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Summary

The problem of (acid) mine drainage (AMD) in Britain is widespread and inherent
to the mining industry. Ferruginous discharges from abandoned mines contami-
nate the waterways, through their high metal concentrations and ferric deposits.
During this research, three main mine drainage sites have been studied: Ynys-
arwed, South Wales; Wheal Jane, South England; Mona, North Wales. These
sites have similar ferrous iron concentrations (~250-300mg 171), although differ-
ing pHs — ~6.3, ~3.4 and ~2.9 respectively.

Shake flasks were set up to investigate the factors affecting the rate of iron
oxidation (and hence precipitation) as an iron removal mechanism in Ynysarwed
and Wheal Jane waters. It was found that the rate limiting factor in both these
waters was primarily biological and their biomass was limited by the availability
of inorganic nutrients, in particular phosphate. The concentration of phosphate
shown experimentally to be most beneficial, was in the order of <0.01M.

Experimental microcosms were used to investigate the effect of soil type and
planting on the remediation of Ynysarwed and Mona waters. The results showed,
that of the soils tested, mushroom compost was the most beneficial soil in terms
of metal removal and alkalinity generation, with an optimal water residence time
of four days. Planting was shown to have a detrimental effect on metal removal.
However, in terms of sulphate reduction and pH maintenance, plants were benefi-
cial, particularly in peat soil. These soils were shown to have the same remediative
effect on several British mine waters, irrespective of their origin and a pilot sys-
tem was proposed. The mechanisms occurring within planted and unplanted soils
were investigated. It was found that competition may be occurring between the
plants and microflora for resources such as inorganic nutrients, thus impairing mi-
crobial iron removal. Furthermore, the iron formed soluble complexes with the
plant derived dissolved organic carbon, preventing removal through precipitation
Processes.
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Chapter 1

Introduction

1.1 Acid Mine Drainage

In 1992 a major environmental disaster occurred in the south west of England
(Cornwall) causing vast amounts of environmental damage. It was estimated that,
over a twenty four hour period, 30,000m® of metal rich mine water (Cambridge,
1997) was released into predominantly the Carnon River and its tributaries. The
source was a disused tin mine called Wheal Jane, which had been allowed to flood
following its abandonment in 1991. In 1992 an adit-plug (adit - a horizontally

placed shaft to allow access or drainage) failed allowing the mine water to be re-

leased into the surrounding waterways. The consequential ochre plume stretched

20



1.1. Acid Mine Drainage

for kilometres.

The environmental consequences of acid mine drainage have only really come
to light in the past thirty years. Increased public awareness of the advantages
of an eco-friendly and aesthetically pleasing environment has created scientific
and political pressure to minimise this form of pollution. The problem of “acid
mine waste” on the aquatic system, was first mentioned as early as 1938 (Lack-
ley, 1938). Since then, industry and science have seen the need for research to
enable a better understanding of the processes which are taking place and, as a

consequence, the remediation techniques which must be employed.

Mine drainage and in particular acid mine drainage (AMD), 1s geographically as-
sociated with the majority of active, or historically active, mining countries of the
world (Dougan, 1987). For example, copper mining in Anglesey, Wales (Mynydd
Parys) (Walton and Johnson, 1992); Copper and Sulphur mining in Avoca, S.E.
Ireland (Herr and Gray, 1997), Wheal Jane — a tin mine in Comwall (Lamb et al.,

1998) and metal and coal mining in Colorado, USA (Howard et al., 1989). In

1994, 700km of British rivers were affected by mine water from over 300 mine
discharges (Younger, 1997), whilst in the United States, over 17,000km are af-
fected (Elliott et al., 1998). This figure is similar to that predicted by Lundgren
et al. (1972), who suggested that 16000km of American rivers were affected by

surface mining alone, with deep mining enhancing these figures considerably. The
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1.1. Acid Mine Drainage

legislation that 1s supposedly in place to control the polluting effect of mines varies
from country to country, but the general overriding principle is that the ultimate
responsibility falls to the offending company and its regulators. In America, dis-
charged water must meet the water quality standards set out by the Surface Min-
ing Control and Reclamation Act of 1977 (Unz and Dietz, 1986). In Britain, even
though the Environment Agency battles long and hard with the problem, the ‘Pol-

luter Pays Principle’ may be their only prosecution strategy when addressing past

offences.

The problem of (acid) mine drainage in Britain is widespread and chiefly located
in the abandoned mining areas of SW England (Wheal Jane), Wales (Ynysarwed,
South Wales) and the North east of England (e.g. Bullhouse discharge). In 1975
the Department of the Environment reported that 366 discharges were released
into the waterways of England and Wales, and this amounted to 881,990m® of
mine water. Although other types of ore mining cause localised problems, the
biggest culprit, especially in the UK, is that of the derelict coal mining indus-
try. Characterisation of these waters, is not only by their acidic pH (<4.5), but
also their orange/brown colouration of the iron rich sediments or ‘ochre’, which
accumulate and smother the benthic community (figure 1.1). The complex ma-
terial called ‘ochre’ or ‘yellow boy’, as it is known by miners, is associated with

the hydrolysis of ferric (Fe*t) iron to form insoluble ferric salts and hydroxides.
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Figure 1.1: Typical orange/brown ferric iron rich sediments, associated with acid
mine drainage problems.

However, the dominant species at the point of discharge from the mine or adit is

the relatively colourless ferrous iron (Fe?*) causing the upper reaches of an acid

mine drainage system to appear clear and unpolluted.

The chemical composition of other water bodies is extremely variable due to the
influence of the surrounding geology, as is that of mine drainage, which is in-
fluenced by mine type. Usually, waters of pH 4.5 are buffered by the “CO,-
bicarbonate-carbonate-buffering system” (Geller et al., 1998). However, waters

classed as acidic (<4.5) have very little or no bicarbonate content and this affects
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the buffering capacity. This low pH has subsequent implications for the solubility
of metals. According to Stumm and Morgan (1981) at low pH, metal solubility is
increased causing the concentrations of aluminium and iron to be elevated. It was
also found that the different species of iron, namely the ferric iron and its hydrox-
ides, had buffering capacities that were comparable to that of the aluminium and
carbonate systems, which aid the stabilisation of waters with values between pH 2
and 4 (Geller et al., 1998). Many iron oxides, such as ferrihydrite (amorphous fer-
ric hydroxide), have been identified in acid mine drainage sediments, using X-ray
diffraction (Ferris et al., 1989a). These iron oxides were also affected by acidic
pH values, in that they showed a marked increase in concentration (Schwertmann
and Murad, 1983; Zhang and Evangelou, 1996). It was found that the bacterial
cells became encrusted, to varying degrees, in ferrihydrite and other iron oxides,

possibly forming templates for iron deposition (Ferris et al., 1989a).

1.1.1 Acid Mine Drainage Genesis

A prerequisite for the formation of acid mine drainage is the presence of sulphide
minerals such as pyrite and marcasite (Johnson, 1998; Hustwit et al., 1992). Pyrite
(FeS,), an insoluble crystalline substance found in ores and bituminous coals, is

formed when ferrous sulphide and sulphur react (Madigan et al., 1997). 1t is the
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oxidation of the sulphide minerals to sulphate, free metal and hydrogen ions, that
are responsible for the acidic conditions (Singer and Stumm, 1970). The rate
of this acidification is governed by the mineral concerned (Singer and Stumm,
1970). The mechanisms of sulphide mineral oxidation can be either chemical,
electrochemical (Mustin et al., 1992) or biological/biochemical (Sand et al., 1995)
and are well documented elsewhere (e.g. Evangelou (1995)). Oxidation is known
to be dependent upon environmental conditions such as pH (Sand et al., 1995;
Nicholson et al., 1995) and the ability to control the rate of iron oxidation in
mine waters, 1s a valuable tool in the development of remediation strategies. The

general consensus is that for biological and chemical oxidation, the major oxidant

is ferric 1ron (Sand et al., 1995). This reaction is as follows:

FeS; + 6Fe(H,0);t + 3H,0 — Fe?t + 5,03~ + 6Fe(Ha0)2* + 6HY  (1.1)

This equation can also be re-written to include sulphate and elemental sulphur
because in acidic conditions, thiosulphate hydrolyses due to the fact that it is ex-

tremely unstable:

FeS, + 14Fe** + 8H,0 — 15Fe?* 4 16H* + 250%" (1.2)
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As the ferric iron 1s consumed during this reaction, oxygen is required for its re-
generation (see equation below) which can only occur for a limited time in anoxic
conditions. This re-oxidation is slow, although spontaneous (Johnson, 1998), and

is as follows:

4Fe*t + O, + 4Ht — 4Fe*t 4 2H,0 (1.3)

The rate of this reaction may be increased by 10* and 10° times by the presence
of bacteria such as Thiobacillus ferrooxidans and Leptospirillum ferrooxidans,
which are chemolithotrophic bacteria and obligate acidophiles. By promoting
the growth of these bacteria at low pH, the rate of mineral weathering can be

manipulated (Stromberg and Banwart, 1995).

The acidity of acid mine water, in the context of ferric iron as a source of hydrogen
ions, was discussed earlier. It should also be noted that, the hydrolysis of dissolved

metals such as aluminium and manganese also produce hydrogen ions, as follows

(Clarke, 1995):

APt + 3H,0 — Al(OH); + 3H? (1.4)
4Mn?** + O, + 6H,0O = 4MnOOH + 8H* (1.5)

Therefore, according to Hedin et al. (1994), the total acidity of acid mine water
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can be calculated as follows taking into account these extra parameters:

2Fe?t  3Fedt 3A1 2Mn
idi ated = — + —— + 1000(107P" .
Aciditycalculated 50{ T + 56 -+ 57 + FE + 10 0( 0 )} (1.6)

“Where concentrations of metals are given in mg 17! and 50 is the equivalent

weight of CaCQg, thus transforming the milliequivalent per litre of acidity into

mg 17! CaCOj; equivalent” (Hedin et al., 1994).

Hedin and co-workers (1994) showed that for waters measuring a pH of <4.5
using a standard H,O, method, their calculated acidities were generally found
to be within 10% of that measured figure. Using examples from three sites in

the U.S., they went on to show that, the acidity created by minerals, forms an

important part of the waters’ overall acidity.

Besides varying acidity (proton and mineral), other environmental parameters af-
fect the overall characteristics of the water, such as; dissolved oxygen which can
be as low as <10% saturation of the ambient aerated water (Emerson and Moyer,
1997); dissolved organic carbon; metals (discussed in depth by Sullivan and Yel-

ton (1988)) and salinity. These may in-turn affect the waters redox potential.

Redox (where both oxidation and reduction occur in the same reaction) is influ-

enced by the presence of sulphides and other reduced sulphur compounds in the

27



1.1. Acid Mine Drainage

water’s sediment (Boulegue and Michard, 1979), although, it is primarily affected
by the ratio of Fe** : Fe3*. Therefore, the two halves of this redox reaction are as

follows (Nordstrom et al., 1979; Johnson et al., 1993):

Fe’t — Fe’*t + e~ (1.7)

Here, for the oxidation part of the reaction, the rate is determined by availabil-
ity of the Fe3* ion. Although this reaction is slow in acidic conditions, it can be
enhanced considerably with the presence of iron oxidising bacteria such as Thio-
bacillus ferrooxidans. The role of this organism (and others) will be discussed
in more detail later. This reaction continues until all the pyrite i1s used or ochre
formation occurs. The reduction part of the reaction is as follows. Note that the

electrons in this reaction are derived from the oxidation of iron;

%02 + 2H+ + 2¢7 — H2O (18)

To ensure appropriate acrobic conditions for the respiration of these bacteria, oxy-
gen is a vital factor and need only be present in small quantities to drive this re-
action. However, oxygen can be a limiting factor in this process (Hustwit et al.,

1992). Anaerobic iron oxidation has been reported by (Straub et al., 1996) in

some strains of denitrifying bacteria. These strains were originally isolated using
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‘“aromatic substrates and nitrate” and could oxidise, within a week, over half of

the ferrous iron present, but they needed the addition of 1mM acetate.

It should be noted that the two parts of the above redox reaction do not necessarily

have to be in equilibrium (Nordstrom et al., 1979) and the measurement of redox
potentials (Eh) can be used to evaluate these systems. Brookins (1988) showed

diagrammatically the relationship between pH and Eh.

The majority of aquatic life, including microorganisms, are unable to withstand
these acidic environments, although, some species of bacteria thrive in the condi-
tions denoted as acid mine drainage (Mills and Mallory, 1987). These organisms
are classed as acid-tolerant or acidophiles, each with varying tolerance. Some
of which, for example the chemolithotroph T. ferrooxidans, known for 1ts role
in the genesis of acid mine drainage, have been isolated, selected and enumer-
ated using solid media such as the ‘overlay’ technique (Johnson, 1995b; Amero
et al., 1994). Therefore, of the acidophiles, Thiobacillus is one of the most exten-
sively studied groups (e.g. Hallberg and Lindstrédm (1996); Schrenk et al. (1998):
Kleinmann et al. (1981) and Pronk et al. (1992, 1991)) although not all are ob-
ligate acidophiles. As aforementioned, these bacteria are known to accelerate
the oxidation of the sulphide minerals associated with acid mine drainage (John-
son, 1998), although recent research (Schrenk et al., 1998) shows that T. ferro-

oxidans has a “limited role in acid generation”. But, it is thought that the num-
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bers of these bacteria (Thiobacillus spp. and Leptospirillum ferrooxidans) may
be equal to or out numbered by indigenous acidophilic heterotrophic microorgan-
isms (Johnson and Roberto, 1997b). These heterotrophs were first charactensed in
the 1980’s from cultures, which were supposedly pure, of T. ferrooxidans (Wich-
lacz and Unz, 1986). They have been reported to form ‘acid streamers’ (macro-
scopic gelatinous growths, white or cream in colouration) in acidic mine waters
(Dougan et al., 1970; Johnson et al., 1992) and in 1991, Johnson published a
paper on their evidence in Cae Coch, an abandoned pyrite mine (North Wales)
(Johnson and McGinness, 1991). It is thought, (Johnson and McGinness, 1991;
Johnson, 1995a) that these acidophilic heterotrophic microorganisms, may catal-
yse either the reduction of ferric iron or the dissimilatory oxidation of ferrous
iron. These iron oxidising acidophiles display characteristics, both morphological
and behavioral, similar to those of the neutrophilic Sphaerotilus-leptothrix species
of filamentous bacteria (Johnson et al., 1992). Acidophilic heterotrophic bacte-
ria and other acidophiles, are influenced in their distnbution by their individual
metal or metalloid (a non-metal displaying some of the characteristics of metals)
tolerance. Chemolithotrophic iron-oxidising bacteria, especially T. ferrooxidans,
have a greater tolerance to dissolved metals than their heterotrophic counterparts
although, increased tolerance could possibly be brought about by sub-culturing
the organisms in increasing metal concentrations (Johnson and Roberto, 19973).

Johnson and Rang (1993) also found evidence to suggest that sulphate reducing
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bacteria (SRB) are present in stream sediments exposed to acid mine drainage.

These bacteria exist heterotrophically and are found at the oxic/anoxic interface
in the highest numbers (Jgrgensen and Bak, 1991). The most commonly known
of these is Desulfobacter spp. although, many other novel strains are now be-
ing discovered (Sen and Johnson, 1999). Other organisms noted in these water

bodies include rotifers, fungi, yeast and protozoa (Johnson and McGinness, 1991;

Johnson and Rang, 1993).

The distribution of these organisms, as we have seen, is dependent upon many
parameters, but as the oxidation of pyrite is an exothermic reaction, it follows
that the concept of temperature affecting species distribution and diversity, must

also be considered. Temperature in underground mines vanes considerably with

depth, but shows very little seasonal variation; with temperatures of <10°C not
being uncommon (Ahonen and Tuovinen, 1991). ‘Shake flask’ experiments were
set up by Ahonen and Tuovinen (1991) recording different activation energies for
different sulphide minerals and they found that at the higher incubation temper-
atures there was a considerable change in pH and redox potential. The decrease
in pH was attributed to the increased sulphunc acid production via the biological
oxidation of sulphide minerals. At the lower temperatures tested, redox potentials
displayed either a lag period before increasing or they stayed at a lower level,

indicating at least some retardation in biological activity. Higher temperatures,
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especially those as a consequence of exothermic reactions, occur in areas such
as spoil heaps where the internal environment is insulated against external ther-
modynamic changes. According to Norris and Johnson (1996), in their detailed
account of these extremophiles, only three main groups have been identified and
characterised. They were found to be active in temperatures of approximately 40-
60°C and are classed as moderate thermophiles. These include: “Gram negative,
sulphur oxidising autotrophs” found in areas such as the acidic hot soils of Yellow-
stone National Park (Fliermans and Brock, 1972) and species such as Thiobacillus
caldus, characterised in 1994 by Hallberg and Lindstrom (1994); “Gram positive,
Bacillus-like facultative chemolithotrophs and heterotrophs™ such as Sulfobacillus
spp. found in acidic mine waters and spoil heaps derived from coal mining; and
“two genera of archaea” found in coal spoil heaps and hot springs. These include
species of Thermoplasma (Norris and Johnson, 1996). In particular, the facul-
tative anaerobe Thermoplasma acidophilum has been shown to be able to utilise
sulphur as an electron sink. Strains of (hyper) thermophilic bacteria have also
be identified that can function effectively, degrading sulphide minerals at 85°C
namely species of Sulfolobus (Norris and Johnson, 1996). In 1994, Amero et al.
published their work on the new and specific method for detection and enumera-
tion of thermophilic bacteria such as these (namely Sulfolobus acidocaldarius and

Thiobacillus caldus) using immunobinding techniques.
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All of the organisms, described above, which have been isolated and characterised
from acid mine waters, display different inter- and intra-specific relationships and
are described in some detail in Johnson and Roberto (1997a). Each organism has

its own ecological niche and competes in a very complex and unique environment.

It should be noted that, not all mine drainage is acidic, for example, water from a
disused deep coal mine at Ynysarwed, South Wales is of circa neutral pH (~6.3).
Some mines do not have the acid generating minerals, whilst others contain suffi-
cient neutralising compounds such as carbonates to override the affect of sulphide
mineral oxidation. In these near neutral pH conditions, iron-oxidising bacteria

have been isolated and characterised from areas such as East Lansing, Michigan

(USA) (Emerson and Moyer, 1997).

1.1.2 Traditional Methods of Abatement

Many strategies have been put forward, and in some cases implemented, to try
and contain the threat posed by acid mine drainage (e.g. Dougan and Apel (1983);
Brierly (1990)). Some were more problematic than others, requiring collection of
water, possible diversion of watercourses and as in all cases, vast amounts of fi-

nancial investment. The most favourable solutions involve trying to prevent, solve

or confine the problem at source 1.e. within the mine itself or the associated spoil
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heaps. But, according to Younger (1997), the most financially sound method of

remediation would be a passive one such as the use of artificially constructed wet-
lands. Before undertaking such a strategy, the long-term effects, both physical
and chemical, on the environment by the continual release of acid mine waters
should be thoroughly researched. This should possibly include data from water
quality assessments (WQA's) and full environmental impact assessments (EIA’s).
Strategies for the toxicity testing of acid mine drainage waters and their utilisa-
tion in setting water quality standards, using techniques such as ‘Microtox (R)’,
a toxicity testing tool which uses the luminescent bacterium Vibrio fischeri as an

indicator of a change (decrease) in respiration, were outlined by Gray and O’Neil

(1997).

Characterisation of these mine sites using the information ascertained above, en-
ables the hydrology of the mine to be modelled leading to possible predictions as
to the long-term effects (Clarke, 1995). In most cases, maps of the intricate pas-

sages would have been useful in aiding this modelling process, but unfortunately,

experience has shown that many of the maps are unreliable.

Younger (1997) suggests, that there are two components to acidity generation over
time which need to be taken into account. These are: “Vestigial” — this refers to
the post abandonment “geochemical trauma” exerted on the mine voids, as they

fill with water for the first time. This takes into solution, some of the products of
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pyrite oxidation, such as ferrous and ferric hydroxysulphate salts (Wichlacz and
Unz, 1986) which are intermediates of this oxidative process; and “juvenile” — this
refers to the continual pyrite oxidation (until exhaustion), within the restrictions of
the natural fluctuations of the water table, based in and around the disused mine.
It should be noted (Clarke, 1995) that, the initial release of water from a flooded
disused mine, is usually the most acidic and saturated with dissolved substances,
in particular metals. This is due to the fact that the initial flushing contains the
majority of products, which have accumulated in the mine pre and post abandon-
ment. Gray (1997) tries to go further, by categorising the acid mine drainage sites,
to aid the development of specifically tailored water quality, management and re-
mediation strategies. However, he states that this is difficult, due to the fact that
acid mine drainage is a “multi-factor pollutant” i.e. it affects directly or indirectly,
via complicated pathways, the aquatic system as a whole. The immediate solution
must be to try and contain the problem preventing further contamination of the
water-courses. This can be done by employing a wide range of “barrier meth-
ods” (Clarke, 1995), which are designed to limit mineral (pyrite) oxidation and
thus AMD genesis, by their isolation from water and oxygen. The oxidation of
pyrite by these two variables has been previously outlined and is well documented
elsewhere (e.g. Hustwit et al. (1992)). Sometimes, simple methods such as the

compaction of the surrounding soil provide sufficient protection, whereas in other

situations, more elaborate techniques must be deployed.
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Chemical and Practical Methods

Spoil heaps associated with the mining process can be slightly easier to protect
from the oxidative processes and elements than the emergent mine waters. Plas-
tic/synthetic liners of 0.5-1.0mm thickness have been placed effectively over the
spoils, ideally covering them completely. If an area is left exposed to the elements
i.e. partially uncovered due to a tear for example, water can penetrate deep into
the spoil thus limiting the affect of the liner and possibly rendering it useless. A
protective layer of soil may be placed on top of the liner to prevent tearing, leaking
and degradation of the plastic by ultraviolet light. The soil layer and subsequent
colonisation by vegetation can also encourage the stabilisation of the spoil. The
liners efficiency is also increased, by the fact that the internal water-table is low-
ered, reducing the rate of mineral oxidation. Clarke (1995) states that, although
this method is effective, it is both expensive and labour intensive, thus restricting
its use. Other capping/sealing materials employed to prevent rainwater percola-
tion include asphalt, tar, concrete and cement. In America (Scheetz et al., 199)5),
a more permanent method of abating the effects of acid mine waters, has been
trialed, involving the use of a grouting technique. Using magnetometry, the areas
with potential “acid-producing minerals”™ are sought out and injected under pres-
sure, through boreholes, with a cement and fly ash mix/slurry. This engulfs and

stabilises the area rendering it inert and impermeable. The success and long-term
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consequences of this method are still being researched, some details of which are

outlined in Clarke (1995) and Scheetz er al. (1995).

Using column leaching experiments, Stewart ez al. (1997), investigated the affect
of combining alkaline fly ash with the acid forming refuse associated with coal
mining. The effectiveness of this method is due to the reduction in pyrite oxida-
tion. This is brought about by the presence of the fly ash retarding gas and water
flow through the column. It is also thought that the fly ash may be adsorbing some
of the free ferric iron, resulting from the oxidative process, preventing it from ox-
1dising the pyrite itself. This co-disposal consequently solves two environmental

problems at once.

Submergence and underwater storage of sulphide minerals (especially mine tail-
Ings) once again can be used to prevent their contact with oxygen, as the diffusion
rates of oxygen through water are considerably slower than through other media.
Sometimes, these minerals are covered with a layer of sediment to prevent their
resuspension into the water column through wave or wind action. But a more
effective way 1s to use a blanket of organic matter. Not only does this act as a
barrier, but 1t also consumes oxygen through its own degradation, providing an
ideal substrate for sulphate reducing bacteria (SRB). The use of SRB in the re-
mediation process will be discussed in more detail later. In the past, it has been

common practice to flood and seal disused mines especially those occurring be-
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low the water table (Clarke, 1995). This causes periodical problems of mineral
exposure to oxidative processes, if and when the water table drops or undergoes
lateral movement, acid mine drainage may result. Clarke (1995) suggests that ini-

tially this water will be extremely acidic, but after subsequent flushings this will

be reduced.

As we have seen, there are many methods to aid the prevention of watercourse
contamination by AMD, but inevitably, contamination does occur, requiring some
sort of treatment to lessen the effects. Many methods are so called “active™ ones
due to the fact that they require continual/long-term treatment or the addition of
chemicals. One of these methods includes the addition of small quantities of ad-
ditives to encourage the precipitation and settling of compounds. The use of floc-
culating agents, which may be either of inorganic or organic materials, encourage
the aggregation of precipitates leading to their recovery in large settling ponds.
A pilot scheme was set up in Yorkshire to test the combined effect of using 24g
of sodium hydroxide and 200g of flocculent. This resulted in the separation of
only 20g of dry ochre, which was recovered through raking. The disadvantages
of this system were found to be, that flocculation was most effective at near neu-
tral pHs and required continual injection of pH conditioning agents, as well as
flocculent, to the inflow (Clarke, 1995). Clarke (1995) also describes the use of

coagulants such as aluminium sulphate, which forms aluminium flocs, which in
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turn attract other metals for precipitation. This method requires pH adjustment,
due to the fact that the formation of aluminium flocs is dependent upon the re-
action of aluminium sulphate with alkaline waters. To eliminate/reduce the need
for this pH adjustment, precipitation can be enhanced by increasing the dissolved
oxygen concentrations. This can be achieved by increasing the aeration of the
system or, by the addition of oxidising compounds such as peroxide or hypochlo-
rite (Clarke, 1995). Phosphate has also been trailed in solution with peroxide, in
the form of hydrogen peroxide (Clarke, 1995). The mode of action is as follows:
the pyrite surfaces are oxidised by the peroxide, producing Fe®*, which in tum
precipitates out as iron phosphate. The following reaction shows the oxidation of

pyrite by hydrogen peroxide, in the presence of phosphate (Clarke, 1995):

FeS; + 74H,0, + H,PO; — FePO4 + 2505~ + 3H™ + 7TH,0 (1.9)

The iron phosphate forms a passive coating upon the pyrite surface preventing
further pynte oxidation (Zhang and Evangelou, 1996), but it does require some
sort of buffering to enable it to work effectively. Although this method is still only
experimental, the results are promising. The additional bonus of this method is

that only small quantities of peroxide and phosphate are needed thus keeping the

running costs to a minimum (Clarke, 1995).
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Today, the most common method used for reducing the effect of the acidic pHs
characteristic of most mine drainage water systems, is via the addition of alkaline
chemicals or compounds. Some mine drainage systems, due to the surrounding
geology, have their own built in neutralising capacities, in the form of carbonate
minerals. This counterbalances the acidity produced as a result of pyrite oxidation.
Clarke (1995) calls this “acid-base accounting” and it can be used to determine the
potential of the local geology to produce AMD. To date, lime, sodium hydroxide,
sodium carbonate and calcium carbonate (limestone), have been used as cost-
effective agents of water neutralisation on a large scale. The use of lime to reduce
water acidity, is not a new process. In 1991 the Environment Agency and Hyder
(E.A. and Hyder, 1991) used lime dosing on Upper Tywi, South Wales, to combat
the acidification which had arisen from conifer afforestation. The acidic pH was
killing the susceptible salmonid stocks and as a result, in 1996, two purpose built
limers, were installed on the Rivers Tywi and Camddwr, the first of their kind
in the UK. They could measure the water acidity and supply the correct dose
of lime to increase the pH from 5.1 to ca 6. Similar water treatment strategies
were also implemented in the Loch Dee catchment (Tervet and Harriman, 1988).
Furthermore, limestone and lime, can also be used as an additional buffering zone
between spoil heaps and the overlying soil, and mixtures of limestone and coal
waste have also been used as an acidity buffer. Other mixes, to increase the ability

of limestone to neutralise AMD, include that of limestone and other calcareous
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material. A five-year column study was set up to evaluate the effect of these
mixtures and it was concluded that columns containing limestone were the most

etfective at delaying the release of acid (Clarke, 1995).

Those faced with the abatement of AMD welcome new ideas which are cost effec-
tive and require little or no maintenance. One of the solutions, which combines
both of these, is the use of anoxic limestone channels/drains (ALD). Although,
this is classed as a passive treatment rather than an active one, like those discussed
above, it uses limestone in the treatment of AMD (Nairn e al., 1992). It involves
a principle called “limestone armouring”, which as the name suggests, on the pas-
sage of oxidising ferrous iron over the limestone it becomes coated or protected
in ferric hydroxides, reducing the limestone’s neutralising capacity. Results from
laboratory experiments showed that the “armoured” limestone compared to its
unarmoured counterpart, “was only 2 to 45% less effective” (Ziemkiewicz er al.,
1997) at neutralising a solution of hydrochloric acid (dependent on solution pH),
but was “90% as effective” (Ziemkiewicz et al., 1997) at neutralising AMD. Field
studies followed, using constructed channels, lined with pieces/chips of specific
rock types. The results showed that, the limestone, albeit armoured, was more
effective at reducing the acidity of AMD, than sandstone (Ziemkiewicz et al.,
1997). This system was developed primarily as a method of raising the pH of

AMD waters prior to their passage through (constructed) wetlands. If the water
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were passed through an anoxic pond to reduce the dissolved oxygen level, prior to
its passage through the ALD, then less iron would oxidise creating a more efficient
system. However, problems do arise when waters contain high concentrations of
ferric iron or aluminium. This in the long term, due to hydroxide build up, reduces
the ALD’s permeability rendering it useless in a relatively short time. One way
to solve this problem is to prevent the biological oxidation of the sulphide min-
erals through the use of bactericides such as sodium lauryl sulphate and sodium
benzoate (Dougan and Apel, 1983). These substances work via a mechanism of
destroying the cell wall integrity, allowing the influx of acid into the near neutral

interior. If high enough concentrations are used, the cell may be killed (Dougan

and Apel, 1983; Dougan, 1987).

Biological Methods

In the past, bioremediation, or the harnessing of biological systems as a solution
to aquatic environmental problems has been associated with the ‘clean up’ of or-
ganic pollutants (Head, 1998; Kelley et al., 1993). Only since the 1980’s, has the
use of this technique, as a remediation process for the problems posed by AMD,
been gathering momentum. As described earlier, the biological oxidation and dis-
solution of sulphide minerals cause the problem of AMD. New techniques involve

microbially reversing those processes, which lead to AMD, giving rise to the re-
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moval of metals from solution and the raising of pH in these waters. It should
be noted that whilst some microbial processes, like those described earlier, give
rise to a net increase in acidity, others produce alkalinity, for example by sulphate

reduction, a process which will be discussed further, later in this chapter.

Photosynthesising acid tolerant microorganisms have been reported in some aquatic
environments affected by AMD. Under ‘normal’ circumstances, there is no change

in pH, unless, as in aquatic systems, the CO, is removed as carbonate or bicar-
bonate from solution by photosynthetic organisms. This causes a localised pH
increase during the hours of daylight. If photosynthesis is considered in conjunc-
tion with nitrate assimilation, the removal of nitrate, phosphate and hydrogen 1ons

are seen to increase alkalinity. The equation for this reaction is as follows (Wendt-

Potthoff and Neu, 1998):

106CO, + 16NO3 + HPO?~ + 122H,0 + 18H' — (C106H2630110N16P) + 1380,

(1.10)

Not all aquatic environments affected by AMD can support photosynthesising
microorganisms, many experience little or no light and as a consequence become
anoxic. Nitrate and ammonia, are amongst the most commonly used compounds

as electron acceptors, in anaerobic respiration (Madigan et al., 1997). Nitrate

can be reduced (denitrification) to products such as nitrous oxide and nitrogen
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gas, which can be lost to the atmosphere. Therefore, once again, a net gain in
alkalinity will be observed if, as in this process, hydrogen ions and nitrate are
removed (Wendt-Potthc;ff and Neu, 1998). It should be noted that organisms such
as purple bacteria have been observed anaerobically (at pH 7) using ferrous iron

as an electron donor for photosynthesis (Ehrenreich and Widdel, 1994).

The relationships between specific species of bacteria have been discussed in de-
tail elsewhere (e.g. Johnson and Roberto (1997b)). These relationships, espe-
cially those of competition and inhibition, have a possible use in the abatement of
AMD. In 1988, Shuttleworth and Unz (1988) published a paper on the findings
of a mathematical model that calculated the growth inhibition of T. ferrooxidans
when grown on a substrate specific for the heterotroph Acidiphilium spp.. Al-
though, no firm conclusions were made, laboratory trials were undertaken to test
the hypothesis generated e.g. the mathematical model, so as to see if biological
AMD genesis could be inhibited. Shearer and co-workers (Shearer et al., 1970)
showed that strains of Caulobacters, isolated from neutral waters, could inhibit
acid production from sulphur- and iron- oxidising bacteria. Although, only one
strain of antibiotic-producing bacteria (Streptomyces aureofaciens) was shown in

laboratory experiments to reduce net acidity and be capable of withstanding AMD

environments.

The microbial catalysation of Fe (III) and Mn (IV) reduction is extremely well
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documented elsewhere (e.g. Unz and Dietz (1986); Pronk et al. (1992)) and orig-
1inally thought to be solely an abiotic process (Wendt-Potthoff and Neu, 1998). In
fact, during anaerobic respiration, bacteria can use these two metals as electron
acceptors (Wendt-Potthoff and Neu, 1998). In suboxic microbial ecosystems, fer-
ric iron oxides are extremely abundant and can be reduced to ferrous compounds
by many species of bacteria such as Thiobacillus spp.. This reaction can be cou-
pled to one of oxidation involving many organic and inorganic electron donors.
For example, if the carbon source were that of organic acids, the reactions for
iron and manganese respectively, would be as follows (Wendt-Potthoff and Neu,

1998), producing alkalinity as the metal ions are removed:

FeOOH + CH;CHOHCOO™ + H,0 — Fe®t 4 CH;COO~ + CO, + 1.5Hy + 20H™
(1.11)

MnO; + CH;CHOHCOO™~ + H;0 — Mn?** + CH3COO~ + CO, + Hy + 20H™
(1.12)

Thiobacillus ferrooxidans under anaerobic conditions has been shown to be able

to use ferric iron as an electron acceptor instead of oxygen, when oxidising ele-

mental sulphur (Pronk et al., 1992). Consequently, anaerobic conditions may not

guarantee the immobilisation of metals and inhibition of sulphide mineral oxida-

tion (Das et al., 1992).
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The significance of iron reduction in the metal cycling process has already been
discussed 1n terms of bacteria such as the aforementioned Thiobacillus ferro-
oxidans and documented by Johnson et al. (1993), but the importance of SRB
should be noted. In some marine environments, iron sulphides are formed through
the reduction of iron oxyhydroxides by the H,S produced by the SRB (Coleman
et al., 1993). The tformation of these mono-sulphides has been shown to be evident
in anoxic (sulphidic) mine tailings (Fortin and Beveridge, 1997). Therefore, the
use of sulphate reducing bacteria (SRB), such as Desulfovibrio spp., have more
recently been suggested, as a cost effective method of treating mine drainage wa-
ters (Webb et al., 1998; Banks et al., 1997; Christensen et al., 1996) — a process by
which net alkalinity is produced. Under anaerobic conditions, they use sulphate,
as a terminal acceptor resulting in the production of H,S (hydrogen sulphide),
which 1s excreted. In addition, metals form insoluble sulphides. The reactions are

summarised as follows (Wendt-Potthoff and Neu, 1998; Webb et al., 1998):

2CH,0 + SO?~ — 2HCO?™ + H,S (1.13)

M2+ + S2- — MS,., (1.14)

Where M** represents Fe?t or other divalent metal ions. These highly reactive

iron sulphides can adsorb or coprecipitate with other dissolved metals such as
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copper and zinc. Their ability to control the solubility of these metals and others
such as cadmium and lead could lead to the possibility of their use in remediation
techniques, although, in the presence of other intermediate sulphur species e.g.

thiosulphate, the eventual formation of pyrite is observed. It should be noted that

if the bacteria utilise organic acids, then the reaction will be as follows (Wendt-

Potthoff and Neu, 1998):

SO;~ + CH3;CHOHCOO™ + 2H; — H,S,) + CO, + CH3COO™ + 20H™ + H,0

(1.15)

Clarke (1995) suggests that there may be one disadvantage with this method of
remediation, in that a substrate of organic carbon must be provided. Dvorak et al.
(1992) suggested that to overcome this problem, the use of mushroom compost
or sawdust, both with or without limestone addition (Wendt-Potthoff and Neu,
1998) have provided some success. Substrates of straw have also been suggested
(Béchard et al., 1994) for aiding microbial treatment of AMD and were included
in bioreactors along with a “mixed aerobic-anaerobic microbial treatment”. It was
found that the use of cellulosic substrates in this form were only effective if a
supplement of sucrose was added to the AMD. In contrast, a microbial treatment
with a substrate of alfalfa and without a sucrose addition, was thought to be a

low maintenance answer (Béchard et al., 1994). If SRB and other bacteria can
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utilise these waste products in this way, then there is an added advantage of this
remediation technique. For example, Benner et al. (1997) suggested the use of or-
ganic matter in a “porous wall” to be placed into aquifers affected by AMD. Such
a wall was successfully implanted into the Nickel Rim mine site near Sudbury,
Ontario in August 1995. Nine months after installation, it was found that sulphate
reduction and metal sulphide precipitation was occurring. As a consequence, the
acidity emerging at the surface was much reduced. It is this increased acidity
that brings about the solution of many heavy metals such as cadmium and iron,
which are evident in some AMD effluents (Mason, 1995; Unz and Dietz, 1986). It
should also be noted that the aerobic and facultative heterotrophic species present
in the surface regions of a biofilm, have been reported to create the appropriate

physiochemical and nutrient conditions required by SRB for growth (Hamilton,

1994).

The interactions between metal and microbe are extremely well documented else-
where (e.g. Ferris et al. (19893). As aforementioned, metals can be immobilised,
mobilised or transformed by reactions such as oxidation and reduction; methyla-
tion and demethylation; complexing and binding, precipitation and accumulation.
It is therefore, of additional benefit if the bioremediation technique can cope with
this additional stress. White and Gadd (1998) have found SRB biofilms that can

undertake the immobilisation of metals. When subjected to cadmium (Cd), pure
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and mixed cultures of SRB showed no inhibition of growth and it was found that
they were immobilising and precipitating vast quantities in the form of CdS. The
importance of these biofilms in the immobilisation of metals was also recognised
by Ferris and co-workers (Ferris et al., 1989b), who used non-SRB microbial
films. Christensen et al. (1996) set up bench scale experiments in cylinders with
sand and stone substrata. On the addition of AMD, followed by incubation, a
“black sludge” appeared and an accumulation of acetate was noted. In addition,
they found that the majority of microbial activity was taking place in the stony
layer rather than the “free water phase”, suggesting that a surface provided a more
favourable environment. It was concluded that SRB were contributing to metal re-
moval and this technique would provide a low cost and low maintenance answer
to the problem posed by AMD, providing that the sludge handling cost could be
minimised. In Alabama and Colorado, metal removal from mine drainage waters
was encouraged by the presence of mixed microbial mats, which due to photo-
synthesis, didn’t require any additions such as nutrients, once again providing a
low cost alternative (Phillips and Bender, 1998). On the other hand, the majornty
of bioremediation processes involving sulphate reduction require some form of
bioreactor. A process described by Rowley et al. (1994) called a ‘biosulfide sys-
tem’ does just that, It consists of two independent components, one biological and

the other chemical (Clarke, 1995) and the latter precedes the first, allowing almost
metal free water to enter the biological system. The biological system, containing
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pH and metal sensitive SRB, produces hydrogen sulphide (and alkalinity) which
comes into contact with the water upon its entering into the chemical system. For

optimal effect, sulphate concentration and pH must be regulated.

Combined Strategies

Passive treatments are already in operation throughout Britain such as on the River
Pelenna, South Wales and Wheal Jane, Cornwall, SW England. Treatment at the
Wheal Jane site involved initially, immediate and temporary strategies that were
implemented to try and reduce the effects. These included lime-dosing, pumping
of mine water from underground and flocculation to promote precipitation and
consequential settlementation. Since then long-term abatement strategies have
been proposed for the site (Lamb et al., 1998) and during 1993 and 1994, a large
pilot treatment plant, in the form of wetlands, was constructed downstream of the
site. These included both aerobic and anaerobic systems to allow the precipita-
tion of metal oxides/hydroxides and metal sulphides respectively but, as so many

different metals were involved, three sub variants were devised, which were as

follows (Lamb et al., 1998; Johnson, 1998):

1. A ‘lime-dosed’ system —initially lime is added to bring about a pH increase

before entering constructed acrobic wetlands or cells. A buried anaerobic,
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organic rich (cow manure and sawdust mix) cell follows overlying a plastic
liner. Here anaerobic microbial activity is promoted, not just by SRB, to
remove toxic metals associated with chalcopyrite. The water then passes
through a ‘rock filter’ to remove manganese and allow heterotrophic degra-

dation of organic compounds thus reducing the biological oxygen demand.

. An ALD system - as the name suggests an anoxic limestone drain is in-
corporated into the system prior to flow through the anaerobic cells, to en-
courage partial water neutralisation. The rest of the technique is as above
except, for a pre-treatment of an anoxic pond once again containing organic

material. This once again removes dissolved oxygen preventing deposition

of iron compounds in the ALD.

. A ‘lime-free’ system - is the same as the two treatments above except there

1s no alkal1 addition before the water flows through the aerobic cells.

Preliminary results from the three treatment variables are encouraging with the

ALD system (2.) being the most efficient at removing metals, although it is

thought that the ability for metal removal, especially iron, in the aerobic cells

will increase with matunity. (Lamb ez al., 1998). Lamb et al. (1998) suggests

that it 1s too early to evaluate the complete efficiency of the system, although pas-

sive treatment of Wheal Jane water seems viable. Although, to cope with the vast
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quantities of water from the mine, a larger site would possibly be needed. Whether

that amount of land would be available is another problem in itself.

1.2 Wetlands for the Treatment of (Acid) Mine Drainage

Wetlands, both constructed and natural, have been used in the past to treat other
polluted waters such as domestic agricultural and industrial waste-water (Knight,
1997; Corbitt and Bowen, 1994; Davies and Cottingham, 1994; Dunbabin and
Bowmer, 1992; Bavor et al., 1995; Cooper and Hobson, 1989). The use of wet-
lands for the treatment of (acid) mine drainage was possibly first noted when ob-
serving natural, volunteer wetlands in America located near ‘acid seeps’ (Mitsch
and Gosselink, 1993). They have long been recognised as natural sinks for metals
and the ability of plants to take up and store metals precedes industrial pollution
and is therefore, not a new phenomenon. Engleman Jr. and McDittett (1996) stud-
ied the effect of aluminum and iron accumulation on bryophytes found in Penn-
sylvanian streams affected by AMD. They noted that the accumulation of each
of these metals was related to pH with the most acidic sites (pH3.5) containing
the highest concentrations of iron. The use of wetlands, as opposed to chemical
or biological techniques, is passive in that once the system has been constructed

it requires little or no maintenance. Wetlands may, therefore, provide an inex-
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pensive solution to the problems posed by AMD. Occasionally, this abatement
strategy 1s seen in tandem with that of the anoxic limestone drains (ALD) which

were referred to earlier (Brodie et al., 1993; Naim et al., 1992).

Histornically, natural wetlands covered approximately a quarter of the British Isles
and unti] relatively recently, their importance both ecologically and as a treatment
method for problematic waters has gone unnoticed (Rackham, 1995). These com-
plex ecosystems can support a wide diversity of life including microorganisms. It
1s these microorganisms, through processes such as reduction of iron and sulphate
and denitrification, that produce the alkali that make wetland systems so effec-
tive 1n reducing mine drainage acidity. It follows, therefore, that the abatement
etficiency of these areas is wholly governed by the rate at which alkali can be
generated. It has also been suggested that the addition of sawdust may increase

the rate of sulphate reduction, which will in turn, reduce the acidity of the waters

(Kalin et al., 1991).

Alkali generation is also brought about by the resident moderately acid-tolerant
plants that inhabit both natural and constructed wetlands. Wetland vegetation is
an integral part of the wetland ecosystem. Brix (1994, 1997) reported on what he
perceived to be the ‘role’ and ‘function’ of wetland macrophytes beside being aes-
thetically pleasing and a habitat for wildlife. The aerial plant material is thought

to reduce the incidents of wetland freezing and it also reduces the wind velocity
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which in turn limits the re-suspension of particulate matter. But, more importantly,
this aerial vegetation stores nutrients which are only released from the wetland on
plant decay. The role of the sub-aqua vegetation is very different and possibly
the most important, providing micro-niches for the microflora, stabilizing the sed-
iment and acting as a biofilter, thus facilitating the treatment of certain problematic
waters. Macrophytic treatment systems can decrease the severity of many contam-
inants such as trace metals, pathogens, trace organics, suspended solids, phospho-

rus, nitrogen and the biological oxygen demand (Perkins and Hunter, 2000; Reddy

and D’ Angelo, 1997; Kowalik et al., 1995).

The type of vegetation found in natural wetlands and used in constructed wet-
lands is largely dependent upon climate and geographical location. The dominant
vegetational type in U.K. constructed wetlands is Phragmites spp., but according
to Kadlec (1995), the most commonly used plants are Typha spp. (cattails) and
Scirpus spp. (bullrushes), although, natural Sphagnum spp. based wetlands have
been used to treat problematic waters such as acid mine drainage (Hedin, 1997).
The majority of these treatment wetlands have been specially constructed in non-
indigenous wetland areas, for the specific purpose of treating problem waters. As
a consequence, much research, investigates these constructed systems (e.g. Cor-
bitt and Bowen (1994) and Kadlec (1995)). From an environmental prospective,

these constructed ecosystems create new habitats for the benefit of wildlife and
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thus rescuing some species from the brink of extinction (Brenner, 1995; McCleary
and Kepler, 1994). There are many types of constructed wetland and it is incum-
bent upon scientists to work alongside the wetland managers to create a system
that is tailored to a given remediation programme. This may involve using spe-
cific substrates or flora to achieve the water quality targets expected and of course
in designing such a system the geographical location and availability of local re-
sources will be a major consideration because they will dictate the type of system

deployed. Therefore, according to Witthar (1993), there are three categories of

wetland treatment systems:

e free-water surface systems (FWS) — low velocity water flows over the sub-

strate and through the vegetation, in shallow basins or channels;

¢ subsurface flow systems (SFS) — Similar to the FWS system but instead the

water flows through the substrate. Though this is reported to be harder to

maintain it is said to require less land (Witthar, 1993);

e aquatic plant systems — again similar to FWS but instead of over-substrate
flow, the water is found in deeper ponds with submergent or floating vegeta-
tion. Therefore, this system requires a higher level of maintenance. Kadlec
(1995) splits this group further into floating leaved aquatics (FAS) and sub-

merged aquatic beds (SAB).
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Wetland soil/substrate are important, in terms of chemical transformations, pri-
mary storage, cycling and vegetational support, along with providing micro-habitats
and surfaces for microbial activity. Indeed, the substrate type used when con-
structing a wetland will greatly influence the wetlands’ ability to act as an ef-
fective treatment system. Therefore, when constructing a wetland the following
considerations should be made as to the soil texture (eg. sandy or clay); organic
content (organic soils tend to have a higher cation exchange capacity than mineral
soils); overland and through flow of the system — linked to this is the fact that

if the water flows straight over the surface, there is a chance that it may remain

untreated; finally the depth of substrate.

Many constructed wetlands are planted in gravel which facilitates the percolation
of water to the rhizosphere where the microbial activity is high (Gersberg et al.,
1986). Witthar (1993) suggests that the best substrate/soil for FWS systems is
spent mushroom compost or peat, though many soils have been tested in a vari-
ety of systems. Indeed some such as mushroom compost provide organic carbon
for sulphate reducing bacteria, as previously discussed. In naturally occurring
ecosystems, low molecular weight dissolved organic carbon (DOC) compounds
are not readily available to microorganisms and thus larger ones must be broken
down enzymatically into smaller molecular weight molecules, such as lactic acid,

alcohols and CO,, before they can be utilized (Chrost, 1992). Anaerobic bacteria
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degrade large molecular weight carbon into smaller molecular weight molecules
such as lactic acid, alcohols and CO, thereby increasing their availability to other
microbes. Methanogenesis can also occur when this COs 1s used by methanogens
as a terminal acceptor in the production of methane, which is released into the en-
vironment as ‘swamp or marsh gas’ (Mitsch and Gosselink, 1993). CO, fluxes and
methane production are affected by temperature and moisture conditions (Silvola
et al., 1996). Indeed, when methane is found in low concentrations, those of sul-
phate are generally high (Valiela, 1984), as found in mine drainage and generally
if sulphate is abundant, sulphate reducing bacteria will out-compete methanogens.
In anaerobic soils, sulphate reducing bacteria oxidise the low molecular weight or-
ganic compounds, to produce hydrogen sulphide and bicarbonate (Hedin, 1997).
But, providing an energy source for the microflora is not the only role of dissolved
organic carbon in wetland ecosytems. DOC can form complexes with metals such

as iron, along with some hydrophobic organics (Pinney et al., 2000), which has

remediation implications.

Transition metals such as iron and manganese, are found in wetlands in their more
soluble reduced forms making them more readily available to the micro-fauna.
Iron in its reduced form produces the effect known as gleying but it can be oxidised
microbially in the presence of oxygen to the insoluble ferric form, described by

Atlas and Bartha (1981) as ‘bog iron’ and known to be used by the early iron and
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steel industry.

There are two types of constructed wetland systems used in the treatment of (acid)
mine drainage. The first is aerobic, promoting ferrous iron oxidation. Here
emergent plant species such as Typha and Phragmites are planted into soil, al-
though occasionally, directly onto mine tailings or other acidic spoil (Dunbabin
and Bowmer, 1992). Sphagnum moss, which does occur naturally, has been used,
but due to its toxic accumulation of iron and susceptibility to other water chemistry
changes, it 1s usually not used (Witthar, 1993). The second type of constructed
wetland creates anaerobic conditions with a capacity for reduction. These condi-
tions are brought about with the addition of organic matter such as compost, cow
manure and spent mushroom compost. In addition, organic matter is supplied by
dead and decaying vegetation. To help maintain the anaerobic state, floating plants
are sometimes employed to ensure that winds and storms do not cause significant
aeration. The effect of storms on constructed wetlands and predominately their
discharges, 1s reviewed by Taylor er al. (1993). It was found that concentrations
of total iron, manganese and suspended solids, as well as pH, increased. In addi-
tion, rainfall intensity was also important, as was the flush capacity/mechanism.
But these are not the only factors influencing the wetland ecosystem. There are
five interrelated factors, some of which have already been described and they in-

clude aerobic status, temperature, redox potential, pH and hydrology. Redox po-
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tential, which can be measured by inserting a platinum electrode into the soil,
describes the soils ability to oxidise or reduce substances. Therefore, when wa-
terlogged organic soils are oxidised by iron or oxygen for example, a cascade of
reductive processes can take place (after oxygen, nitrate is the first to be reduced
then manganese, iron, sulphate and carbon dioxide), thus reducing the soils re-
dox potential and allowing cycling processes to occur (Faulkner and Richardson,
1989). As with all the other processes described, redox potential is affected by
pH (and vice versa), and soil type and its overlying waters affect pH. In addition,
the wetlands’ hydrology, in particular its water balance/budget, is an important
factor which should be considered when discussing the biogeochemistry of a wet-
land. The evaporative, flooding and droughting mechanisms not only affect the

chemical balance but also the micro and macro, flora and fauna.

The importance of microbes in these wetland areas in promoting alkali genesis
was described earlier. Vile and Wieder (1993) compared the alkalinity produced
by ferric iron reduction to that of sulphate reduction in constructed wetlands. It
was concluded that sulphate reduction and iron oxyhydroxide accumulation were
possibly more important during the initial stages of AMD by constructed wet-
lands. It was also noted that these oxyhydroxides could accumulate over time.
Therefore, in the long-term the re-mobilisation of such precipitated metals should

be considered because their accumulation leads to changes in the water chem-
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1stry, which in turn affects those bacteria which drive the process. Constructed
wetlands provide ecological niches for many rare species and are inexpensive in
terms of labour cost. These wetlands tend not to form vast quantities of sludge

characterised by many other abatement programs.

1.2.1 Advantages as a Method for Abatement of (Acid) Mine

Drainage

The use of wetland systems to treat water is not new and as ‘clean’ water is needed
world-wide to sustain life and population densities are increasing, science is re-
quired to develop systems that are low cost and eco-friendly. According to Wood
(1995) wetlands are gaining international interest and application as a treatment
mechanism. He states that due to several high status specialist conferences ap-
proximately one thousand wetland systems were implemented during the period
1986-1994. Indeed, in developing countries their importance as a water purifi-
cation system has been discussed, but unfortunately, due to the lack of aid, these

wetland systems have not been executed (Denny, 1997).

Waters affected by AMD require much treatment before they are considered ac-

ceptable for human consumption or a non-threat to other environmental parame-

ters: for example, animals, plants and other ecosystems. Singh and Chowdhury
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(1999) investigated the effect of mine discharge on the use of the Indian river-
ine habitat, by elephants and other mammals, finding, not surprisingly, that over
the study period, the animals were frequenting the regulated waters which had
fewer suspended solids and were less turbid than unregulated waters. The use of
these strategies therefore, increases habitat diversity and if land is reclaimed from
the mining processes and companies, an environmental success 1s made out of an

environmental disaster (Brenner, 199)5).

Treatment of problematic waters using wetlands is a passive process as opposed to
the active chemical ones previously described. The wetlands used, can either be
natural or those constructed specifically for the purpose of treating AMD. It should
be noted, that not all natural wetlands are capable of tolerating AMD and Wen-
erick et al. (1989) undertook an investigation into three types of wetland plants;
Typha latifolia, Sphagnum recurvum and Pohila nutans, finding Typha spp. to be
the most tolerant. Though natural wetlands are used in the treatment of AMD
limitations for their use exist (Wildeman et al., 1991). According to Kent (1994)
this is due to the possible accumulation of humic acid thus lowering the wetlands
ability to neutralise acid mine drainage. He also suggests, that the movement of
water through the substrate hinders the potential for anaerobic processes to occur,
as more water tends to flow across the surface. Therefore, constructed wetlands

seem to be the most viable option for the treatment of mine drainage.
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Wetlands constructed to ameliorate the problems posed by acid mine drainage
are cost effective, aesthetically pleasing and once established, low maintenance.
In an era of being ‘environmentally friendly’, these constructed systems have a
purpose that is two fold, habitat generation and amelioration. In the treatment of
acid mine drainage, wetlands can reduce acidity, metal concentrations, pathogenic

organisms and trace organics (Witthar, 1993), the mechanisms by which have

already been discussed.

1.3 Thesis Objectives

The main aims of this thesis are to investigate iron oxidation in mine drainage
waters and attempt to elucidate the biogeochemical processes occurring in wet-

lands treating mine drainage waters. Therefore, the objectives of this study are as

follows:

1. To determine the factor(s) that affect the rate of iron oxidation in (acid) mine

drainage waters.

2. To determine the relative importance of indigenous plants (and their asso-
ciated benthic microflora) in the bioremediation of (acid) mine drainage

waters
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3. To investigate the use of artificial (non-native) substrates in wetlands con-

structed to treat (acid) mine drainage waters.

4. To investigate the mechanisms by which mine drainage remediation occurs

within constructed wetlands.

5. To make recommendations for the treatment of these waters.

To enable the aforementioned objectives to be addressed, the thesis is compiled as

follows;

e Laboratory-based shake flask experiments were undertaken to investigate
the effect of temperature, oxygen, nutrients and microbial biomass on two

British mine drainage waters (chapter3).

e Bench-scale microcosms were set up to investigate varying soil type on the
remediation of mine drainage waters. As a consequence a soil(s) was pro-
posed for use in treatment wetlands and its longevity investigated (chapter
4). The universality of the proposed soil(s) was determined using waters

from throughout the British Isles (chapter 6).

e Microcosms were also set up to investigate the effect of planting with in-
digenous flora from a natural wetland receiving acid mine drainage, located

in north-east corner of Anglesey (chapter 4).
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e Investigations were carried out to elucidate the biochemical processes oc-
curring within these microcosms leading to facilitation or hindrance of mine

water remediation (chapters 5 and 7).

¢ Finally, these resultant data were summarised and conclusions made on the
viability of wetlands for the treatment of mine drainage water, leading to

the proposition of a treatment system (chapter 8).
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Chapter 2

Methods for Field Sampling and

Laboratory Analysis

To prevent repetition, the methods and techniques detailed in this chapter are those
that were common to all parts of the research undertaken. It should be noted that
the research contained in this thesis is in two parts, that which investigates the

microbial aspects of (acid) mine drainage, and secondly, the remediation of (acid)

mine drainage using wetland systems.

Note, ‘ANALAR’ Grade chemicals are used throughout this research.
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_ i = Ynysarwed | Wheal Jane | Mona
pH 6.3
'Fe?ﬂ](mgl 300
[SOZ2"](mg1 )| 2000
| [Cu®*] (mg 1) ND
ND
ND

Table 2.1: Comparison of major physio-chemical characteristics of Ynysarwed,
Wheal Jane and Mona mine drainage waters. ND=Not Detected.

2.1 Field Sampling and Analysis

2.1.1 Study Sites

There are three main study sites mentioned in this research and their locations are
shown in figure 2.1. They are Ynysarwed (South Wales), Wheal Jane (Cornwall)
and Mona (Mynydd Parys, Anglesey, North Wales). Despite their variance in
geographical location, these discharging waters contain similar concentrations of
ferrous iron (ca. 300 mg 171), but the pHs of Wheal Jane (~3.4) and Mona (~2.9)
differ considerably from the more alkali Ynysarwed (pH ~6.3). A comparison
of these physio-chemical characteristics of these waters is shown in table 2.1. It

should also be noted, that these drainage waters, contain quantities of dissolved

heavy metals such as cadmium, zinc and copper.

The Village of Ynysarwed (SN 819 018) which is located north of Neath, South

Wales, is where the discharge of a disused coal mine has been flowing, via a
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Figure 2.1: Map of Great Britain, showing the location of the mine drainage sam-
pling sites.
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ORIGINAL IN COLOUR

DANGER

MINE GASES

Figure 2.2: Ynysarwed mine water discharge adit.

partially culverted discharge channel, into the Neath Canal since 1993 (Younger,
1997). As a consequence, an ochre plume can be observed in the canal stretch-
Ing for ~5km from the discharge point. The sample sites, for the first part of
the research are as follows: Site 1, at the discharge point (Figure 2.2); Site 2,
the confluence between the canal and the discharge source; Site 3, one kilometre
downstream from the confluence and Site 4, further downstream at Tonna Lock.
For the second part of the research all samples were taken from the adit/point-of-

discharge at site 1.

The recently closed (1991) tin mine called Wheal Jane (SW 775 427, figure 2.3),
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Figure 2.3: Wheal Jane treatment works.

1s located in the Cornish Valley of the River Carnon, SW England. This high
profile site was brought to the public attention in 1992 when the Nangiles adit
plug failed, releasing acidic ferruginous waters into the into the River Carnon and
subsequently a large ‘ochre’ plume could be seen in the Fal Estuary. The National
Rivers Authority (now the Environment Agency) immediately implemented short-
term treatment of this discharge water, although now, more long-term abatement
strategies have been proposed (Lamb et al., 1998). Water for the present study

was removed on site prior to any form of on-site treatment.
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The derelict mine workings of Mynydd Parys or Parys Mountain, are located in
the north-east corner of Anglesey, North Wales (SH 444 905). Historically, this
area was exploited for copper ore in the 18" and 19** centuries (Rowlands, 1966).
Mining ceased in this area over one hundred years ago, although the reclamation
of copper from solution continued by precipitation in large ponds, a feature in this
area. The waters for this part of the research were collected from Mona Adit (fig-
ure 2.4), which is part of the Mynydd Parys complex. For the second part of this
research, indigenous plant samples of Eriophorum augustifolium were also taken
from a natural wetland (figure 2.5) receiving acid mine drainage from Dyfiryn
Adda, which also forms part of the Mynydd Parys complex (SH 444 905 figure
2.6). This adit discharges ferruginous waters (pH 2.4) into a stream which drains

eventually into the Afon Goch (north) river.

2.1.2 Field Sampling Techniques

Water samples, to be used in the experiments, were collected at each of the sites
using 20 litre high-density polyethylene water carriers. These were filled to capac-
ity to minimise iron oxidation by atmospheric oxygen, through agitation (shaking)
whilst in transit, and used immediately on returning to the laboratory. It should be

noted that these fresh mine water samples were used on the day of collection for
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Figure 2.4: Mona adit, post collapse. After this photograph was taken the

adit was cleared and a support system was put in place. Note filamentous
growths/streamers.
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Figure 2.5: Natural wetland receiving acid mine drainage from Dyffryn Adda.

each experiment. In addition, 20ml samples were taken in sterile bottles. These
smaller samples were filtered using membranes of pore size 0.2um or left unfil-
tered and left un-acidified or acidified with 0.1M nitric acid. The acidification
and filtering limited any biological or chemical transformations that may have oc-
curred in the sample. These samples were refrigerated at 4°C until analysis could
be undertaken. Samples from each of the sites were also filtered. This filtration

technique ensures that the water is preserved from microbial activity so that accu-

rate metal analysis could be undertaken in the laboratory.

At each site, in situ water analyses was undertaken to determine the relevant envi-

12



2.1, Field Sampling and Analysis

ORIGINAL IN COLOUR
A "-“':?_.‘

L P, . 'ﬁ' - -3 l
.. L . .* e w % sk . .".: i e J
-L - b - - _- - i
. \ e - '-.‘1“.' . , |. e 3 H “

» ‘E'J W - s, "- -

‘I'. - ! i - -’ w r.-r - L -
.Zh. n \ . l‘ = a y F ; ‘- :
'l"'l _ih.:. | e ' r‘ I r‘J i t ' '.

E

\

M N

Figure 2.6: Dyffryn Adda mine drainage discharge point.
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ronmental variables. These were:

I. Dissolved oxygen, using a Whatman D0O400 dissolved oxygen meter.

II. Redox potential, pH, conductivity and temperature, using Whatman water

testers for the first part of the research then a Hannah HI 8424 pH meter for

the second.

III. Iron, sulphate and nitrate concentrations using Merkoquant test strips. Al-
though these are not as accurate as laboratory methods, they give an imme-

diate approximate indication of levels.

Sediment samples were also taken for the first part of the research using sterile

contaliners.

2.2 Laboratory Sampling

2.2.1 Aseptic Techniques

Sterilisation of apparatus and samples for the microbial part of this research was

undertaken by one of three methods:
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1. Metal objects such as forceps and inoculating loops were heated in a Bunsen

flame until glowed red and glass rods were flame sterilised using alcohol.

2. Glassware including glass pipettes were sterilised in an oven at 160°C for a

minimum of two hours.

3. An autoclave was used as a method of decontamination of plates, media and
equipment after use, and also as a method of sterilisation of plastic pipette
tips and media (not heat sensitive media). Aqueous samples were removed
from flasks using the aseptic technique widely used in laboratories, where
a sterile glass pipette or plastic sampling tip is inserted into a flask having

flamed the neck of the flask prior to insertion.

2.2.2 Microcosm Set Up and Sampling Techniques

For the second part of the research, laboratory based microcosms were set up in a
climate-controlled room at the University of Wales, Bangor. The temperature of
which was set 10-12°C. These microcosms were constructed using 2.5 litre buck-
ets (130mm deep, 160mm diameter) purchased from AW Gregory and Company
Limited, London. Microcosms were set up as shown schematically in figure 2.7
and as in figures 2.9 and 2.8. Dry soil was placed into the buckets to a depth

of 110mm. The soil was then saturated (bubbles ceased to emerge implying no
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alr pockets) with mine drainage water, approximately 1.5 litres, leaving 4-5Smm
standing water on the surface. Planted microcosms were constructed in the same
way with a plant addition. Plants were planted at a depth of 50mm from the bot-
tom of the bucket, ensuring 20mm clearance from the sample port. At the end of

each experiment the buckets were acid washed to remove any ferric deposits.

To facilitate water sample extraction, a sampling port was constructed using part
of a syringe and flexible tubing, with a glass wool filter to prevent large parti-
cles clogging the port. This port was placed into the microcosms at a depth of
20-30mm from the bottom of the bucket. New sample ports were used for each
experiment to prevent cross contamination between experiments. At regular 1n-
tervals, water samples were removed from these microcosms using the sampling
ports and filtered (0.2um cellulose acetate filters ‘Whatman’ Catalogue Number:

6880-2502), then subsequently stored at 4°C until analysis could be undertaken.
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Figure 2.7: Schematic diagram illustrating microcosm set up. Not to scale.
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Figure 2.8: An example of planted microcosm set up, treating mine drainage wa-
ter.
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Figure 2.9: An example of unplanted microcosm treating mine drainage water.

2.3 Laboratory Based Analysis

2.3.1 Metal Analysis

Metal analysis was undertaken using Inductively Coupled Plasma — Atomic Emis-
sion Spectrometry (ICP-AES) to determine the concentrations of iron, copper,
magnesium, aluminium, calcium, zinc, manganese, arsenic, cobalt, cadmium and
lead. Appropriate standards were made using the corresponding standard solu-

tions. Detection limits varied from one element to another and were as follows:

iron 4.7ppb; manganese 6.2ppb; cadmium 4.5ppb; copper 12.9ppb; zinc 6.2ppb;
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cobalt 6.8ppb and aluminum 5.5ppb.

Determination of Ferrous Iron Content

Ferrous iron content was determined in the water samples colormetrically using
the ‘Ferrozine’ assay, adapted from Lovley and Phillips (1987). Standards of con-
centrations of 0—1mM Fe(II) were made using ImM ammonium ferrous sulphate
solution and acidified water (pH 2). Optical density was determined using a Cecil

292 spectrophotometer and latterly a CAMSPEC spectrophotometer.

The Ferrozine reagent was made by dissolving Hepes<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>