SO4 kgsample/day)
sample day )
Rate

100

1.E+01

-1

80

Log mg SO4 kg sample day

60

2-

2-

-1

Cumulative mg SO4 kg sample

140

1.E+00

40

Unsaturated conditions

20
Saturated conditions

0

1.E-01
0

50

100

150
200
Time (days)

250

300

350

Figure 5.6 Pyrite oxidation rates (POR) and cumulative sulphate production during, saturated,
unsaturated and resaturated conditions in relation to time. Figure indicates stages of saturation.
As the system was kept air-tight, oxygen availability was limited to the amount
dissolved in the water inputs. Thus to investigate the participation of O2 in sulphate production, the
consumed oxygen, which was derived from a mass balance between O2 input and output
concentrations, were stoichiometrically computed to predict sulphate concentrations, in mol per litre
(mol L-1). Overall predicted sulphate (Fig. 5.7) indicates that at saturated conditions there is a weak
correlation between consumed oxygen and produced sulphate, but predicted sulphate at unsaturated
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and resaturated conditions, closely relates to those values. This may indicate that pyrite oxidation at
saturated conditions was triggered by potential entrapped gas phase oxygen (GPO) with little
participation of DO contained in the leaching solutions. However, as the pore spaces are gradually
emptied and the potential trapped GPO is depleted, the concentrations of DO in the leaching
solution are more readily available and pyrite oxidizes accordingly (i.e., leaching solutions
containing the DO are interconnected through water-films, and these have more contact time with
pyrite grain surfaces surrounding gas-filled pores). Several studies including Elberling et al. (1994),
Bain et al. (2000) and Salmon and Malmstrom (2004) have observed this behavior and reported that
the dissolution of minerals, including pyrite and calcite, occurs predominantly in the unsaturated
spaces. Under unsaturated conditions, the weathering reaction is expected to be more intense and
close to the proton source where pH is lower and dissolved molecular oxygen and water tend to be
adsorbed o coadsorved onto the surface of the reactive particles.
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Figure 5.7 Measured sulphate production as compared to the stoichiometrically predicted sulphate
concentrations (FeS2(s) + 15/4 5O2(g) + 7/2H2O(l) = Fe(OH)3(S) + 2SO42-(aq) + 4H+(aq) + heat; describes
the overall stoichiometry of pyrite oxidation). Overall r2 is 0.44 and the slope intercept is 0.93.
When only data for unsaturated conditions are plotted, r2 is 0.55 and slope intercept is 0.96.
Consumed oxygen, which was used to compute the stoichiometric values, was computed from the
difference between input and output measured values.
When sulphate production is correlated with the various water contents, as observed in Fig.
5.8, there is a clear pattern of increasing sulphate production as the water content starts decreasing.
However, when this behavior is assessed in relation to POR (Fig. 5.6) a clear change in “rate” and
therefore in sulphate production can be observed when the system is steadily desaturated. This
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pattern would indicate that decreasing water flux also affects sulphate production to a degree. This
observation was tested when the column was resaturated and sulphate production was assessed in
relation to various water flux-regimes. As the water flux decreased, sulphate production increased,
and this can be clearly seen at the lowest water flux (i.e., from days 353 to 361).
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Figure 5.8 Sulphate production as compared to water flux, volumetric-water content domains and
time.

5.3.3.3 Sulphate rate constant
By assuming the system was under steady state conditions, the first order removal of pyrite
can be expressed by the expression

o

∂C
= kC , where vo is pore water velocity, C is
∂x

concentration in mol L-1, X is the length of the column (cm), and k is the first order rate constant for
the net SO42- removal. Solving this equation for k yields a rate constant of 1.19 × 10-9 mol L s-1, and
this is close in magnitude to rates observed by several other authors (e.g. Amos et al. 2004). A
logarithmic linear relationship between the three initial measurements of sulphate production was
used to estimate the rate of sulphate production in relation to time. The best fit line relates the
sulphate production in mg SO42- kg-1 sample to time in days [mg SO42- kg-1 sample = (-2.9243) X +
17.15]. By adjusting the value of the slope a value of ∂C / ∂T = 3.4 × 10-5 mg SO42- kg-1 sample
second-1 is calculated and this is indicative of the sulphate production rate at saturated conditions.
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5.3.4 PHREEQC 2 modeling
5.3.4.1 Ion activity products
When pyrite is oxidized within sediments containing calcite and/or dolomite, a common
secondary mineral precipitate is gypsum (CaSO4 · 2H2O), and its formation is dependent in the
availability of Ca (as exchangeable Ca2+). This has been reported in several previous studies (e.g.
Elberling et al. 1994; Amos et al. 2004; Jurjovec and Blowes 2004) that used column leaching
experiments.
Column effluent solutions, as interpreted by PHREEQC 2, were undersaturated with respect
to gypsum, K-jarosite (KFe3(SO4)2(OH)6), anhydrite (CaSO4), alunite [KAl3(SO4)2(OH)6],
mackinawite (FeS), siderite (FeCO3) and melanterite (FeSO4 7H2O) (data not shown). The
undersaturation with respect to K-jarosite can be related to the highest considered pe values (13.5)
and the circum-neutral pH of the system. As for the Fe minerals, solutions were always saturated
with respect to goethite which is the least soluble mineral within the pH ranges of the solutions.

5.3.4.2 Data interpretation by PHREEQC 2 simulations
General: Stepwise geochemical PHREEQC-2 data calibration/interpretation is presented in
Fig. 5.9 (only selected runs as compared to SO42- production and pH) and full geochemical data
simulation for the various saturation conditions is presented in Fig. 5.10.
Modeling results were compared to the measured concentrations of SO42- (mol L-1), Ca (mol
L-1), Mg (mol L-1), K (mol L-1), O2 (mol L-1), and to the measured pH values. (To simplify data
input into PHREEQC 2 simulations, from this point the units used for concentrations of sulphate
and selected cations are mol L-1.) Direct pyrite oxidation was assumed to be expressed by the
sulphate production throughout the experimental runs as explained in the discussion above related
to sulphate production. Calcium was predicted to be the cation produced in the highest
concentrations. Calcium cation concentration ranged from a minimum of 1.4 × 10-4 mol L-1 up to
7.6 × 10-4 mol L-1 during saturated conditions. Under unsaturated conditions, calcium production
showed greater variability and this was mostly noticed when column was subjected to matric
potential of 1 – 4 kPa, and 10 kPa. Overall concentrations ranged from the minimum of 2.1 × 10-4
mol L-1 at 4 kPa suction, up to 6.9 × 10-4 mol L-1 at 10 kPa suction. This indicate that the overall
Ca2+ dissolution is continuous but at lower rates. However Ca2+ dissolution appears slightly
increasing as the various water contents and porewater flow domains become key controls in the
weathering of pyrite. The rate of Mg2+ production, as compared to the rate of Ca2+ production, was

5-19

lower and did not show substantial changes during either saturated or unsaturated conditions.
Overall Mg2+ production ranged from the minimum of 5.1 × 10-6 mol L-1 up to 5.6 × 10-4 mol L-1,
both at saturation conditions. This behavior has been reported in previous research (e.g. Banwart
and Malmström 2001) and has been attributed to faster dissolution of the CaCO3 component
compared with the MgCO3 component of dolomite. Potassium ion concentrations, although
quantitatively are produced at almost similar rate of production as Mg2+ throughout the experiment,
when column was subjected to matric potential 1 to 4 kPa, K+ showed a slight increase in rate of
release, then sharply decreased to low concentrations throughout the rest of the experimental runs.

Case 1: A preliminary interpretation of data using PHREEQC 2 for the saturated column is
presented in Fig. 5.9(A). This preliminary modeling allows an initial calibration of model
parameters, including the pyrite oxidation rate constant, and gives a good correlation of effluent
sulphate production values and the measured pH values. Interpretation of pH values also indicates
that this represents well the buffering capacity of the system. Dissolution of calcite provides natural
attenuation of released acidity. The simulated data show smooth patterns and closely match the
observed behavior of pH and sulphate
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Figure 5.9 Initial data-model calibration PHREEQC 2 simulations. Figure shows preliminary
model interpretation of SO42- and pH data for the saturated conditions (A) and for the 1 kPa (B) and
4 kPa (C) matric suctions respectively. Symbols and units for the three Figures are the same and
these are shown in Fig. 5.9 (A).
Case 2: When the PHREEQC model was set to simulate overall experimental data (Fig.
5.10), with input parameters as established using Case 1, model results show larger deviations. This
appears to be related to the pseudo-first-order rate for pyrite oxidation used at saturation conditions
and the potential simplification in interpreting the saturated conditions of the media by the 1D
transport component of the model. The predicted pH vs. time relationship, although step-like in
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appearance, shows a better correlation with observations throughout the experimental run.
However, the duration of the first pH-step is extended throughout the saturated conditions and
indicates that during this period pH changes were not predicted to occur. In addition, simulated pH
suggests that during the unsaturated conditions (i.e. 4 to 10 kPa matric potential) pH only slightly
changed. These pH-steps were not recorded in the laboratory experiments. Overall Ca2+, Mg2+, and
K+ concentrations (Fig. 5.10 B, D, and F) were overestimated, especially compared with the results
derived from the 1 to 4 kPa matric potential.
An assessment of simulated effluent chemical properties may indicate that the initial rateconstant used to simulate weathering of pyrite under saturated conditions does not correspond to
unsaturated conditions. Unsaturated conditions would bring a new set of unknown parameters such
as how much pyrite weathering is related to water content of the system, and affected by the various
flow-regimes. It is also well known that DO, in these conditions, as a result of natural diffusive
effects is very active in oxidizing pyrite within unsaturated areas. At saturated environments as a
result of pore water flow velocities, and mostly due to the low diffusion rate of oxygen within the
water column, DO triggers pyrite oxidation but at extremely low rates. This effect is clearly shown
in Fig. 5.7 in which predicted sulphate production, under saturated conditions, is substantially
greater than the measured values.
Sequential simulation scenarios take into account the inclusion of equilibrium primarymineral phases. Calcium, dolomite, aragonite, K-feldspar, and chlorite, were considered as sources
of Ca2+, Mg2+ and K+ produced during the various simulations runs. Whitten (2002) observed that
the calcitic-sand used in this research, contained minor amounts of dolomite, aragonite and traces of
chlorite. Although rates of dissolution of K-feldspar are much slower than for calcite (Banwart and
Malmström 2001) and its presence would assume dissolution of quartz, this was considered as it
was a saturated phase consistently allowed to form by PHREEQC 2 during the Case 1 simulations.
Furthermore, given the conditions of the experiment quartz dissolution would have been minimal.
When simulation was run with calcium alone, calcium and pH are slightly overestimated and the
trend of calcium consumption appears steady despite water-saturation changes. When chlorite
and/or dolomite, K-feldspar, and aragonite and/or dolomite are included in the simulation, sulphate
production is underestimated and consumption of oxygen is overestimated since there is no sink for
SO42-. The overall trend of pH is well represented and production of both Ca2+ and Mg2+ are
overestimated.
In general from this exercise of modeling the experimental data, three phenomena can be
observed;
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i) a pseudo-first order rate-constant for pyrite oxidation under saturated conditions is not
representative of rate-constants for pyrite oxidation under unsaturated conditions;
ii) although pH changes under saturated conditions are not well represented the buffering
capacity of the system, as expressed by the pH behavior, is closely modeled by the simulations; and,
iii) simulations by PHREEQC 2 of highly complex systems, such as those with various
water content and flow-regimes, appears not to be possible due to the simplifications in the 1D
transport component of the model. For example velocity and hydrodynamic dispersion of all solutes
is usually assumed by the model to be equal, but as desaturation of the system increases, both
parameters changes and the resulting kinetically controlled chemical reactions may not be in
equilibrium any longer.
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Figure 5.10 Comparison of measured and simulated (using PHREEQC) overall concentration of
(A) pH [ ], (B) SO42- [ ], (C) O2 [ ], (D) Mg2+ [ ], (E) Ca2+ [ ] and (F) K+ [ ] under saturated and
unsaturated conditions, in the column effluent as a function of time. Units of the x axis in all
individual plots are Time (days), as in plot (F). All symbols represent measured values and solid
lines represent simulated values.

5.4 Conclusions
The overall dataset derived from this series of experiments indicates that sulphate
production, and therefore pyrite oxidation, is intrinsically related to the water content and affected
by the various water flow regimes. Transient flow experiments clearly indicate that the production
of sulphate, despite a non-limiting supply of O2, is clearly influenced by the availability of water at
various stages of drying. The more frequent the flushing episodes the more sulphate was produced,
and the longer the drying periods the less sulphate was produced. During the experiments under
saturated and resaturated conditions, with limiting availability of O2, a clear trend of low production
of sulphate is observed and this appears is limited by the O2 dissolved in the aqueous phase of the
leaching solutions. This was not interpreted well, however, by the PHREEQC modeling exercise
and this may reflect discrepancies in the pyrite oxidation rate at the various conditions and the
variability of water velocities. Under unsaturated conditions, in which the controls on sulphide
oxidative weathering are changed and become more complex, pyrite oxidation is slightly
accelerated and appears to have been controlled by the water content of the system and the various
flow-regimes that occurred as the system was desaturated. However, when this observation was
tested at resaturated conditions a trend of slightly increasing sulphate production with decreasing
porewater flow is observed. This appears was influenced by diffusive oxygen that inherently is
originated during the process of unsaturated experimental runs.
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Chapter 6: Lithium (Li+) transport in a reactive mafic rock tailings at
variably saturated water flow
Abstract
A column experiment was designed to study the transport of a weakly-sorbing chemical
Li+ using a mixture of a reactive mafic rock tailings and quartz sand at various saturation
conditions. The objective was to experimentally assess the reactivity of a potentially acid
producing mafic rock tailing using Li+ and K+ exchange under circum-neutral pH as affected by
unsaturated water flow conditions. Breakthrough curves of Li+ - K+ exchange were generated at
different water contents ranging from 0.24 - 0.33 (cm3 cm-3). The transport was described with
models of different complexity such as a simple linear and non-linear isotherm, binary Li+ - K+
ion exchange calculations, and multicomponent transport which included dissolution of primary
minerals releasing base cations such as Mg2+, Ca2+ and K+. Modelling results along with the
experimental observations were evidence that Li+ - K+ exchange was the dominant process, but
the dissolution of primary minerals was necessary to explain the presence of other cations. In
addition, with decreasing water content the retardation of Li+ increased, indicating that
contaminant mobility in mafic rock tailings may decrease under strongly unsaturated water flow
conditions.
Key Words
Reactive porous media, cation-exchange, water content, mine tailings.
6.1. Introduction
Successful management of potentially acid-generating mine wastes aims at preventing
the release and off-site movement of acid leachate due to sulphide oxidation (Cruz et al. 2001).
At several mine sites, mine waste tailings are associated with ore bodies that consist largely of
mafic rocks. Besides the sulphidic minerals that potentially generate acidity, the majority of the
tailings materials are made up off primary silicates such as amphiboles and feldspars (Ratajeski
et al. 2001). Prior to deposition in a tailings storage facility these materials have been crushed
and milled, generating freshly broken fine rock fragments. These fragments have newly exposed
surfaces with enhanced chemical reactivity and often buffer the tailings at circum-neutral pH.
The milling leads on the one hand to an initial release of salts and on the other hand it may
enhance retention of potentially harmful metals. Hence, assessing the reactivity of freshly
broken mafic tailings is essential to better understand the fate of potential metal contaminants.
First order controls of contaminant mobility are (i) chemical processes leading to the
release and retention of contaminants and (ii) water flow conditions determining leaching rates.
Chemical weathering processes have been eluded to above and are mostly concerned with
sulphide oxidation along with mobilisation and retention of potentially harmful solutes within
often poorly defined mine tailings system (Jambor 1994). Once tailing deposition ceases, the
tailings, in particular in semiarid/arid environments, will undergo desiccation resulting in the
development of an unsaturated zone (Newson and Fahey 2003; Yang and Yanful 2002).
Contaminant leaching will therefore be affected by unsaturated flow which may occur as
episodic flushing events. Hence assessing the reactivity of milled mafic rock tailings under
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variably saturated flow conditions is essential to the understanding of metal mobility in such
tailings.
The focus of this investigation relates to both aspects of contaminant mobility. A mafic
rock tailings collected from the Nevoria Tailing Storage Facility (TSF), Southern Cross
Operations, Sons of Gwalia mining company, was assessed for its reactivity under saturated and
unsaturated flow conditions using lithium ions (Li+) as a reactive solute. Li+ was selected
because it is a weakly sorbing, highly soluble cation (Newman et al. 1991). Li+ has been
successfully used as a reactive tracer in ground water studies as it is uncommon in natural
systems and therefore allows determination of the ion exchange properties of aquifers and
sediments (Vereecken et al. 2000; Vereecken et al. 1999). These studies reported that Li+
sorption is nonlinear and varies with lithology in the different horizons of the studied media
(Anghel et al. 2002). Further studies on Li+ retardation used ion exchange theory for Li+, K+ and
Ca2+ exchange to model transport in fractured or crushed tuffaceous rock (Callahan et al. 2002;
Reimus et al. 2003; Sullivan et al. 2003). These studies showed that Li+, by consistently
behaving as a non-linearly retained solute showed a clear retardation which increases with
decreasing concentration. This information could therefore be used to successfully assess
reactive transport throughout various materials in both laboratory and field conditions. Similar
experiments were used to evaluate Li+ transport characteristics in relation to water flow
heterogeneity through undisturbed soil columns (Akhtar et al. 2003).
The lithium ion has been identified as a suitable tracer that probes the cation-exchange
reactivity of a medium (Callahan et al. 2002). The mobility of reactive solutes such as Li+ is
also shown to be affected by the water flow regime (Clothier et al. 1998; Wierenga and van
Genuchten 1989). In this study we investigate how unsaturated flow conditions affect the
mobility of Li+ as compared to fully saturated conditions. A early analysis of an unsaturated
solute transport experiment (Shimojina and Sharma 1995) showed that solute transport
parameters are affected by unsaturated flow conditions. Shimojima and Sharma (1995) showed
that retardation of reactive solutes under unsaturated flow condition increased with decreasing
water content. This could not be explained by the lower solution to solid phase ratios only and
was therefore not only dependent on ion-exchange heterogeneity. Later investigations
confirmed these findings, but also showed that this effect was independent of pore-water
velocity (Maraqa et al. 1997; Maraqa et al. 1999). Accessibility of the solute to the solid grains
constructing the large, emptied pores was observed to occur through diffusion from the waterfilled pores into stagnant water films covering the grains of the emptied pores and this suggested
that the diffusion process was relatively fast compared to the rate of sorption (Maraqa et al.
1999). This implies that in addition to equilibrium chemical processes, contaminant transport in
tailings is further retarded by the occurrence and frequency of flow at low water contents, a
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situation found, in particular, in semiarid regions. This may further indicate that chemical
kinetics is important.
The objective of the present investigation therefore is to assess the reactivity of a
potentially acid producing mafic rock tailing using Li+ and K+ exchange under circum-neutral
pH under both saturated and unsaturated flow conditions.
6.2 Materials and methods
6.2.1 Materials and experimental setup
Sandy-silt tailings, and clean 99.5 % SiO2 sand with grain sizes ranging from 500 to
710 µm (distributed by Cook Industrial Minerals Pty, Ltd, Western Australia) were used to
make the 70 % sand plus 30 % tailings mixture. The tailings material consisted of 18.4 % of
medium-coarse sand (250 µm to 2 mm), 32.6 % of fine-medium sand (63 to 250 µm), 46.6 % of
fine-coarse silt (20 to 63 µm), and 2.4 % of clay of which chlorite is the dominant clay mineral.
Full details of the experimental materials (Chapter 3) and methods (Chapter 5) used in
this study has been detailed previously. A brief description of the procedures reported in this
Chapter is given as follows. A transparent PVC column of 200 mm length and 70 mm ID was
equipped with 5 side ports to which 2 mini-tensiometers and one temperature sensor were
placed at different depths. Signals of all sensors including those of the flow-through pH and EC
electrodes situated at the column outlet were recorded using an Agilent 34970A Data
Acquisition unit. The column was operated with an upward-flow during solute transport at
saturated conditions, and at unsaturated conditions the column was operated in a downflow
mode. Input solutions, both background and tracer, were uniformly irrigated using a pulsating
sprinkling device at unsaturated conditions and using a peristaltic pump at saturated conditions.
Wet-packing that resulted in a homogeneous distribution of particles was achieved by
filling the column by sequential placement of small pre-weighed (at dry and wet conditions)
quantities of well-mixed samples. About 1 cm height of sample was placed into the columns at a
time and this was lightly compacted with a pestle and mechanically shaken for about one
minute. To reduce redistribution of loose coarse particles during shaking, the pestle remained on
top of the materials. The sample then was slowly desaturated to exceed the air entry value of the
mixture. Desaturation was achieved by applying -100 to -300 cm suction to the column outlet.
The column was considered “de-saturated” when extraction of water ceased. The fully packed
column was slowly saturated from bottom to top. 99.9 % saturation was achieved after 5 weeks
of steady-state leaching.
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6.2.2 Column experiments
The column experiment was divided into two phases; i) a long initial leaching period at
complete water saturation and ii) a well controlled solute transport experiment under saturated
and unsaturated unit gradient flow conditions. Following packing, the column was initially
saturated with a 0.001 M solution of CaCl2 and after completing initial saturation, that is about
85 % saturation in five days, the column was leached over the period of 205 days using boileddeaired deionised water. Effluent solutions, which were collected manually, were analysed for
SO42- by ion chromatography (IonPac AS4A-SC Analytical Column), and pH and electrical
conductivity (EC, dS/m) was constantly monitored.
To observe transport of Li+ in a K+-saturated column, a total of 12 transport experiments
were conducted, four of which were performed under saturated and/or quasi-saturated
conditions (i.e., 98 % saturation), i.e. three conservative tracer and one Li+ transport
experiments. These experiments were carried out following the initial 210 days of leaching and
as a first step the column was saturated with a 0.01 M KCl. Once the column was fully saturated
with the 0.01 M KCl solution, three subsequent conservative tracer experiments at different
water flow velocities were completed. These consisted of first displacing the background
solution 0.01M KCl (saturating solution) with a 0.05M KCl tracer solution (pulse solution) and
then displacing this tracer solution with the 0.01 M KCl solution. Following the conservative
tracer experiments, a Li+ tracer experiment was completed. This involved displacing the 0.01 M
KCl solution with a 0.009 M LiCl tracer solution (pulse solution). Under analytical calibration
both solutions corresponded to a concentration of 9.03 mmol L-1 respectively. After the Li+
concentration in the effluent reached the initial concentration of the pulse solution, the 0.01 M
KCl solution was reintroduced. Within the following text the 0.01 M KCl solution will be
referred as the background and/or eluting solution.
Unsaturated transport experiments were conducted by lowering flow rates at the top of
the column and by applying appropriate suctions, -10, -30 and -100 cm, with a vacuum
chamber. Once it was ensured that the water-tension was approximately the same along the
length of the column (i.e., a unit gradient flow was reached), the tracer transport experiments
were carried out. Effluent was collected using a fraction collector within a vacuum chamber,
and preserved for further analysis by freezing. All solutions were analysed for Li+ and K+ and
selected samples for Ca2+, Mg2+, and SO42-. Where possible, pH and EC were monitored in line
(Section 6.2.1).
Following completion of the -100 cm suction tracer experiments, the column was
slowly resaturated upwards by injecting eluting solution via a peristaltic pump and a set of
conservative and Li+ tracer experiments were carried out. In order to verify the transport
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parameters calculated on the basis of initial experiments, a set of subsequent -10 cm
(conservative), -30 cm suction (conservative and Li+) and -100 cm (conservative) tracer
experiments were also conducted.
6.2.3 Solid and solute analysis
The tailing and mixture solid samples were analysed for Total-S by pyrolysis using a
LECO tube furnace and quartz dilution. Sulphate-S (SO42-) was determined gravimetrically as a
SO42- following extraction with sodium carbonate. Mineral identification in the tailing materials
was performed using an automated Phillips X-ray diffraction (XRD) system using Cu-K -1
radiation. A quantitative chemical analysis of the tailings was done using multi-element X-ray
fluorescence (XRF). Sulphate (SO42-) from effluent solutions was determined by ion
chromatography, and major cations were determined by atomic absorption spectrophotometry
(AAS). Blanks were analysed with each batch of samples.
6.2.4 Assessment of solute transport
The movement of solutes through the columns was assessed with models of different
complexity ranging from simple description of chemical interaction by linear isotherms to a full
description by multicomponent chemistry. All breakthrough curves (BTC’s) were firstly fitted
to the advection-dispersion equation (ADE) (van Genuchten and Wierenga 1986). Parameters
for the reactive transport were estimated with a mass balance method (MBM) (e.g. Stoessell
1999) and the method of moments (MM) (Yu et al. 1999). Secondly, linear and nonlinear
reactive transport parameters were estimated with CXTFIT (Toride et al. 1995) and Hydrus 1-D
code (Simunek et al. 1998). Thirdly, the composition of the column effluents and movement of
solutes was modeled with PHREEQC 2, a hydrogeochemical transport model (Parkhurst and
Appelo 1999). PHREEQC 2 defines an ‘exchange species’ X with a finite exchange capacity
which can be set by the user, and is normally expressed by the reaction

Me n + + nX − ⇔ MeX n , with K me =

[MeX n ]

[Me ][X ]
n+

− n

,

(6.0)

where X- represents the negatively charged ion exchanger and [Men+] is the cation activity. The
square brackets stand for the activity of the species both in solution and on exchange sites and
the equivalent fraction is used for calculating the activity of exchangeable species (Gaines and
Thomas 1953). The total molality of X is a case specific calculated cation exchange capacity
(CEC) recalculated to 1 L of pore water (Sullivan et al. 2003; Vulava et al. 2002; Nitzsche and
Vereecken 2002). However, since exchange constants may be defined for each solute species
with various exchange species, speciation in solution may have a direct influence on exchange
behaviour prediction (Nitzsche et al. 2000).
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Transport can be modeled by a series of sequential cells, with identical volumes, (V,
3

cm ) (Parkhurst and Appelo 1999). Partial mixing in response to the solution’s residence time
( t) within the space ( X) provided by each cell represents the temporal resolution of the model.
By definition when the contents of a cell moves (“shift”) along the streamline, solution fraction
has an effective velocity (v) which is equal to the ratio X/ t. Following completion of a shift,
the geochemical model carries out a complete equilibrium and kinetic reaction calculation. The
standard database of PHREEQC 2 contains well established thermodynamic and kinetic data for
aqueous complexes, solution/mineral and exchange equilibria (Appelo et al. 1998).
6.2.4.1 Governing transport equations
Numerous theoretical models to describe the transport of chemicals through a variablysaturated porous media are based on the advection-dispersion equation (ADE). For steady-state
flow this equation is expressed as,

R

∂C
∂ 2C
∂C
= D 2 −v
∂t
∂z
∂z

(6.1)

where C (mmol L-1) is the concentration of a solute, t is time (h), z is the distance downward
(cm), R is the retardation factor, D is the hydrodynamic dispersion coefficients (cm2 h-1), and v
is the pore water velocity (cm h-1). The retardation factor R and the dispersion coefficient D are
defined respectively as

ρb K d
θv

R = 1+

(6.2)

D=λv
where Kd is the linear adsorption distribution coefficient, ρ b the bulk density (g cm-3), λ is the
longitudinal dispersivity (cm) and θ v is the volumetric water content (cm3 cm-3). Eq. (6.2)
assumes that molecular diffusion is insignificant relative to mechanical dispersion. If there is no
interaction between the solute and the porous media Kd (distribution coefficient) becomes
negligible, and R reduces to 1 (van Genuchten and Wierenga 1986).
To curve-fit experimental BTCs, the Hydrus-1D code uses the Levenberg-Marquardt
non-linear weighted least squares approach (Wildenschild et al. 2001). One of its partial
differential equations assumes the two region model (De Smedt et al. 1986; Wierenga and van
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Genuchten 1989) and this, assuming that particular coefficients (e.g. upward fluid flux (q), z)
are zero, may also be modeled as a first order mass transfer process. Provision for nonlinear
nonequilibrium reactions between the solid and liquid phases (Simunek et al. 1998) is also
considered.
The adsorption isotherms are commonly described through the use of nonlinear
isotherm equations of Freundlich type C ads ( x, t ) = K f C P ( x, t ) with an empirical Freundlich
exponent 1 P>0 and a Freundlich distribution coefficient K f . The nonlinear adsorption leads to
a concentration dependent retardation. The initial and boundary conditions of each experimental
run were obtained by arranging steady-state downward infiltration with constant flux and
constant solute concentration, thus upper and lower boundary conditions of the system are zero.
6.2.4.2 Parameter estimation
Transport parameters at each experiment were determined by a least squares fit using
CXTFIT (van Genuchten and Parker, 1984 Toride et al. 1995). This code fits analytical
solutions of the ADE for various boundary and initial condition to the measured BTCs (Kamra
et al. 2001). In this study flux boundary conditions were used to fit either D and v keeping R
constant or D and R using the measured average porewater velocity v and using the measured
pulse length for both cases (Yamaguchi et al. 1989; Ma and Selim 1995).

Co
f(t)

X
g(t)

t0

tn-1

tmean

tn

T

Figure 6.1 Schematic of the mass balance method (MBM) to determine the retardation of a
solute front by estimating the point at which the coarsely-dotted area g(t) equals the finelydotted area f(t).
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Estimation of parameters for the reactive transport (i.e. velocity of solute, vs, and
retardation, R) was achieved using the mass balance method (MBM), and dispersion coefficient
(D) and dispersivity ( ) by the method of moments (MM) (Yu et al. 1999). Mass balance
calculations (MBM) derive R for a reactive solute with respect to the pore water
velocity, R = v / v s , where vs is the mean front velocity at point X (Fig. 6.1). X is defined as the
point at which the areas ƒ(t) = g(t) and at this, the mean residence time of the front (tmean) can be
calculated. The mean front velocity vs can than be calculated using the column length. In Fig.
6.1, the area under g(t) from t0 to tmean is given by Area =

t mean
t0

g (t )dt and this area can be

estimated numerically using the trapezoidal rule which was implemented in MS Excel.
The adsorption front of the BTC’s for reactive solute transport was also interpreted
through the use of the method of moments (MM). The method used for this study was the
expanded approach that allows transport parameters for large pulse inputs to be obtained (Yu et
al. 1999). The alternative normalized moment formulation derived by Yu et al (1999) is
1

tdC
M1 =

1

, µ = (t − M 1 ) 2 dC

0
1

dC

(6.3)

0

0

Step input for the CDE (Eq. 6.1), v and D, can be directly calculated from:

d
µv 3
v=
,D =
M1
2d

(6.4)

where d is solute travel distance, M1 is the first moment of the BTC, and µ [T2] is the variance
given by µ = M2 – M1, where M2 is the second moment of the BTC.
6.3 Results and Discussion
6.3.1 Mineralogy
Mineralogical analysis by XRD of the tailings and tailings mixtures is presented in
Table 6.1. This shows that the materials are comprised of quartz and an array of primary silicate
minerals such as amphiboles, muscovite, chlorite and biotite. Sulphide minerals including
pyrrhotite, pyrite and arsenopyrite were present in trace amounts, and calcite was an accessory
mineral. The secondary minerals in the mixture included gypsum, goethite, and hematite.
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The total-sulphur (Leco combustion) in the tailings corresponded to a mean of 1 %, and
the sulphate-sulphur (sodium carbonate extraction) a mean of 0.34 %. An XRF analysis of the
mixture used yielded Fe2O3 6.3 %, Al2O3 1.9 %, CaO 1.8 %, K2O 0.3 %, MgO 1.5 %, SiO2 85.2
%, SO3 0.5 %, Na2O 0.5 % sum 98.0 %. The relatively low total sum of minerals can be
attributed to the loss in ignition (LOI) and the presence of free water in the samples.

Table 6.1 Mineralogical data of tailing-sand mixture determined by XRD.
Mineral

Quartz
Ca Amphibole (Actinolite?)
Mg Fe Amphibole (Anthophyllite?)
Biotite
Plagioclase
Chlorite
Calcite
Goethite
Hematite
Muscovite
Gypsum
Pyrrhotite
Arsenopyrite
Pyrite
Marcasite
Magnetite
Ilmenite

Tailings

Minor
Major
Minor
Minor
Accessory
Accessory
Accessory
Accessory
Accessory
Trace
Trace
Trace
Trace
Trace
Trace
Trace
Trace (?)

Mixture (1)
Major
Major
Minor
Minor
Accessory
Accessory
Accessory
Accessory
Accessory
Trace
Trace
Trace
Trace
Trace
Trace
Trace
Trace (?)

Major (20 – 50%), minor (10-20%), accessory (1-10%), trace (<1%)

6.3.2 Pore water composition during initial column conditioning stage
Effluent from the mixtures had pH values ranging from 6.65 to 8.98. The mean value of
8.33 had a standard deviation of 0.30. EC ranged from 0.09 dS m-1 to 109.3 dS m-1. After 49
days of leaching the EC became almost constant with a mean of 0.16 dS m-1 and a standard
deviation of 0.01 dS m-1.
From an initial concentration of 214 mg SO42-/kg sample, sulphate concentrations after
40 days of leaching dropped to become almost steady, ranging from a minimum of 0.16 mg
SO42-/kg sample to the maximum of 1.52 mg SO42-/kg sample. The overall mean value of 0.59
mg SO42-/kg samples had a standard deviation of 0.26 mg SO42-/kg sample. Peak sulphate
concentrations during the first 40 days of leaching appear to reflect solid–phase control of SO42concentration. Gypsum is an important secondary mineral and its influence on the mobility of
SO42- was reflected in the initial elevated EC of the effluents. The overall sulphate concentration
reflects the presence of pyrrhotite (Fen-1 Sn, with n> 8) -pyrite in this substrate. The mobility of
SO42- is a function of the chemical composition of the pore water, and the composition of solids
in the tailings. Sulphate release therefore reflects ongoing weathering of sulphide materials and
this is a typical characteristic of reactions within potentially acid forming materials. At circumneutral pH SO42- can precipitate as secondary sulphate minerals and/or react with iron
(hydr)oxide phases creating by coprecipitation or adsorption (McGregor et al. 1998). Despite
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these sinks for sulphate, however, sulphate concentrations give an indicative value of sulphide
oxidation. The results indicate that the tailings used for this study are a typical AMD material
that may pose an environmental risk once the acid buffer capacity has been exhausted.
6.3.3 Tracer experiments
6.3.3.1 Conservative tracer experiment
BTC’s derived from the EC readings, illustrating solute flow regimes under both
saturated and unsaturated conditions are shown in Figure 6.2. In Figures, the relative EC (ECr)
is calculated as

[(EC1 − EC 2 ) / (EC0 − EC 2 )] , where EC1 is the measured EC, EC2 is the EC of

the background/eluting solution, and EC0 is the EC of the pulse solution. Table 6.2 summarizes
the physical, hydraulic, and chemical properties of the columns used for tracer experiments and
Table 6.3 summarizes the experimental parameter values and the comparable values estimated
using CXTFIT.

Table 6.2 Physical properties for the sand-tailing mixture.
Parameter (units)

Relative saturation (%)
Particle density (g cm-3)
Sample bulk density (g cm-3)
Volumetric water content v (cm3 cm-3)
Sample porosity (cm3 cm-3)
Hydraulic conductivity (cm day-1)
BET surface area (m2 g-1)
CEC (cmol(+) kg-1)

Value
99.9
2.86
1.92
0.33
0.33
55.1
3.54
6.83

Figure 6.2 (A, B) shows that BTC spreading, and extension of the trailing edges of
BTCs, increased slightly with decreasing water content. In addition, there is more pronounced
extension of trailing edges at low water contents, producing an asymmetric BTC. This is
consistent with previous research (e.g., Kjaergaard et al. 2004; Toride et al. 2003), which
attributed the phenomenon to the effects of diffusive mass transfer between mobile and
immobile regions.
When the overall BTC’s are observed, all saturated experiments show high values of
dispersivity ( ) compared with the unsaturated experimental runs. Dispersivities measured at 10
to 100 cm suction are consistent with previous observations that suggest higher as the flow
path become more tortuous when the soil water content decreases (Biggar and Nielsen 1960;
Seuntjens et al. 2001). This may be explained by heterogeneous flow pathways occurring at
saturation that are not active under unsaturated flow conditions.
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Pore water velocity/ %
relative saturation

0.6

6.96 cm
h-1 -– 98.03%
98.03 %
6.96
cm/h

A)

-1

6.31 cm/h
cm h -–99.90%
99.90 %
6.31

0.5

-1

Relative EC

5.20 cm/h
cm h -–99.90%
99.90 %
5.20

0.4

Simulated BTC'
s

0.3
0.2
0.1
0
0.0

0.4

0.8
1.2
1.6
Pore volume effluent

2.0

% Relative saturation

0.6

B)

97.29 %

0.5

96.85 %
85.75 %

0.4

Relative EC

2.4

— Simulated BTC’s

0.3

0.2

0.1

0
0.0

0.4

0.8
1.2
1.6
2.0
Pore volume effluent

2.4

Figure 6.2 Measured and fitted BTCs of the non-reactive tracer (KCl) as determined from the
EC measurements. Note the leading fronts at different pore water velocities under saturated and
quasi-saturated conditions in 3A. Increasing spreading can be observed in 3B.
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Table 6.3 Transport parameters for the non-reactive tracer experiments. BTC’s of conservative
tracer experiments included the displacement of 0.01M KCl (saturating solution) by 0.05M KCl.
All BTCs were determined by measuring EC (dS m-1) of transported (background and pulse)
solutions.
v, cmh-1
Pulse
length
H

D
cm2h-1

cm

0.330

1.49

8.69

1.38

0.99

5.20

0.330

1.56

5.68

1.09

0.99

6.64

6.96

0.326

1.49

12.23

1.76

1.00

0.20

0.60

0.64

0.321

12.08

0.58

0.91

0.99

EC

0.16

0.50

0.55

0.318

16.35

0.63

1.07

1.00

EC

0.09

0.30

0.30

0.283

33.99

0.53

1.74

0.99

Suction Rel. sat.
(cm)
(%)

Pulse
EC

q
cmh-1

Measured CXTFIT

Sat. 1

99.9

EC

1.98

6.00

6.31

Sat. 2

99.9

EC

1.65

5.00

Resat.

98.0

EC

2.16

10 cm

97.3

EC

30 cm

96.9

100 cm 85.8

3

-3

cm cm

R

6.3.3.2 Li+ transport
To characterize the reactive transport experiments, we firstly quantified the measured
BTC’s values through the use of assumption-free methods (i.e., MM and MBM methods). These
measured and estimated parameters for the Li+ transport are presented in Table 6.4, and this
includes a set of parameters that were estimated using the CXTFIT and the HYDRUS-1D codes.
Retardation factors were determined with the MBM method (Table 6.4). MBM and
model estimated retardation values do not greatly differ as compared with each other. At initial
saturated conditions, retardation was significantly high (10.51), and this indicates that the
transported Li+ was adsorbed relatively strongly onto the tailings.
Table 6.4 also shows a mass balance for Li+. This shows that at the initial experimental
conditions and the two subsequent experiments there was some loss in the recovered Li+.
Subsequent unsaturated flow experiments show an excess in the Li+ recovered. Average Li+
recovery from all experimental runs was 95 % and this indicates that the system contains
materials, to which Li+ attaches, with slow desorption characteristics. Similar trends of Li+
transport behaviour in columns experiments were previously observed by several other authors
(e.g. Akhtar et al. 2003; Sullivan et al 2003; Nitzsche and Vereecken 2002). While Akhtar et al.
(2003) reported an average Li+ recovery of 90 %, Sullivan et al. (2003) reported an almost
complete retardation of Li+ when it was in low concentrations. Nitzsche and Vereecken (2002)
reported an average 96 % Li+ recovery. Irrespective of the materials they used, also the authors
indicated that Li+ transport through columns showed higher Kd values as compared to values
attained through batch experiments.
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Li+ mass
balance,
% recovery

Retardation
factor, R

2.32
0.69
0.61
0.56
5.68
0.62
2.32
0.69
0.61
0.56
5.68
0.62
2.32
0.69
0.61
0.56
5.68
0.62
3.34
0.43
0.24
0.03
8.20
0.55

Kd

0.33
0.33
0.30
0.24
0.28
0.25
0.33
0.33
0.30
0.24
0.28
0.25
0.33
0.32
0.30
0.24
0.28
0.25
0.33
0.33
0.30
0.24
0.28
0.25

, cm

v, cm/H

9.55
4.89
5.47
6.11
0.70
6.29
9.55
4.89
5.47
6.11
0.70
6.29
9.55
4.89
5.47
6.11
0.70
6.29
9.55
4.89
5.47
6.11
0.70
6.29

D, cm2/H

, cm3/cm3

99.9
98.48
92.02
73.47
85.47R
76.55R
99.9
98.48
92.02
73.47
85.47R
76.55R
99.9
98.48
92.02
73.47
85.47R
76.55R
99.9
98.48
92.02
73.47
85.47R
76.55R

vs, cm/H

Pulse
duration ,
days

R

Relative
saturation
(%)
Hydrus-1D

CXTFIT

MM and
MBM¹

Measured

Table 6.4 Principal parameters of mixture for the Li+ transport experiments.

89.0
95.7
96.0
102.0
106.8
105.4
0.29
0.54
0.54
0.53
4.29
0.60

1.81
1.45
0.30
0.15
0.93
0.42
11.0
0.55
0.33
0.10
1.07
0.05
15.7
0.46
0.09
0.01
6.97
0.14

3.43
1.05
0.29
0.15
0.80
0.41
4.74
0.80
0.54
0.18
0.19
0.08
4.73
1.06
0.37
0.17
0.85
0.26

1.64
0.32
0.57
0.71
0.33
0.46
1.04
0.42
0.65
0.54
0.60
0.69
1.64
0.23
0.25
0.39
0.72
0.50

10.5
2.88
4.33
5.14
2.93
3.66
7.06
3.51
4.92
5.33
4.50
5.02
10.5
2.36
2.60
4.12
5.94
4.84

Indicate tests completed after resaturation. ¹MM= method of moments; MBM=mass balance method. MBM was
used to calculate R and Kd and these were included into the MM calculations.

The effect of water content on Li+ transport may be assessed by evaluating the
retardation factor R and the dispersivities

obtained from the breakthrough curves. Dispersion

coefficients of reactive and non-reactive solutes cannot be assumed to be identical due to the
heterogeneous distribution of reactive surface area in porous media (Fesch et al. 1998; Sugita
and Gillham 1995). With the MBM and MM approach we can determine, on a purely
phenomenological basis, R and

for Li+. As a first assessment it allows to compare the BTCs

for different water contents; however, reactive processes also influence the shape and the
position of the BTC fronts, which in turn influences the results of the MBM and MM approach.
In contrast with the non-reactive tracer experiments, the

values show a distinct decrease with

decreasing water content and are at least a factor of 2 smaller than

values obtained from non-

reactive tracers (Table 6.3 and 6.4). The retardation factor R is highest for the initial BTC at
saturation. Under unsaturated conditions R values are highest for the lowest water contents
shown by all methods (Table 6.4). Considering that the main difference between the
experiments are the water content and the pore water velocity, and that the chemistry is
common to all experiments, the results indicate that the flow regime has a distinct effect on
transport, making the BTC fronts steeper and more retarded for decreasing water content.
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Although our results were in accordance with previous observations in relation to the
effect of degree of saturation on R and , the nature of the matrix material used implied further
interpretation of the observed BTC’s. The asymmetry of BTCs, as observed in Fig. 6.3, appears
to influence the calculated values of R and , and this asymmetry shows an obvious difference
between applied flux and estimated flow velocities of the Li+ BTC’s. Therefore, to better
understand the Li+ movement throughout the matrix materials, we used the CXTFIT and
Hydrus-1D codes. The transport parameters obtained through the use of both codes are shown in
Table 6.4. Both codes estimated BTCs of Li+ quite well, but the trailing edges of BTCs are
clearly slightly overestimated, especially under saturated conditions. To exclude physical nonequilibrium as an important process in the transport, a 48 h interruption test was done as
indicated by the arrows in Fig. 6.3. As no concentration jump occurred, physical nonequilibrium does not seem to be a major factor. However, this reasoning is only valid for
saturated conditions, for which interruption tests can be done easily and not for unsaturated unit
gradient conditions.
Overall, BTC’s of Li+ (Fig. 6.3) show that transport velocities and dispersivity
decreases with decreasing water content. Earlier arrival and slight extension of the trailing edges
of BTCs of Li+ as well are related to decreasing water content. However, the initial Li+ transport
experiment showed an enhanced sorption with an R value of 10.5 and slightly prolonged
extension of trailing edges (Fig. 6.3A). Although experimental evidence is not presented on
what causes this effect, it can be assumed that reactions such as cation exchange within the
heterogeneous milled tailings contribute to the increased retardation. Poorly defined materials of
the tailings may provide a sink such as potentially freshly-precipitated iron-(oxy)hydroxides
formed by sulphide weathering at circum-neutral pH. The apparent low Li recovery in initial
experiments suggested that Li+ was originally strongly sorbed to the matrix materials and, as the
experimental runs progressed; this fraction of Li+ was slowly desorbed. This increased Li+
retardation was also observed by Callahan et al. (2002) and Sullivan et al. (2003) and was
attributed to the differential exchange between Li+, and Ca2+ and Na+. Flow heterogeneity
cannot be excluded as a cause of skewed BTCs. Padilla et al. (1999), however, attributed their
observations of skewed BTCs under unsaturated condition to physical non-equilibrium.
To assess whether sorption nonlinearity was significantly affecting the BTCs,
Freundlich isotherm parameters were fitted to the BTCs using HYDRUS 1D. The fitted BTCs
are very similar to the BTCs of the CXTFIT (which used a constant Kd value), indicating that a
nonlinear sorption isotherm did not greatly improve the description. All Freundlich exponents
were near one (i.e., adsorption was close to linear), and the Kf values were similar to CXTFIT
Kd values, and therefore results are not reported.
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Figure 6.3 Measured, CXTFIT, and Hydrus-1D fitted BTC’s. AR stands for experiments
completed after the column was resaturated. Arrows indicate times where flow was stopped.
As solute transport involving Li+-K+ exchange is a complex multicomponent process, a
further analysis of BTCs was completed using the PHREEQC 2 code. Table 6.5 presents a
summary of simulations showing the use of models with increasing complexity. The first set of
Li+ transport simulations with PHREEQC 2 was completed using parameters from the CXTFIT
estimation [Fig. 6.4, overall fittings and simulations runs are in Appendix 6.1 (electronic copy)].
The use of ion exchange represents the first step in increased complexity. The Gaines-Thomas
convention for ion exchange was implemented in PHREEQC 2. The experimentally determined
cation exchange capacity (CEC) was used to parameterize PHREEQC 2 (Table 6.6). The
following aqueous species where considered during all simulation: H+, OH-, pe, Li+, K+, Ca2+,
Mg2+, and Na+, as well as SO42- for simulations involving pyrite weathering. Solid phase species
were not considered during the first set of simulations. However, as the tailings contain primary
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minerals that release Ca2+, Mg2+, Na+, and K+, it was assumed that these cations were present in
the pore water prior to the leaching experiments as indicated by the composition of the effluent
solutions (Fig. 6.4). Solid phases such as gypsum were allowed to form during all simulations.
Model predictions adequately simulated the K+-Li+ ion exchange; however, systematic
deviations between modeled and experimental data are present for saturated experiments (Fig.
6.4). Concentrations of Ca2+ and Mg2+ are systematically under-predicted, which may contribute
to the systematic deviation of modeled and measured K+ - Li+ exchange. Furthermore,
weathering reactions involving the release of K+ from primary minerals may play an important
role for Li+ transport. Li+ - K+ exchange for the resaturated column (Fig. 6.4 b and d) is less well
predicted compared to the first saturated experiment. Even though used dispersivities were
calculated by CXTFIT, overall the dispersion seems to be overestimated. Na+ was also modeled
and although predictions captured the trends in behaviour, the Na+ concentrations were so low
that Na+ had little influence on the overall chemistry of our column system and was not
considered during further simulations.

Table 6.5 Summary of processes incorporated in different simulations showing an increase of
complexity.
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A next set of simulations involved the inclusion of solid phases as potential sources of
major cations that were affecting Li+ transport through ion exchange. These simulations are
illustrated in Fig. 6.5. Previous studies (e.g., Zhu and Burden 2001) indicated that the
composition and spatial distribution of mineral phases are important factors affecting
multicomponent transport. To determine how the ion exchange system is affected by the
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presence of solid phases undergoing dissolution reactions the presence and abundance of
different solid phases as summarized in Table 6.5 were included in the simulation. The minerals
included were in accordance with the mineralogical description (Table 6.1), and were calcite,
chlorite, K-feldspar, K-mica, pyrite and gypsum (Table 6.5).

Saturated (0
cm suction)

10cm suction

30cm suction

100cm
suction

Resaturated

30 cm suction
after
resaturation

% Sat
Total cells
X (cell height) - (m)
Measured v (m/s)
t (s) = X/v
Pulse length (s)
Shifts = pulse length (s)/ t (s)
Shifts = total test time(s)/ t (s)
CEC (mol/L) per cell
pH
Da (m2 s-1)
(m)
a
D = diffusion coefficient for Li+.

Non reactive
(Test sat 1)

Table 6.6 Model parameters defining 1-D transport with PHREEQC 2 for each simulation.

100.0
19.0
0.01

100.0
19.0
0.01
6.4E-06
1551.72
825120
531.74
542.32
0.40
9.17
2.4E-07
1.4E-02

98.5
19.0
0.01
1.9E-06
5217.39
432000
82.80
167.67
0.40
8.15
1.6E-08
9.1E-03

92.0
19.0
0.01
1.7E-06
5901.64
472608
80.08
203.75
0.41
8.07
1.8E-08
1.1E-02

73.5
19.0
0.01
1.6E-06
6428.57
527904
82.12
262.89
0.54
8.47
1.5E-08
1.8E-02

85.5
19.0
0.01
1.6E-05
633.80
60480
95.42
232.70
0.44
8.50
3.4E-07
1.8E-02

76.6
19.0
0.01
1.7E-06
5806.45
543456
94
215.3
0.66
8.10
1.8E-08
1.2E-02

5148

0.40
8.56

Simulations including calcite alone, in contrast to those simulations that included
chlorite or dolomite alone, affected the pH by increasing it by up to 1 unit higher than the
measured values, but did not affect the overall transport of Li+. The following simulations
included K-feldspars, K-mica, chlorite, and pyrite. The latter was considered to be a source for
the formation of secondary minerals such as oxyhydroxides (e.g., hematite or goethite). In
general, the presence of the primary minerals potentially due to kinetic limitations caused in
some instances an overestimation of Ca2+ and Mg2+ concentrations. The presence of pyrite alone
had little influence on Li+ and pH. When K-feldspar and/or K-mica were considered the overall
simulations did not affect Li+ transport but influenced Ca2+ and K+ with an earlier breakthrough.
Simulations suggest that although there is constant dissolution of primary minerals releasing K+
to the solution, ion exchange is the dominant process controlling Li+ transport. When
simulations were run incorporating gypsum (Fig. 6.5), major cation concentration values, except
of Li+, were increased by about tenfold. However, when PHREEQC 2 was allowed to form
minerals based on the solution composition, gypsum was not formed in all cases. In general,
simulations with the inclusion of these mineral reactive phases were unimportant in the
transport of Li+ but produced deviations in the pH, K+, Ca2+, and Mg2+ patterns. However, when
Li+ concentrations are much lower than concentration used in our experiment and the time
scales of transport become longer, we expect the dissolution reaction releasing K+ to be much
more significant for solute transport.
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Figure 6.6 PHREEQC 2 Li+ transport simulations with ion exchange and log_K for ion exchange adjusted. Data were generated from experimental runs in the
resaturated column.
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To assess whether or not modeled BTCs could better describe the data, ion exchange
parameters (CEC, and log K value for Equation 6.0, where Men+ = Li+) were adjusted
(simulations 10 and 11, Table 6.5, Fig. 6.6). As the cation exchange capacity values were
decreased, breakthrough fronts become almost non-retarded. As the cation exchange capacity
was increased, peaks of the Li+ BTC decreased and desorption fronts sharpened. This indicated
that the cation exchange reactions involving monovalent and divalent cation pairs such as Li+Ca2+ and Li+-Mg2+ or probably K+-Ca2+ and K+-Mg2+ appear to be the dominant processes.
Simultaneous changes of cation exchange capacity and hydrodynamic dispersivity did provide
better description of experimental observations. Further changes of the selectivity coefficient
(log K (LiX)) along with the CEC could better predict the shape of the BTCs, however, the
position of modeled BTCs appeared earlier than the measured ones (Fig. 6.6). The description
of the Ca2+ and Mg2+ BTCs improved as these can be seen by the best fittings of the BTC
patterns. Modeled desorption fronts had more extended trailing edges than the measured ones.
These results are comparable to those trailing edges shown by Nitzsche and Vereecken (2002)
and Appelo et al. (1997).
The effect of water content on reactive transport could not be clearly identified with
PHREEQC 2 modelling. Although the cation exchange capacity needed to be adjusted to the
various solid to solution ratios, there was no consistent pattern indicating the effect of
unsaturated flow conditions. In our study the data analysis with the MBM and MM methods to
generate R and values provided the only means of detecting effects of water content and pore
water velocity on reactive transport.
6.4 Conclusions
This experimental study revealed that:
(i) mafic rock tailings are highly reactive with weathering processes contributing to
solute transport, in particular ion exchange reactions involving all major base cations;
(ii) Li+ transport appears is mainly controlled by ion exchange; however, K+ release
from primary minerals is a significant process likely to be most important at low input
concentrations of Li+;
(iii) a decreasing degree of saturation during unsaturated unit gradient flow is associated
with an increase of retardation, and;
(iv) the tailings system is a poorly defined multi-component system for which
speciation modelling with PHREEQC 2 provides semi-quantitative predictions, provided that
independently estimated parameters are used.
Furthermore, the role of physical non-equilibrium seems to be unimportant as a factor
affecting reactive transport for saturated flow conditions; however, under unsaturated
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conditions, physical non-equilibrium cannot be ruled out as a contributing factor. Overall
implications are that mafic rock tailings containing acid producing materials are highly reactive
and may provide sinks for potential contaminants, or contribute to the release of contaminants.
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Chapter 7: Summary and conclusions
The fundamental assumption of the present investigation is that, in semiarid/arid
environments, weathering of sulphide minerals and related contaminant transport is strongly
influenced by water content and flow regimes. Previous research on the physical, geochemical and
biogeochemical processes of acid mine drainage (AMD) formation, and therefore AMD
contaminant transport, mainly focused on humid environments in which water and oxygen are
commonly non-limiting. Due to uncertainty about the kinetics of solute-solid interactions and
transport parameters this study, using modeling and case-specific experiments, also assessed: a) the
hydraulic parameters of composite materials, and; b) the role played by the acid producing mafic
rock tailings in Li+ and K+ exchange under saturated and unsaturated flow conditions. All
experimental work was performed in the laboratory and included tightly controlled experiments to
determine sulphide oxidation rates. Leaching columns with carefully controlled conditions allowed
pyrite-calcite-quartz, and actual tailings, mineral mixtures to be assessed under various saturations
and pore water flow conditions at circum-neutral pH. The experimental work in this thesis focused
on (i) mixtures of reference pyrite dispersed within a calcareous-sand matrix material, and (ii)
freshly broken mafic-rock tailings mixed with inert sand-sized materials. These materials were used
in column experiments which allowed physical, hydraulic, and chemical observations.
The review of the literature in this thesis showed that studies on AMD have, in this last
decade, been oriented primarily to understand the roles of water, oxygen, and bacteria in sulphide
mineral oxidation. Considerable progress in understanding sulfide oxidation and AMD processes
has been made and has often assisted in quantitatively analyzing and managing any potential effects
of natural and residual mine-wastes containing sulphide minerals. In order to detail the processes
and mechanisms of water and solute transport involved in AMD, and therefore the performances of
mine-waste disposal facilities, many experimental findings have been recently evaluated by
sophisticated mathematically driven simulation models. These models, which themselves have been
validated using data from field and laboratory experimentation, encompass many research
disciplines, principally the hydro(geo)logy, geochemistry and, more recently, the microbiology
fields. Models/codes that simulate equilibrium or kinetically controlled reactive transport (e.g.
PHREEQC 2, TOUGH AMD, and MINTRAN) mainly interpret the behavior of chemical species
with complex interactions with each other through many chemical reactions. Equally, by
incorporating and/or coupling to transport models (e.g. HYDRUS 1D), these geochemical models
increased their simulation capabilities and have become able to account for complex reactive
transport processes, such as the long-term evolution of a sulphide oxidation front, and the mass flux
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of oxidation products. In this work, therefore, to quantitatively interpret the movement of solutes
through the columns, all resulting experimental data was assessed with models of different
complexity ranging from simple description of chemical interaction by linear isotherms to a full
description by multicomponent geochemical modeling.
Mine waste impoundments and their capping materials are heterogeneous with respect to
particle-size distribution of the constituent materials. In most cases these are structures of waste
rocks and/or ground/milled tailings. In each case, depending on the spatial distribution and quantity
of a given grain size, mine-waste impoundments are matrix– or grain– supported structures.
However when these materials are mixed, a new set of hydraulic parameters are likely to be
applicable. From this study, it has been confirmed that, within blended materials, each substrate
maintains its own hydraulic properties up to the limit of one composite being the dominant in
supporting the structure and controlling the hydraulic properties of the media. From the behavior of
the series of mixtures used, composed of silt-grain-size tailings and medium-grained sand, it was
observed that within an arrangement of coarse and fine materials water retention (WR) is additive
and hydraulic conductivity depends on the spatial arrangement of the materials. A wider
observation on the behavior of the mixture warranted to suggest that within a bimodal granular
structure, for the case where the coarse material is grain supported, the finer materials fill in pore
space of the coarser material and up to a certain degree control the water retention capacity of the
system. In the case of a high fraction of fine material the coarse particles float in the fine matrix and
the WR-capacity of the system increases as the fine fraction increases. Thus a critical-minimum
quantity of fine material, 40 % for this study, was defined to determine an ideal conductivity pattern
within a mixed system.
The review of the general physical and geochemical processes controlling the formation and
evolution of AMD indicated that there have been significant recent advances in understanding
AMD evolution in various environmental settings, especially in wet environments. Accordingly, to
understand AMD in a broader environmental context, a need was identified for developing
investigations that relate to mechanisms that control the formation of AMD in semiarid/arid
environments. Within such environments, compared with humid environments, the presence of
water is limited and is mainly derived from episodic rainfall events. Following such short but often
intense water inputs, the affected porous medium is characterized by a large heterogeneity in the
content and flow of water and gases. The consequential effects of these varying hydrological
conditions are normally manifested as uneven mobility and transport of solutes, that is, potential
reactants and/or contaminants. Thus, natural sulphide weathering is therefore dependent on the
nature and amount of sulphide and supply of reactants (principally oxygen and water).From the
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findings of the present investigation, in semiarid/arid environments, where oxygen is almost
invariably non-limiting (except in rare episodes of saturation), pyrite oxidation rates (POR) are
limited by the water availability in the weathering media. Water-extractable sulphate production, as
a measure of pyrite oxidation, was substantially decreased at both extreme ends of saturation, but
especially at very low water contents. Sulphate production at intermediate water contents, especially
in the samples with 25 % saturation, reflect a continuous and more rapid pyrite oxidation reaction,
and this was assumed to be driven by the mixture of water and O2. However, the results indicate
that the water content is the effective parameter controlling POR. The data obtained are unique and
will potentially give a new scope on investigations related to pyrite weathering in dry environments
and influence decisions which relate to mine-waste management.
Water flow and solute transport within granular materials proceeds unpredictably and these
are mainly controlled by the hydraulic properties of the various or the dominant component(s) of
the media. Within the saturated zones, water-flow is relatively higher and solutes are often
displaced faster and at higher dilution. In the unsaturated zones, in which variable processes such as
diffusion- or advective-driven movement occur, water and gas normally remains or moves within an
assembly of granular particles that may be disconnected or connected by thin films of water
surrounding the solids. Accordingly residence time of water, and water-flow regimes, are important
variables that influence the mineral-matrix weathering. Results of the column studies conducted at
various saturation and flow conditions, confirmed that the weathering of the-matrix-reactive
materials, (i.e., pyrrhotite and pyrite) is dependant on the water content and porewater-flow
regimes of the media. Oxygen in the case studies, except at transient-conditions, was scarce and
supplied in the aqueous phase only (i.e., as dissolved oxygen only). Conversely, at decreasing
porewater flows and decreasing water content, sulphate production increases, and with steady
water flow and saturated conditions sulphate production remains almost constant. Assessment of
column data using the linear and nonlinear CXTFIT and HYDRUS 1D codes closely simulated the
overall transport and hydraulic behaviour of the columns. The composition of the column effluents,
as modeled by the geochemical multicomponent modeling approach (i.e., PHREEQC 2 modeling),
confirmed that the rate of pyrite oxidation reactions in both water saturation conditions are nonequivalent. Overall, the production of sulphate reflects the various environmental conditions under
which pyrite can be oxidized, and describes well the role of water-content and –fluxes during the
oxidation process.
Adequate management of potentially acid-generating mine wastes is primarily focused on
preventing dissipation of contaminants resulting from the decomposition of sulphides and/or other
primary and secondary gangue minerals. Due to the nature of mining development, waste materials
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containing the residual ore and gangue have been crushed and milled, generating freshly broken
coarse-to-fine rock fragments. These fragments have newly exposed surfaces with enhanced
chemical reactivity and normally respond differently to weathering effects as compared to naturally
deposited sediments/soils. In addition, tailings exhibit elevated heavy metal concentrations and it
can be exacerbated by the presence of pyrite that oxidizes upon exposure to the atmosphere
resulting in acid generation. If waste rock material has enough buffering capacity the medium,
regardless of whether it contains highly reactive sulphide materials, can initially be maintained at
circum-neutral pH. However, as the buffering materials are exhausted, the pH of the medium will
decrease and enable accelerated release of contaminant materials. The mobility and fate of these
potentially harmful metals are therefore related to the abundance of reactants and to a certain degree
to the degree of saturation of the media, and the controlling water-flow patterns. Porewater flow
rates and patterns control the leaching and the spreading rates of contaminants. Thus the assessment
of the freshly broken mafic-material through which a weakly reactive solute (Li+) traveled,
indicated that these media present highly heterogeneous reactive surfaces that, in contact with the
pore water, are constantly and incrementally releasing major cations. Sink materials to which Li+
was initially adsorbed, in combination with the freshly exposed highly reactive particles exposed as
a result of crushing and grinding, also appears to be controlling the release and movement of Li+
and other major cations such as Ca2+, Mg2+, and K+. This also shows that transport of retained
solute (in this case Li+) depends on water content and flow conditions. Assessment of experimental
data, using methodologies which are independent of the assumptions inherent on complex models,
indicated that the reactive transport parameters are comparatively closely related to those calculated
via model-dependent methodologies such as the CXTFIT and HYDRUS 1D codes. A
multicomponent modeling approach, i.e. the use of PHREEQC 2, confirmed the geochemical
complexity acting within the media and the use of source primary equilibrium minerals indicated
continuous release of various major cations.
Above all, the research findings provide evidence that current research on AMD processes
in semiarid to arid environments needs to be focused on the hydrological parameters of disposed
mine-wastes. The hydrological variables, particularly water content and water flow characteristics
exert considerable control on sulphide oxidation rates, and potentially the oxidation rates of all
sulphides. The availability and natural distribution of water is a key parameter that must be
considered a priority during assessment of processes related to management and rehabilitation of
mine waste materials. That is, it needs to be mandatory that the hydrological characteristics of
material involved in both, disposal (e.g. tailings) and rehabilitation (e.g. waste covers) are
characterised.
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From the research findings as detailed above the following areas requiring further
investigation can be drawn:
1. During discussion which relates to AMD production as controlled by water content, this
thesis has briefly referred to the role of thin-water-films. There have been some studies at
the molecular scale on the effects of O2, Fe3+, and bacteria. The physicochemicalcomponent, however; for example, molecular level adsorption and reaction of water on
sulphide surfaces, has not been completely addressed and this needs to be investigated. In
particular, it would be worthwhile to assess the mechanisms behind water-limitation of
sulphide oxidation in situations (as in this thesis) where water is not stoichiometrically
limiting. Such an investigation would sensibly focus on the physicochemical properties of
water in thin films at sulphide mineral grain surfaces.
2. Continuing oxidation of sulphide, in semiarid/arid environments, is expected to occur at
localized humid micro-environments and these characteristically exist in fine-grained media
in which higher water holding capacity can be expected. In field situations, research has
shown that some minerals concentrate in the coarse and the finer fraction but the highest
reactive surfaces were found to belong to the finer-to-intermediate grain sizes of mixture.
Therefore a further study on the role played by both finer and intermediate grain-sizes
under different water contents, but mostly between the ranges 0.1 % to 40 % saturation,
would add value to the findings of this investigation.
3. Current modeling approaches (e.g., PYROX and MINTOX) empirically assume that
oxidation of pyrite is constantly occurring, driven by a constant O2-supply and controlled
by a given “rate-constant”. As shown by the results in this thesis, pyrite oxidation rate is not
controlled by a single rate constant despite non-limiting O2 concentration. In semiarid/arid
environments, where oxygen is plentiful but water is limiting, pyrite weathering behavior is
dependent on the supply of water. The frequency of flushing and with it the short-lag-time
reestablishment of localized and highly heterogeneous net infiltration are key parameters.
These may trigger “accelerated” oxidation of pyrite (for example, by “dislodgement” of
protective coatings of secondary oxidation products) and consequent dissolution of other
primary minerals including calcite, and these possible processes that control sulphide
oxidation are not considered and/or interpreted by current modeling approaches. As a result
the long-term modeling projections are not valid, as kinetics is governed by the natural and
constantly changing physical and chemical distribution of reactants especially, in this case,
water. Accordingly, research within the area should aim to integrate and interpret the vast
body of data acquired during years of research within the AMD field. Resulting data
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interpretation should allow the fitting of controlling parmeters(s) and project potential
physical-chemical changes in short-, intermediate- and long-terms.
4. Semiarid and arid lands are associated with a wide range of hydrological conditions. As
such, the external factors controlling short-term supergene geochemical processes (such as
AMD formation) are diverse, and desert regions can not be restricted entirely to a consistent
set of hydrological conditions. In such arid and semiarid regions, large temperature
fluctuations, low precipitation together with high evaporation rates, and frequent strong
winds are common characteristics. These contrasting parameters therefore reflect the
extremes under which mining activity is conducted. Alpine or high-latitude aridity, such as
in central Asia or sub-polar regions, commonly occurs with annual and diurnal freeze-thaw
cycles, but with only a restricted range in moisture contents, and these conditions will have
a different influence on sulphide oxidation with mine-wastes than the scenarios outlined in
this thesis. Low-land aridity has contrasting factors and does not need to consider freezethaw cycles. However, this environmental setting does need to account for weathering over
a full range of moisture contents. The findings of this of this thesis, therefore, should be
applied only with considerable caution to arid environments other than low-altitude,
tropical to subtropical climatic zones such as inland Australia.
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List of Symbols

Latin Symbols
Quantity
a1 and a2

AFeS2 / V
C

Definition
constants in the Monod-term type reaction
progressing reaction given by ratio of pyrite surface area to solution volume

CH +

concentration of oxygen gas
proton concentration

C SO 2 −

concentrations of sulphate in the porewater

D
d
dmax and dmin
DW
EC
ECr
EC1
EC2
EC0
F
F O2
h
hb
hp
ht
K
k
Kd

longitudinal hydrodynamic dispersion coefficient
solute travel distance
maximum and minimum effective particle diameter
effective oxygen diffusion coefficient
electrical conductivity
relative electrical conductivity given by [(EC1 − EC 2 ) / (EC 0 − EC 2 )]
measured EC
EC of the background/eluting solution
EC of the pulse solution
volumetric fraction of tailing particles
mass flux of oxygen
matric suction (Brooks and Corey Model)
air entry value (Brooks and Corey Model)
pressure head
total head
hydraulic conductivity
first order rate constant for the net SO42- removal
distribution coefficient
Freundlich distribution coefficient

4

Kf
Kh
Kmixture
Kor

k O ,SO 2 −

conductivity-pressure head relationship
hydraulic conductivity of mixture
intrinsic oxidation rate constant
rate constants with respect to oxygen and sulphate

Ksat
Ks
Ksand
Ktailing
Kz
m

saturated hydraulic conductivity
relative hydraulic conductivity
hydraulic conductivity of sand
hydraulic conductivity of tailing
unsaturated hydraulic conductivity
van Genuchten’s parameter defined as 1 – 1/n

2

4
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M1
M2
[Men+]

M O2
n
[O2]w
qo
R
Rp
r
rmixture
rs
rsand
rtailings
s
S
seff

s min
smax
Sr
t
Tc
tmean
Tref
V
Vmix
vo
vs
VS
VT
VV
X
XZ
z

first moment of the BTC
second moment of the BTC
cation activity
mass of oxygen consumed by a single particle of pyrite
van Genuchten’s parameter
oxygen concentration in the aqueous phase
water-surface-flux
solute retardation factor
pyrite particle radius
unoxidised pyrite core radius
mean particle radius of mixture
mean particle radius
mean particle radius of sand
mean particle radius of tailings
slope
pyrite surface area
effective slope
minimum slope
maximum slope

effective saturation ratio defined as: S r = (θ (h ) − θ r ) /(θ s − θ r )
time
porewater systems’ temperature in ˚C
mean residence time of the front
reference temperature
water volume
volume of mixture (voids, sand grains and tailing particles)
pore water velocity
mean front velocity
volume of coarse material (i.e., medium-coarse sand in this study)
volume of fine material (i.e., tailings in this study)
volume of voids
length of the column
negatively charged ion exchanger
depth
positive downwards vertical distance

Greek Symbols

θ

t
X

h

λ [L]

φ
φ mix
φS
ρb

ρd

van Genuchten’s parameter
time step for the advective transport
length of cell for advective transport
volumetric water content
water content-pressure head relationship
dispersivity
water film thickness
mean porosity
porosity of mixtures
porosity sand particles
bulk density
particle density
A-2

ψm

2

µ [T ]

Γ

soil-water matric potential
variance given by M2 – M1
parameter reflecting pore size distribution (Brooks and Corey Model)

Electronic Copy (Attached CD)
Appendix 3.1
Appendix CH_4
Appendix CH_5
Appendix CH_6

overall physical-hydrological data assessment of composite and mixture
materials. Includes Vallejo’s model/approach.
overall physical-chemical data assessment. Includes a copy of the
manuscript presented at the SuperSoil 2004 Conference.
overall physical-chemical data assessment. Includes Hydrus 1D modeling
outputs.
includes overall physical-chemical data assessment and PHREEQC 2
input/output data.
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