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ABSTRACT

An ecological and chemical analysis of eight Welsh streams impacted by mine drainage
is used to discern the effects of water and sediment related variables in the impact of
mine pollution on freshwater macroinvertebrate communities. The implications of this
are to be considered for improving mine water remediation techniques and work towards
the achievement of the environmental objectives set by the EU Water Framework

Directive (WFD).

Streams impacted by coa and metal mine drainage present a clear ecological impact in
response to water and sediment related variables, demonstrating that both sediment and
water are key aspects in mine drainage pollution of freshwater ecosystems. However, the
WFD does not include metal concentration guidelines for sediments, neither has the UK
set mandatory standards for them, and sediments are not currently being routinely

monitored or remediated in the UK.

To achieve the environmental objectives set by the WFD, the Coal Authority and the
Environment Agency are constructing several engineered wetlands in the UK to treat
mine drainage. One of these constructed engineered wetlands was seen to successfully
remediate mine water removing trace metals and suspended solids and increasing pH and
dissolved oxygen. However, the remediation scheme seemed to fail to improve the
electrolyte status of the water and stream sediment quality. As a result, the benthic

community in the receiving stream appeared to have a poor recovery.
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1 INTRODUCTION

1.1 Introduction

Mine pollution represents a serious environmental problem in countries which have a
mining history such as the UK. Mining extractions in the UK pre-date Roman occupation
(Keen, 1996), and most mines were abandoned at the end of the 19" century and
beginning of the 20™ century (Keen, 1996, Bick, 1974). Drainage from these abandoned
mines into surface and ground water bodies causes 9% of rivers in England and Wales
and 2% in Scotland to be at risk of failing to meet the objective of ‘good ecological’

status set by the EU Water Framework Directive (Johnston and Rolley, 2008).

During mining extractions, ground water levels are kept below the depth of the works, but
once the mine is abandoned, galleries are flooded as the water table re-bounds to its
original level. This water gets in touch with the atmosphere in the galleries and its
dissolved oxygen concentration increases. The minerals exposed in the walls of the
galleries react with the oxygenated water and release metals. Pyrite (FeS,) is typically the
main mineral found in coal mines, and when oxidised produces acidity, iron and sulphate.
Iron reacts further in the oxygenated water to produce orange coloured ochre deposits
(iron oxyhydroxides), typically observed in streams polluted by coal mine drainage. In
non-ferrous metal mines (hereafter referred to as ‘metal mines’), mineral oxidation also

releases trace metals, such as zinc and lead, and sulphates, although acidity is not



necessarily produced (Younger, 2002). In these mines, the metals released depend on the

mineral found in the bedrock.

Both coal and metal mine drainage has been seen to impact the ecosystems in receiving
water bodies (Koryak et al., 1972, Tomkiewicz and Dunson, 1977, Jarvis and Younger,
1997, Gray, 1998, Hickey and Clements, 1998, Kelly, 1999, Malmqvist and Hoffsten,
1999, Richardson and Kiffney, 2000, Peeters et al., 2001, DeNicola and Stapleton, 2002,
Van Damme et al., 2008). However the relationship between environmental variables and
the response of the ecosystem is poorly understood. In particular the relative importance
of sediment and water chemistry in controlling ecosystem response needs to be
established. A better understanding of the processes occurring in these streams can help
optimise remediation techniques needed to meet the requirements established by the EU

Water Framework Directive.

1.2 The European Union Water Framework Directive

The Water Framework Directive 2000/60/EC (WFD) is a piece of legislation from the
European Union (EU) that came into law in December 2000. The directive seeks the
protection of inland surface water, ground water, transitional (estuarine) water and coastal
water from member states, and its specific Environmental Objectives are as follows

(UKTAG, 2008):



1. Prevent deterioration of the status of all surface and ground water bodies;

2. Protect, enhance and restore all bodies of surface and ground water with the aim
of achieving good ecological status by 2015, the first of the 3 six year planning

cycles: 2015, 2021, 2027.

The WFD defines two types of chemical substances that need to be monitored, and
thresholds above which damage to the aquatic ecosystem may be incurred
(Environmental Quality Standards or EQS). Priority Hazardous Substances, are those
chemicals with higher potential impact on aquatic ecosystems, and include hydrocarbons,
pesticides and some metals (cadmium and mercury, with the possibility to add lead and
nickel in the near future) (UKTAG, 2008). EQS for these substances are defined by the
European Parliament and the Council of Ministers and are applicable to all EU member
states. Specific pollutants are substances that can be harmful to ecological communities
and may be identified by member states as being discharged to water bodies in
‘significant quantities’, including cyanides, arsenic and other metals (UKTAG, 2008).
EQS for these substances may be defined by each member state. In the case of Great
Britain, the UK Technical Advisory Group on the WFD (UKTAG) is the responsible
body. Table 1.1 displays some EQS derived from the WFD published in the directive
programme by the Environment Agency (EA) that are applicable to the study of streams

polluted by mine drainage.

The implementation of the WFD is administrated through River Basin Management Plans

(RBMP), which describe the current condition of each river basin and identify those at



risk of failing the environmental objectives. Water status is classified at 5 levels (high,
good, moderate, poor and bad) considering chemical, ecological and morphological
aspects of the river basin. The ecology is measured by ‘biological quality elements’,
which include phytoplankton, macrophytes, phytobenthos, benthic invertebrates and fish.
When water bodies fail the target of ‘good ecological status’, member states are required
to establish a programme with the actions needed to deliver environmental improvements
by 2015, or the next six year planning cycles (2021, 2027) as long as there is no further

deterioration.

Table 1.1 Environmental Quality Standards (EQS)

Substance EQS (ppm)
Nitrate 175
Sulphate 87.5
Phosphate 0.04*-0.1"
Zinc 0.12
Iron 1
Manganese 0.0175
Cadmium 0.001
Copper 0.001
Lead 0.004
Chromium 0.005
Nickel 0.05
pH 6-9

* calcareous rivers
* non-calcareous rivers

Current work undertaken in the UK by the EA and the Scottish Environment Protection
Agency (SEPA) have identified major causes of failure to meet ‘good ecological status’
in British surface and ground water bodies. These include: flow regulations for electricity
generation, diffuse pollution from agriculture and urban land, point source pollution from

sewage, changes in the morphology of water bodies from engineering activities and



agriculture, quarrying and mining (EA, 2008, SEPA, 2009). Eight of the twelve River
Basin Districts defined for the RBMP in the UK identify mine pollution as a significant
problem, resulting in 9% of rivers in England and Wales and 2% in Scotland being at risk
of failing to meet good ecological status due to mine pollution (Johnston and Rolley,

2008).

In order to tackle coal mine pollution problems within the framework of the WFD in the
UK, The Coal Authority (CA) has developed a program of remedial and preventive
measures, currently consisting of forty six treatment schemes cleaning and protecting
200km of rivers (Johnston and Rolley, 2008). Future remediation schemes are planned to
be constructed within the next three planning cycles established by the WFD according to

their risk: high (by 2015), medium (by 2021) and low (by 2027).

In the case of metal mines, there is no national body responsible for their pollution control
and remediation. However, the EA and SEPA have included metal mine monitoring and
remediation as part of their program for protecting the environment. The EA has
identified 315 surface water bodies in England and Wales at risk or probably at risk of
failing to achieve the WFD environmental objectives due to metal mine drainage
pollution (Johnston and Rolley, 2008). The EA Wales has defined a Metal Mine Strategy,
identifying the top 50 metal mines causing the greatest environmental risk, which are
priority for treatment (Mullinger, 2004). All the metal mines studied in the present project
are found within this top 50. However, metal mine drainage remediation is technically
more complicated than coal mine drainage, hence only one full-scale treatment scheme

has been built in the UK so far: the Wheal Jane tin mine in Cornwall (Johnston and



Rolley, 2008). Nevertheless, there is ongoing study in the UK for metal mine remediation
with pilot-scale plants in Wales, Cornwall and North Pennines (Johnston and Rolley,
2008), and a major EU funded project is being designed by the EA, the CA and the Welsh
Assembly Government to remediate Cwm Rheidol mine drainage and improve the

ecological quality of Afon Rheidol (Edwards and Potter, 2007).

1.3 The role of sediment in mine pollution and the WFD

Mine drainage often increases aqueous metal concentrations in receiving water bodies,
and these can be transferred to sediments by adsorption and precipitation mechanisms
(Smith, 1999). Additionally, erosion, transport and deposition of contaminated sediments
can be an important source of trace metals many kilometres downstream from the mine
input (Hudson-Edwards et al., 2008). Sediment-bound metals are thought to represent as
much as 90% of those derived from mine drainage (Hudson-Edwards et al., 2008), and, in
similar fashion to aqueous species, are thought to cause ecological damage on receiving
water bodies, resulting in failure to achieve good ecological status in many British river
basins. However, the WFD does not include sediment metal concentration guidelines,
neither has the UK set mandatory standards for them. As a consequence, no British rivers
are currently being remediated to improve poor sediment quality (Hudson-Edwards et al.,

2008), and sediment quality measurements are rare in routine monitoring.

Benthic organisms are thought to take up metals while burrowing in contaminated
sediment or when feeding from particulate matter (Bervoets et al., 1997, Bervoets et al.,

1998), although this has not always been proved (Van Damme et al. 2008). Additionally,



there are many factors determining bioavailability and toxicity of sediment-bound metals
(e.g. pH, organic matter) and exposure routes between sediment and organisms are not
fully understood (Hudson-Edwards et al., 2008). Thus, establishing sediment metal

concentration guidelines is a complicated task.

The EA has initiated a programme to establish sediment quality guidelines in relation to
metal contamination and mining legacy in the UK, based on the Environment Canada
“Threshold Effect Level’ (TEL) and ‘Predicted Effect Level’ (PEL) (Hudson-Edwards et
al. 2008). TEL is the metal concentration in sediments below which there is no associated
ecological impact, whereas PEL is the lower concentration at which ecological damage
has been observed. There is still ongoing research to determine such guidelines, but an
initial EA draft suggests TEL and PEL for some metals: arsenic, cadmium, copper, lead
and zinc (Hudson-Edwards et al. 2008) (Table 1.2). The same report, compares TEL and
PEL with metal concentrations in sediments from several British river basins known to be
impacted by metal mine pollution, observing that many fail these proposed guidelines for
one or more metals. Examples include sediments from the River Swale (Yorkshire) (up to
22mg/Kg Cd, 4818 mg/Kg Pb and 12203 mg/Kg Zn) (Macklin et al. 1994) and Afon
Rheidol floodplain (up to 4.4 mg/Kg Cd, 76mg/Kg Cu, 2520 mg/Kg Pb and 680 mg/kg

Zn) (Swain et al. 2005).

Table 1.2 Threshold Effect Level (TEL) and Predicted Effect Level (PEL) for arsenic
(As), cadmium (Cd), copper (Cu), lead (Pb) and zinc (Zn). From Hudson-Edwards et al.

(2008).



As (mg/Kg) Cd (mg/Kg) Cu (mg/Kg) Pb (mg/Kg) Zn (mg/KQ)

TEL 59 0.596 36.7 35 12.3
PEL 17 3.53 197 91.3 315

1.4 Aims and objectives

To achieve the environmental objectives set by the WFD, it is crucial to understand how
mine pollution affects freshwater ecological communities, working towards optimisation
of remediation and prevention techniques. The present study investigates the relationship
between environmental variables related to mine pollution and the ecology in eight Welsh
streams, with a focus on discerning the effects of water and sediment bound
contaminants. In addition, a stream in Wigan (Manchester) is monitored before and after
the CA constructed an engineered wetland to treat drainage from an abandoned colliery.
This study provides a unique opportunity to test the efficacy of remediation techniques
and to determine if water treatment alone is enough to induce ecological recovery of
streams polluted by coal mine drainage. Finally, a stream polluted by metal mine drainage
(Afon Rheidol) is intensively studied to identify the major impacts of Cwm Rheidol mine
and characterise its ecological quality. This information will be used by the EA to
optimise remediation techniques that will be installed in the site as part of an EU funded

project.

The main objective of the present study is to identify the relationship between
environmental variables linked to mine drainage pollution and macroinvertebrate

communities, in order to apply the knowledge to mine water remediation. Specific



objectives tackled in different chapters of the present thesis are displayed in Figure 1.1

and include:

1. Determine the impact of coal and metal mine drainage on stream water, sediment

and ecology;

a. Determine the environmental variables (water and sediments) affected by
mine drainage pollution which will be used within the ecological study

(Chapter 3, Sections 3.4.1.1 and 3.4.2.1);

b. Establish whether metals are predominantly found in the water or sediment
phase within different impacted streams (Chapter 3, Sections 3.4.1.2 and

3.4.2.1);

c. ldentify the key differences in water chemistry between coal and metal

mine drainage (Chapter 3, Section 3.5);

d. Determine if abandoned mine drainage impacts on the structure of the
aquatic community in receiving streams (Chapter 4, Sections 4.5.1 and

4.5.2);

e. Determine if abandoned mine drainage negatively affects the function of
the aquatic community in receiving streams (energy inputs and functional

structure) (Chapter 5, Sections 5.5.1 and 5.5.2);



2. Determine the relationship between specific environmental variables derived from

coal and metal mine drainage and aquatic communities;

a. Assess the relative importance of water related variables and sediment
related variables in predicting macroinvertebrate community structure at

the sampled streams (Chapter 4, Sections 4.5.1 and 4.5.2);

b. Relate environmental variables to changes in benthos composition

(Chapter 4, Sections 4.5.1 and 4.5.2);

c. Detect differences in benthos response to coal and metal mine drainage

pollution (Chapter 4, Section 4.6);

d. Relate environmental variables to functional changes in the benthic

community (Chapter 5, Sections 5.5.1 and 5.5.2);

e. Detect differences in ecosystem functional response to coal and metal

mine drainage pollution (Chapter 5, Section 5.6);

10



3. Investigate the ecological and chemical response of a polluted stream to mine

water remediation (Chapter 6);

a. Establish if there is water and sediment quality recovery after the

remediation scheme becomes operational (Section 6.5.1);

b. Determine response times and spatial variations for the different
environmental variables (water and sediment) related to mine pollution

(Sections 6.5.2 and 6.5.3);

c. Investigate if there is ecological recovery and establish a timescale

(Section 6.5.4);

4. Study of a stream currently receiving metal mine drainage (Cwm Rheidol) prior

to the design of a remediation scheme (Chapter 7);

a. Determine if Cwm Rheidol mine is negatively impacting on Afon Rheidol

water, sediment, and ecological quality (Sections 7.4.1 and 7.4.2);

b. Determine if there is spatial recovery as the river flows downstream from

the mine discharge (Section 7.4.1 and 7.4.2);

c. Investigate differences in water chemistry, trace metal concentration in
sediments and ecology between riffles and pools (Sections 7.4.1 and

7.4.2).

11



1.5 Thesis structure

Chapter 1 introduces the work presented in this thesis. A general background on the
legislation that triggers most of the work currently undertaken on water pollution in
Europe, and therefore the present study, has been presented. The specific literature review
related to different aspects of mine pollution studied in this project can be found in the

relevant chapters.

Chapter 2 provides a description of the sites sampled for the main part of the present
study (Chapter 3-5) and general methodology. Methods only used in specific parts of the

study and other sites are described in the relevant chapters.

Chapter 3 offers a chemical analysis of water and sediment from streams impacted by
coal and metal mine pollution. This chapter identifies the main chemical variables

affected by mine pollution, which are then used in the ecological part of this study.

Chapter 4 proceeds to investigate how the structure of macroinvertebrate assemblages is
affected by mine pollution and how this relates to specific variables. Particular attention is

focused on discerning the effect of water and sediment related variables.

Chapter 5 continues analysing the effects of mine pollution on stream function, expressed
as algal growth, litter decomposition and assemblages of benthic functional feeding
groups. The variation of functional feeding groups abundance and species richness is

related to environmental variables.

12



Chapter 6 investigates the chemical and ecological recovery of a stream severely
impacted by coal mine pollution after a remediation scheme is constructed by the CA.
Data gathered in this study allow to determine if water remediation alone is enough to
induce ecological recovery in a stream, and to evaluate the efficiency of engineered

wetlands in coal mine drainage remediation.

Chapter 7 consists in a case study funded by the EA to provide preliminary data on the
ecological status of Afon Rheidol. This will contribute to the design of a remediation
scheme at the site funded by the EU. Results from this study also investigate differences
between pools and riffles in terms of sediment chemistry and ecology, and the effect of

spoil heap run off as a part of mine pollution.

Chapter 8 summarises the findings from the present study and their application into
national programmes to achieve the environmental objectives established by the WFD in
streams that have failed/are at risk of failure due to mine pollution. Additionally, it

depicts questions aroused by this thesis that need further study.

(Next page) Figure 1.1 Summary of main objectives and structure of the present thesis

and linkage between them

13
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2 METHODOLOGY

2.1 Site description

Eight Welsh streams, four impacted by metal mine drainage (Mid Wales) and four
impacted by coal mine drainage (South West Wales), described below, form the field
sites for Chapters 3-5 of this thesis. Additional field sites relating to Chapter 6
(Pemberton mine, Wigan) and Chapter 7 (Cwm Rheidol mine, Mid Wales) are described

in the relevant chapters.

2.1.1 Climate at the study sites

British climate can be divided in four zones, and Wales belongs to the southwest area,
experiencing mild winters, due to maritime influence, and warm summers. In terms of
precipitation, Wales, as well as the whole of western Britain, is characterised by high
rainfall. This is due to frontal depressions coming from the Mid-Atlantic, entering the
country from the west and discharging as they reach altitude due to the Welsh mountains

(Met Office, 2009).

Yearly rainfall average at Cardiff (South Wales) is 1111.7mm and average maximum and
minimum temperatures are 14.3°C and 6.8°C respectively (1971-2000, Met Office).
However, rainfall averages in the same station during the duration of this study were
higher, being 1129.7mm in 2006 and 1290.8mm in 2007 (Met Office, 2009). In

Trawscoed (Mid Wales) the yearly mean rainfall is 1213.9mm and average maximum and
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minimum temperatures are 13.5°C and 5.9°C respectively (1971-2000, Met Office).
Similarly in this area (Cwm Ystwyth station) the rainfall during the duration of this study
was higher than the climatic average, being 1569.5mm in 2006 and 1798.4mm in 2007

(Mett Office, 2009).

2.1.2 Streams impacted by abandoned coal mines

Records of coal mining in South Wales date to before the 16" century, reaching a peak
just before the First World War (Keen, 1996). Four abandoned coal mines from this area
(Figure 2.1) were selected for study (Table 2.1). All the study sites were located on
Palaeozoic sandstone, mudstone and shale, with clay peaty soils (Soil Survey of England
and Wales, 1983). The four collieries were located in coal fields formed, as most of the
coal in the UK, during the Carboniferous period. The coal of Cwm Gross and
NantyFyllon mines came from the Upper Cwmgorse Marine band, whereas coal from
Clyne and Aberbeiden mines originate in the Cefn Coed Marine band (BGS, 1997). Both
coal bands were formed in marine or estuarine environments, and are therefore
characterised by a higher proportion of iron sulphides and organically bound sulphur than

coal formed in freshwater environments (Langmuir, 1997).

The four coal mines studied were underground works and had no remediation schemes
associated with them. All the sampling sites were found below 200m above sea level,
their location is displayed in Figures 2.1-2.5. Generally, up and downstream sampling
points were only separated by a few meters, as one single outflow from the underground

works was identified. Aberbeiden site (Figure 2.2) was the only exception, where
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sampling points were separated by approximately 600m to include several mine outflows

observed in the field. Table 2.1 summarises detailed information of each site.

The proximity between upstream and downstream sampling points only allows
identifying local impacts within the streams, however downstream attenuation due to
factors such as dilution from tributaries and natural buffer capacity of the streams (Cairns

et al., 1971) is not considered here as this is out of the scope of this study.
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Figure 2.1 Location of study sites and associated catchment in Wales
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Figure 2.2 Map of the Aberbaiden coal mine study area showing upstream and downstream

sampling points
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Plate 2.1 Craig yr Aber downstream from Aberbaiden mine discharges showing typical

orange ochre deposits (Source: Original)
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Figure 2.3 Map of the Cwm Gros coal mine study area showing sampling points upstream
and downstream from the mine discharge (separated by 4m, due to map scale one dot

represents both sampling points)
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Plate 2.2 Cwm Gros coal mine discharge into Nant Melyn (Source: Original)
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Figure 2.4 Map of the Nantyfyllon coal mine study area showing sampling points upstream
and downstream from the mine discharge (separated by 4m, due to map scale one dot

represents both sampling points)
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Plate 2.3 Nantyfyllon coal mine discharge into Afon Nantyfyllon (Source: Original)
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Figure 2.5 Map of the Clyne coal mine study area showing sampling points upstream and
downstream from the mine discharge (separated by 4m, due to map scale one dot represents

both sampling points)
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Plate 2.4 Clyne coal mine discharge (Source: Original)
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2.1.3 Streams impacted by abandoned metal mines

Mining in Mid Wales has taken place since Roman times, especially in Cardiganshire, a
renowned area in the mining world (Bick, 1976). The peak of production in this area
occurred during the 1840s, and the main ores worked were sphalerite or blende (zinc
sulphite, ZnS), galena (lead sulphite, PbS), and chalcopyrite (copper and iron sulphite,
CuFeS,) (Bick, 1974). Pyrite (FeS,), marcasite (FeS,, similar to pyrite but with different
crystal structure, making it more brittle), and traces of arsenopyrite (FeAsS), cobalate
(CoAsS) and ullmanite (NiSbS) have also been recorded in the area (BGS, 1997). In the
1870s there was a decline in the mining industry due partly to price reductions in the world
market, and many mines closed soon after that (Bick, 1974). This study considers some of
the most important mines in the area; Frongoch was the most productive mine in
Cardiganshire for sphalerite (Bick, 1976) and Dylife the biggest mine in West

Montgomeryshire for galena and sphalerite (Bick, 1977).

The study sites were located on Palaeozoic mudstone, slate and siltstone (BGS, 1997)
covered by shallow loamy or fine silty soils (Soil Survey of England and Wales, 1983).
Some sites, namely Dylife, Cwm Symlog and Cwm Ystwyth, also had peaty soils (Soil

Survey of England and Wales, 1983).

Similarly to the coal mines, the metal mines studied consisted of underground works.
However, the metal mines presented numerous spoil heaps on the surface (Plates 2.5-2.8).

Therefore, in order to include the underground mine drainage as well as the run off from
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the spoil heaps in the study, the upstream and downstream sampling points were separated
by approximately 1km. No major tributaries entered the stream within this reach. Similarly
to coal mine impacted sites, sample site location only allows identifying local impacts
within the streams, and downstream attenuation is not considered here as this is out of the
scope of this study. .All the metal mine impacted study streams were located between 200m

and 400m above sea level and their location is displayed in Figure 2.1 and Figures 2.6-2.9.
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Plate 2.5 Spoil heaps around Afon Twymyd downstream from Dylife mine (Source:

Original)
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Plate 2.6 Spoil heaps and abandoned buildings at Frongoch mine site (Source: Original)
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Plate 2.7 Spoil heaps located by Afon Ystwyth downstream from Cwm Ystwyth mine

(Source: Original)
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Figure 2.9 Map of the Cwm Symlog metal mine study area showing upstream and

downstream sampling points
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Plate 2.8 Spoil heaps in the abandoned mine site of Cwm Symlog (Source: Original)
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2.2 Water sampling and analysis

For the study of eight Welsh streams impacted by abandoned mine drainage (Chapters 3-5),
water and sediment samples were taken upstream and downstream from the polluting mines
4 times a year (seasonally) at the same time as macroinvertebrates were collected.
Upstream and downstream sites were sampled within the same hour, and different streams
were sampled within the same week. Sampling regime used in Chapters 6 and 7 is detailed

in the relevant sections.

2.2.1 Field measurements

Some hydrochemical measurements were taken in the field in order to characterise the
quality and quantity of stream water. Table 2.3 shows the variables measured and the
instruments used. The Ultrameter™ and the YSI 550A were calibrated on arrival at each

site.

Table 2.3 Hydrochemical variables measured on site and the instrument used

Variable Instrument
pH
Conductivity UltrameterTM model 6P
Total dissolved solids
Flow SENSA RC2
Dissolved oxygen
Temperature YSI550A

One reading of each variable was made except for flow, where 5 measurements were taken.

Flow was measured at five evenly spread points through the channel and at 60% depth,
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where the surface fast flow averages out against the slower bed flow (Geopacks, 2002). The
method used to calculate stream discharge consisted of dividing the stream cross-section
into 6 columns and calculate the average discharge (l/s) in each column (Equation 2.1), the
discharge in the whole cross-section corresponds to the sum of each individual discharges

(Geopacks, 2002).

Q=A% Vi, Equation 2.1

Where Q; is the discharge in column 2, A; is the area in column 2 and v;, is the mean

velocity between measuring points 1 and 2.

2.2.2 Suspended solids

One 500ml water sample was taken in the field and transported to the laboratory to be
filtered through 0.45um cellulose nitrate filter, as suspended solids (SS) are defined as
those sediments bigger than 0.45 um (Fabuss and Fabuss, 1974). Filters were previously
dried at 80°C and weighed. Once the sample was filtered, the filter was dried under the
same conditions and weighed again. Suspended solids were calculated by the difference in

weight, taking into account the sample volume as shown in Equation 2.2:
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SS =W, -W,)/V Equation 2.2

Where,

SS: Suspended solids (mg/l);
W,: Filter dry weight after filtering (mg);
W3: Filter dry weight (mg);

V: Sample volume (I).

2.2.3 Major ion analysis: Dionex and ICP-MS analysis

One 500ml sample was taken in the field and immediately filtered through 0.2 um cellulose
nitrate filter paper. Filtering of the sample through a 0.2 pm filter eliminated solids and
colloids present in the water which may have damaged the equipment used for analysis,
caused interferences or continued reacting in the bottle (APHA et al., 1992). Two 50ml
vials were filled with the filtered water. One of the 50ml samples was acidified in the lab to
4% volume of nitric acid and analysed for heavy metals using ICP-MS. The other 50ml vial
was directly analysed for nitrate, sulphate, chloride and phosphate using ion

chromatography (Dionex).

2.2.3.1 Dionex — lon chromatography

Dionex ion chromatography was used to analyse major ions in water. For the present study,
ICS 2000 with a gradient method, was used for nitrate, phosphate, sulphate and chloride
determination (detection limits displayed in Table 2.4). The analyses were undertaken using

standards of 0.25, 1, 2.5, 5, 10 and 20 ppm for each of the mentioned ions. An independent
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check standard of 5ppm was used to check for drift during the run. The run was considered
acceptable if the data were within 5% of the expected concentration (between 4.75-

5.25ppm).

Table 2.4 Anion detection limits in Dionex analysis

Anion Detection limit (ppm)
Chloride 0.06
Nitrate 0.04
Sulphate 0.07
Phosphate 0.06

Samples with concentrations higher than 20ppm were diluted to fit within the calibration
rank. As the samples are characteristically high in heavy metal concentrations, they were
filtered beforehand with Dionex OnGurad IIM cartridges, which contain iminodiacetate
resine in the ammonium form, which removed transition metals from the sample (Dionex,

2004). Metals needed to be removed prior to analysis as they may damage the equipment.

2.2.3.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS was used to determine cations in the stream water samples: iron, manganese, zinc,
cadmium, copper, lead, nickel, calcium, sodium, magnesium and potassium (detection
limits displayed in Table 2.5). The Agilent 7500 ce instrument used for the analysis
performed rapid multi-element determinations in liquid samples, identifying cations within

the range of ppm-ppt. The instrument applied octopole ‘collision cell technology’ using
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helium and hydrogen gases to eliminate spectrally based interferences. The instrument was
run separately for the analysis of trace metals (ppb) and major cations (ppm) due to the
difference in concentration. For trace metals, the instrument was calibrated with Oppb,
50ppb, 100ppb and 5000ppb standards. For major cations Oppm, 2ppm, 10ppm and 40ppm
standards were used for calibration. In all cases, an independent check standard of 1ppm
was used to check for drift during the run. The run was considered acceptable if the data

were within 5% of the expected concentration (between 0.75-1.25ppm).

Table 2.5 Cation detection limits in ICP-MS analysis

Cation Detection limit (ppm)
Iron 0.005
Manganese 0.005
Zinc 0.005
Cadmium 0.005
Copper 0.01
Lead 0.005
Nickel 0.05
Calcium 0.02
Sodium 0.02
Magnesium 0.02
Potassium 0.5
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2.3 Sediment sampling and analysis

Small quantities (c. 200g) of approximately the first 3cm of sediment (including the armour
layer) were sampled at each site and transported to the laboratory in plastic bags.
Homogenised samples were wet sieved and the fraction smaller than 63um was oven dried
at 80°C and kept for analysis in plastic bags (Brown, 1977), as fine grain sediments often

have higher trace metal concentrations (Ladd et al., 1998).

The aqua regia method (AR) was used for sediment digestion and trace metal extraction,
which involves a 3:1 mixture of concentrated hydrochloric acid (Analar) and concentrated

nitric acid (Analar). These acids react to give aqua regia:

3HCI + HNO, ——2H,0 + NOCI +CL,

AR digestion is considered an effective method for the extraction of most metals (Wilson
and Pyatt, 2007). 0.5 grams of sediment was weighed into a digestion tube with 5ml of
aqua regia (3:1 HCI and HNO3) and left in the fume cupboard at room temperature for 16
hours. Subsequently, samples were heated at 80°C for 2 hours and then allowed to cool to

room temperature.

Samples were filtered through Whatman No1l filter papers into a 100ml volumetric flask.
1ml of 10% KCI, was added as an ionisation suppressant and the dilution was made up to
100ml. Samples were kept at 5°C in the dark before analysis using atomic absorption

spectrophotometry
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2.3.1 Trace metal analysis: Atomic Absorption Spectrophotometry (AAS)

The digest obtained from the sediments was analysed for iron, cadmium, lead, manganese,
copper, nickel and zinc using an Analyst 300 atomic absorption spectrometer (AAS)
(detection limits are displayed in Table 2.6). A deuterium arc lamp was used to correct for
background (the absorbance caused by non-atomic species in the atom cloud) during zinc

analysis.

Different standard concentrations were used for different elements depending on their
absorbance graph (Table 2.7). Samples with concentrations that exceeded those of the

standards were diluted to fit within the calibration rank.

Table 2.6 Trace metal detection limits in AAS analysis

Element Detection limit (ppm)
Iron 0.03
Cadmium 0.04
Lead 0.04
Manganese 0.01
Copper 0.01
Nickel 0.01
Zinc 0.02
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Table 2.7 Calibration standards concentrations used for AAS analysis

Element Standard concentrations (ppm)
Iron 2,4,6

Cadmium 1,23

Lead 5,10, 20

Manganese 1,2,3

Copper 2,4,6

Nickel 3,6,9

Zinc 2,3,4

2.4 Macroinvertebrate sampling and identification

2.4.1 Macroinvertebrate sampling

Four Surber samples were collected at each sampling point (see Section 2.1 for details on
sample locations). The Surber sampler used had a 250um mesh and covered an area of
0.1m?. Samples were preserved in 10% formaldehyde solution for summer 2006 sampling
season and in neat ethylene glycol for the rest of the campaign. They were kept refrigerated
at 5°C until processing. In the laboratory, samples were rinsed with water through a 250um

mesh sieve, sorted and preserved in 70% Industrial Methylated Spirit until identification.

2.4.2 Macroinvertebrate identification

Freshwater Biological Association keys were used to identify Plecoptera (Hynes, 1977),
Trichoptera (Wallace et al., 1990, Edington and Hildrew, 1995) and Ephemeroptera (Elliot
and Humpesch, 1983) to species level. Chironomidae were subsampled when found in large

numbers: 25 Chironomidae per sample (100 per site) were identified, and total numbers
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were deduced from this. Prior to identification, chironomids were washed in KOH for 20
minutes to dissolve the soft parts inside the head capsule to facilitate their identification.
Subsequently, they were fixed to slides with Dimethyl Hydantoin Formaldehyde and
identified to species level where possible with the aid of several taxonomic keys (Cranston,
1982, Wiederholm, 1983, Brooks et al., 2007). Other macroinvertebrates were identified to
family or genus level following Croft (1986) “Key to major groups of British freshwater

invertebrates”.

2.5 Statistics

2.5.1 Upstream and downstream comparisons

One of the main objectives of this project was to identify any differences within streams
due to abandoned mine drainage discharging into them. The first approach taken was a
paired comparison upstream and downstream of the mine discharge. This was applied to
both the chemical and ecological data. As the data were not normally distributed, Wilcoxon
signed rank test, a non-parametric test, was chosen. This is based on the rank order of the
differences between two groups rather than the actual value of the difference (Harrad et al.,

2008).

Analysis of variance (ANOVA) was used to assess if there were differences between the
means of several populations, based on samples taken from each population. One-way

ANOVA assesses how likely it is that all the samples come from populations with the same
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mean, considering the variation between the means and between measurements within
samples (Townend, 2005). One-way ANOVA was used to estimate differences in
standardised measurements (e.g. decomposition) upstream and downstream from the mine
discharge. SPSS version 15.0 was used for both Wilkcoxon signed rank test and One-way

ANOVA test.

2.5.2 Univariate statistics using Brodgar

Univariate statistical analyses were carried out using the Brodgar software package. Two
main functions were used: exploration statistics and Generalised Additive Modelling

(GAM).

2.5.2.1 Data exploration

Most statistical analyses assume that the data comply with several assumptions:
homogeneity, normality and no correlation between explanatory variables (Zuur et al.,
2007). If these assumptions are not met, the results of the analyses may be invalid.
Exploration statistics offered by Brodgar were used in order to identify data that did not fit

these assumptions:

1. Cleveland dotplots were used in order to identify outliers or heterogeneity in the
data set. If these were found, and they were real values (not analytical errors), data
were transformed. If transformation did not solve the problem, outliers were

discarded from the analysis.
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2. Quantile-Quantile plots (QQ-plots) were used to establish the most appropriate type
of transformation for the data set. QQ-plots compare the distribution of a given
variable to the Gaussian distribution. The function produces graphs where the data
were displayed as un-transformed, square transformed, square root transformed and
log transformed. The graphs were used to visually identify the best transformation
option. If the resulting plot is roughly a straight line, the data were considered to be

normally distributed (Zuur et al., 2007).

3. Pariplot show multiple pair-wise scatterplots in one graph and were used to detect
relationships between variables and collinearity (Zuur et al., 2007). When this was
encountered, one variable was selected from the covarying pair that was thought to
represent the best and most ecologically sensible outcome. This also helped to

reduce the pool of variables used in the analysis in order to simplify interpretation.

As the pool of environmental variables was large in comparison to the pool of response
variables (due to difference in effort required to obtain these two types of data), those
variables that did not significantly change downstream from the mines were not considered

for further statistical analysis.
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2.5.2.2 Generalised Additive Modelling

Generalised additive modelling (GAM) uses smoothing curves to model the relationship
between the response variable and the explanatory variables, allowing for non-linear model
(Fox, 2002). Non-linear relationships between response and explanatory variables are

common in ecology, hence GAM was used in several parts of this study.

Poisson distribution with log link was used in this study, because the data did not fulfil the
homogeneity assumption when using additive modelling (Zuur et al., 2007). The best fit
model was chosen with forward selection based on AIC values (Fox, 2002), and
misspecifications were checked by plotting the residuals of the model against the original
explanatory variables and a visual inspection of their pattern to look for homogeneity issues
(Zuur et al., 2007). For each response variable, a model with the smaller AIC and with no

pattern on the residuals graph was chosen.

2.5.3 Multivariate statistics using CANOCO

Ordination analysis can be used to isolate 1, 2 or 3 axes (ordination axes) that explain the
greatest variability in community composition for a set of samples (Ter Braak and
Verdonschot, 1995). The axes can be related to one particular factor (such as pH), or, more
often, a combination of several factors (Leps and Smilauer, 2007). Ordination was used to
summarise relationships between predictors (environmental data) and multiple response
variables (species data), hence, constrained ordination was chosen. Constrained ordination

or direct gradient analysis identifies the variability in species composition that can be
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explained by the measured environmental variables (Wollenberg, 1977). In this analysis,
the ordination axes are weighted sums of environmental variables and represent the
direction of the greatest data set variability that can be explained by the environmental
variables (Wollenberg, 1977). The fewer environmental variables used in the analysis, the
stricter is the constraint; as a rule of thumb, the number of environmental variables must not

exceed the number of samples minus two (Leps and Smilauer, 2007).

Ordination can be based on linear or unimodal species response to the environmental
gradient. The selection of one of the methods can be undertaken by a technique described in
Leps and Smilauer (2007): Detrended canonical correspondence analysis (DCCA) is run
with the whole set of data that is being studied. The gradient length obtained with this
analysis measures the beta diversity in the community composition along the ordination
axes (Leps and Smilauer, 2007). Generally, when the longest gradient is shorter than 3,
Redundancy Analysis (RDA) can be adopted; if it is longer than 4, Canonical
Correspondence Analysis (CCA) can be used. Where the longest gradient length is between
3 and 4, the most significant method is chosen using a Monte Carlo permutation test (see

below).

The significance of constrained ordination analysis can be tested using Monte Carlo
permutation test. In this test, the null hypothesis states that species data distribution is
independent of the explanatory data (environmental variables) (Manly, 1997). The test

consists in randomly assign environmental variables to individual samples of species
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composition, undertake an ordination analysis with this permuted data set, and calculate the

value of the test-statistic with the following formula:

Where ny is the number of permutations where F-statistic is as large or larger than in the
analysis of the original data, and N is the total number of permutations. Therefore, the

smaller the ny, the smaller is the value of the test statistic, rejecting the null hypothesis.

Several statistical tests can be run following basic ordination analysis. In this study forward
selection of explanatory variables was used to find a subset of variables that represents the
relationship between species and the environment (Leps and Smilauer, 2007). Monte Carlo
permutation tests (Manly, 1997) were used to assess the significance of each explanatory
variable added to the ordination model. Variance partitioning (Borcard et al., 1992) was
used to discern between the effect of two sets of explanatory variables (e.g. water and
sediment chemistry). The percentage of species variation explained by the first set of
variables is estimated from the sum of eigenvalues using these variables as environmental
variables and the second set of explanatory variables as covariables in the ordination
analysis in CANOCO (Legendre and Legendre, 1998). Similarly, the percentage of species
variation explained by the second set of explanatory variables can be estimated from the
sum of eigenvalues using these variables as environmental variables and the first set as

covariables (Legendre and Legendre, 1998).
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Ordination diagrams were used to visualise the output of the analysis and aid on the study
of the relationship between environmental variables and species composition. Basic
ordination diagrams can display the distribution of explanatory variables, samples and
species data (for example, Figure 3.3 in Chapter 3), providing visual information on
similarity (proximity) between samples, intensity and direction of the effect of
environmental variables (arrows) and distribution of samples and species along the
environmental gradient (ordination axes). Alternatively, sample characteristics (e.g. species
richness and abundance) can be plotted together with environmental variables for further
study of the relationship between species data and the environment. CANOCO offers the
option of displaying these diagrams with smoothed data, using various methods such as

GAM (see above) (for example, Figure 4.1 in Chapter 4).
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3 CHEMISTRY OF STREAMS IMPACTED

BY MINE DRAINAGE

3.1 Introduction to mine drainage hydrochemistry

Extraction of mineral ores affects the hydrology of catchments in two main ways,
influencing the quality and quantity of water. The processes causing these changes occur
during the whole mining life cycle and include: extraction, mineral processing,
dewatering of the worked area, leaching from waste rock piles and tailing dams, flooding
of tunnels after cessation extraction, and discharge of polluted water (Younger et al.,
2002). In the long term, the most important impacts caused by abandoned mines are
diffuse runoff from spoil tips and point discharges of mine drainage, which lead to
surface and ground water pollution. This thesis focuses upon the chemical impact of mine
pollution on the ecology of receiving streams and therefore processes governing the

quantity of water are not covered in this chapter.

Abandoned collieries typically produce acid mine drainage, which is high in total
dissolved solids, principally metals and sulphates, has low pH and high suspended solids
(Herricks and Cairns, 1977, Parsons, 1977) (Table 3.1). In contrast, abandoned metal
mines normally load the water with heavy metals and sulphates, but not acidity and
suspended solids (Younger at al., 2002) (Table 3.3). These differences are due to the

chemistry of the ores present in the mines: the main mineral found in coal is pyrite (FeS,),

54



whereas sphalerite (ZnS) and galena (PbS) are examples of typical ores worked in metal
mines (Bick, 1974). This section discusses the processes involved in coal and metal mine

drainage formation as well as their effect on the chemistry of receiving water courses.

3.1.1 Water and sediment pollution by coal mine drainage

The processes involved in coal mine drainage formation have been widely studied
(Langmuir, 1997, Smith, 1999, Younger et al., 2002). The main reactions are described

through Equations 3.1 to 3.4.

Pyrite (FeS;,) is the main mineral present in coal. When it is weathered in the presence of

oxygen, redox reactions transform sulphur and iron into soluble sulphate and ferrous iron.
2FeS, (s)+70,(aq) + 2H,0——2Fe® +4S0,” +4H" (3.1)

If there is enough oxygen in the water the reaction can go farther, oxidising the ferrous

iron to the ferric form.
2Fe? +1/20, +2H*——>2Fe3*+H20 (3.2)

Ferric iron can also be the oxidising agent in pyrite weathering, producing ferrous iron

and acidity.

14Fe® + FeS,(s) +8H,0——2S0,” +15Fe* +16H " (3.3)
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Under acidic conditions (pH<3) Fe*" oxidation to Fe** (Equation 3.2) is enhanced. As a
result, pyrite oxidation is accelerated, as this reaction is faster when Fe** rather than
oxygen is the oxidising agent (Equation 3.3) (Equation 3.1) (Langmuir, 1997). Such low
pH values (pH<3) are rarely found in receiving streams (Table 3.1) due to natural
buffering capacity of most water bodies (e.g. contact with carbonate bedrock) or to

dilution with neutral waters.

Acidophilic bacteria such as Thiobacillus ferrooxidans and Thiobacillus thiooxidans are
known to catalyse and accelerate pyrite oxidation at slightly acidic conditions, their
optimal pH range being 5-8 (Younger et al., 2002; Langmuir, 1997). These pH values are
commonly found in streams polluted by coal mine drainage (Table 3.1), suggesting that

biotic reactions dominate in natural environments.

Fe>* can further react in the stream water if pH increases to values above 5, where it is
highly insoluble and precipitates as iron oxyhydroxide (ochre) (Equation 3.4) (Kimball et
al., 1995, Parkman et al., 1996, Jain and Ram, 1997, Langmuir, 1997, Younger et al.,
2002, Stillings et al., 2008), covering the stream bed with orange precipitate (Plates 2.1-
2.4, Chapter 2). This pH range (pH>5) is common in streams impacted by coal mine
drainage (Table 3.1), thus precipitation and accumulation of ochre on the river bed is one

of the main pathways transporting iron from the water column into the sediments.

2Fe® +6H,0 > 2Fe(OH),(s)+6H " (3.4)
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Sediments collected in streams impacted by coal mine drainage usually have high
concentrations of iron, but often also other metals (Table 3.3). This is due to co-
precipitation of other metals present in the water column with iron oxyhydroxide (Smith,

1999) (See section 3.1.2).

Tables 3.1 and 3.2 summarise the chemical characteristics of coal mine drainage and
streams impacted by it discussed in this section. The pH in receiving streams vary from
values as low as 2.7 to up to 7.8, which depends on the natural buffering capacity of the
impacted stream. The most abundant metal in these streams is often dissolved iron, which
can be found in concentrations greater than 100ppm, one hundred times the EQS
established for iron of 1ppm (Table 1.1, Chapter 1). Iron is found in greatest
concentrations when waters are acidic, due to higher solubility of the cation. In sediments
collected from these streams, iron is the most abundant metal, which can reach
concentrations of 51000mg/kg. The tables also show that other metals can be found in the
stream water and sediment, but these depend on the characteristics of the ore worked in

the mine.
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3.1.2 Water and sediment pollution by metal mine drainage

When sulphide minerals other than pyrite are subject to weathering, they do not
necessarily produce acidity, yet metal ions and SO,> are still released into the
environment (Younger et al., 2002). Some examples of these are sphalerite (ZnS)
(Equation 3.5), galena (PbS) (Equation 3.6) and chalcopyrite (CuFeS;) (Equation 3.7);

which release zinc, lead, copper and iron.

ZnS + 20, (aq)—— Zn** +S0,* (3.5)
PbS(s) +20, — Pb* + S0, (3.6)
CuFeS, + 20, (aq)—Cu® + Fe* +250,* (3.7)

Table 3.3 displays some examples of metal concentration and pH values in metal mine
drainage and water composition of streams affected by metal mine pollution. Zinc (83-
1480ppb) and lead (0.4-20200ppb) are typically the most abundant metals in these
streams. These streams typically have pH much higher than those impacted by coal mine
drainage due to the reactions discussed above. However, Afon Rheidol mine drainage is
highly acidic (pH=2.7) (Fuge et al., 1991). Even though iron concentrations were not
measured in Fuge et al. (1991) study, sphalerite worked at Cwm Rheidol mine is known
to be rich in pyrite (Bick, 1974), which could be responsible for drainage acidification

(Chapter 8).
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Unlike Fe**, these other metals do not typically form oxides which precipitate out of the

water column, although they are often found in stream bed sediments (Table 3.4). Thus,

they follow other pathways of transfer from the water column into the river bed. Trace

metals are known to be adsorbed by suspended sediments present in the water column,

which subsequently settle in the river bed, and remove them from solution (Smith, 1999).

Sorption reactions depend on many factors:

a)

b)

d)

pH is one of the most important factors, with adsorption of metal and other cations

increasing with a rise in pH (Ghanem and Mikkelsen, 1988, Jain and Ram, 1997).

Sorbate identity and concentration, and presence of competing sorbates. Cations
have different affinities for the sorbent, trace metal sorption capacities are know to
follow the order: Hg>As>Pb>Cu>Zn>Ni>Cd (Jean and Bancroft, 1986, Sidle et

al., 1991, Jain and Ram, 1997, Smith, 1999).

Formation of solution complexes. Mineral oxides have high affinity for dissolved
phosphorus (Ivorra et al., 2002, Adler and Sibrell, 2003, Wei et al., 2008). The
resulting complex increases oxide sorption capacity (Ghanem and Mikkelsen,
1988), but also reduces phosphorus availability and metal exposure (Ivorra et al.,

2002).

Sorbent composition. Iron-rich suspended solids (e.g. ochre flocs) constitute a
significant sink for heavy metals, regulating their partitioning between the

sediment and water column (Parkman et al., 1996, Jain and Ram, 1997, Smith,
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1999). River bed sediments are thought to play a lesser role in controlling
dissolved metal concentrations when suspended sediments are present (Smith,

1999).

e) Concentration of surface-binding sites in the sorbent. When the sorbent becomes
limiting, which is common with suspended solids in mine drainage, heavy metals
compete with major cations for binding sites (Smith, 1999). In this situation,
metals of lower sorption capacity (such as cadmium, nickel and zinc) are often

found in the mobile phase (Jain and Ram, 1997, Smith, 1999).

3.1.3 Aims and objectives

The purpose of this chapter is to characterise the chemical processes involved in mine
drainage formation and its pollution effects, providing a background upon which the rest

of the ecological study on mine drainage pollution is based.

Ochre deposition is thought to be the key pollutant in coal mine drainage, impacting upon
SS and iron concentration in water and river bed sediments. Ochre has been observed to
cover the stream bed at the study sites (Plates 2.1-2.4, Chapter 2), indicating partial,

(pH>5) neutralisation when the drainage reaches the stream (Langmuir, 1997).

Metal mine drainage at the study sites is expected to be characterised by elevated heavy
metal concentrations; potentially zinc from sphalerite, lead from galena, iron from pyrite
and marcasite and copper and iron from chalcopyrite, as these minerals are known to have

been worked in the study mines (Chapter 2) (Bick 1974, Bick 1975, Bick 1977). Lead and
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copper are expected to be in higher concentrations in sediments than in water, due to their
high sorption affinity onto sediments, whereas zinc concentrations are expected to be
higher in water than bed sediments due to its limited sorption capacity when in
competition with other cations (Jean and Bancroft, 1986, Sidle et al., 1991, Jain and Ram,

1997, Smith, 1999).

The following chapter analyses the main hydrochemical changes suffered in the study
streams due to mine pollution, focusing on the differences between coal and metal mines.
These changes probably drive ecological responses in the receiving water courses, hence
it is important to understand the chemical processes occurring in these sites a priori. The

main objectives are:

1. ldentify the key differences in water chemistry between coal and metal

mine drainage;

2. Establish whether metals are predominantly found in the water or sediment

phase within different impacted streams;

3. Determine the environmental variables (water and sediments) affected by
mine drainage pollution which will then be used within the ecological

study.
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3.2 Methodology

Hydrochemical data consisting of water physicochemistry and sediment chemistry were
recorded in eight Welsh streams, upstream and downstream from abandoned mine water
discharges. Four of the sites were impacted by coal mine drainage and the other four by
metal mine drainage (Chapter 2 for details on sampling strategy). The analysis is based on
upstream-downstream comparisons. Seasonal variability of stream hydrochemistry is

beyond the scope of the present study, thus this aspect is not investigated.

As discussed in the Methodology Chapter (Section 2.1.1), rainfall in the study area was
higher during the duration of this study. Streams were sampled in August 2006 (summer),
November 2006 (autumn), February 2007 (winter) and May 2007 (spring), in all these
months rainfall was higher than average (Table 3.5). Hydrological data is not included in
the analysis for this study, however it must be acknowledged that the dataset may not be

representative of ‘normal’ conditions due to weather characteristics during the study.

Table 3.5 Comparison between rainfall averages (1971-2000, Mett Office) and rainfall
measurements during the sampling months (2006-2007) in the study areas (data from the

Mett Office, 2009)

Mid Wales South Wales
Month 2006-2007 1971-2000 average 2006-2007 1971-2000 average
(Cwm Ystwyth station)  (Trawscoed station) (Cardiff station) (Cardiff station)
August 170.2mm 91.2mm 65.6mm 89.9mm
November 228.9mm 140.1mm 178.1mm 117.2mm
February 165.2mm 92.2mm 152.3mm 91.0mm
May 192.5mm 66.0mm 128.5mm 65.0mm
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3.2.1 Characterisation of stream chemistry

Dissolved major ions (chloride, nitrate, sulphate, phosphate, calcium, potassium,
magnesium and sodium), trace metals in water and sediments (iron, manganese, zinc,
copper, cadmium, nickel, lead and chromium), pH, conductivity (EC), total dissolved
solids (TDS), suspended solids (SS), settling mineral matter (ash free dry mass, AFDM),
temperature, dissolved oxygen (DO), and stream water velocity (to calculate stream
discharge) were measured upstream and downstream in the selected study sites of four

coal and four metal mines (sampling methods and sites described in Chapter 2).

3.2.2 Ash Free Dry Mass analysis

Ash free dry mass (AFDM) is traditionally used to determine organic matter in biofilms,
linking it to algal biomass (Benfield, 1996). Nevertheless, the same method provides
information on biofilm mineral content. For this study, mineral matter measurements

obtained by AFDM have been used to approximate oxide precipitation onto the river bed.

In summer 2007, six tiles were submerged at each river sampling point and left for 15
weeks to be colonised by algae. At the end of this period, tiles were removed from the
water and the biofilm was brushed into a vial. The slurry collected (24 ml) was kept on

ice in the dark until frozen in the laboratory.

10 ml of the slurry was oven dried at 80°C on previously weighed crucibles. The samples
were subsequently weighed to obtain dry matter composition. Combustion in a muffle

furnace at 550°C for 2 hours enabled calculation of AFDM. The organic matter is the
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fraction combusted in the furnace, whereas the mineral material remains in the crucible

(Equation 3.8).

Mineral matter = AFDM - crucible weight (3.8)

3.2.3 PHREEQC

PHREEQC is a computer model designed to perform a wide variety of aqueous
geochemical calculations on natural or polluted water. The program is based on an ion-
association model and is used here to calculate saturation indices (SI) in the collected
samples. The following data were used in the model: dissolved (filtered through 0.2pum)
concentrations of CI, NO*, SO,%, PO,>, Ca?*, Mg?*, K*, Na*, Fe**, Mn?*, Zn?** and Pb*";
pH, EC, alkalinity and temperature. Alkalinity was calculated using the difference
method; the difference in meq of cations and anions was attributed to bicarbonate

(Wadham et al., 1998) .

A mineral Sl represents the equilibrium condition of a solution with respect to that
mineral (Deutsh, 1997). If the SI of a mineral is equal to zero, this means it is in
equilibrium with the solution. If the Sl is positive, the mineral is oversaturated; and if the
Sl is negative, the mineral is undersaturated. Negative Sl represent the capacity of the
water to dissolve the considered mineral, but this can only occur if the mineral is in
contact with the water. Exhaustive petrologic data of the study sites is not available to
prove the occurrence of dissolution processes, therefore negative SI have not been

considered in the present study.
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3.2.4 Statistical analysis

Wilcoxon signed rank test (Chapter 2) was used to identify upstream and downstream
differences in the stream water and sediment chemistry. A paired method was chosen to
overcome the differences between sites and identify the impact caused by the mines. A

5% significance level (p<0.05) was used for rejection of the null hypothesis.

Differences in mineral matter deposited (AFDM method) upstream and downstream of
the mines were tested using one way ANOVA (Chapter 2). Six standardised mineral
matter readings were available per site, and this test was selected to allow comparison of

the two populations.

Principal Component Analysis (PCA) was undertaken for hydrochemical data to identify
the underlying structure of the data set. This method calculates ordination axes (PCs) that
best predict species distribution. PCs were used to determine the major controls upon
stream chemistry where mine drainage discharges into the receiving streams by
examining correlation indices with measured environmental variables (Leps and

Smilauer, 2007).
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3.3 Results

3.3.1 Water and sediment chemistry in coal mine impacted streams

Table 3.6 summarises the hydrochemistry of the study sites, the complete set of data can
be found in Appendix A. Sulphate concentration significantly (z=-2.689, p=0.007)
increases downstream from coal mine drainage discharge, varying from concentrations of
about 16ppm upstream to 118ppm downstream; the specific concentrations vary
depending on the stream. Iron (z=-3.109, p=0.002) and manganese (z=-2.936, p=0.003)
also increase significantly downstream from the mines. Iron concentration range is from
102ppb upstream to 772ppb downstream, whereas manganese is found in lower
concentrations, from 12ppb to 700ppb. Zinc is found in very low concentrations (<5ppb)
in streams impacted by coal mine drainage and does not significantly (z=-1.841, p>0.05)
vary downstream from the mine discharge. Other trace metals measured in this study
include cadmium, copper, lead, nickel and chromium, but they were all below detection

limits.

Stream water pH is always around 7, but it significantly (z=-2.690, p=0.007) decreases
downstream from the mine discharge. Similarly, total dissolved solids (TDS) (z=-3.309,
p=0.001) and suspended sediments (SS) (z=-3.408, p=0.001) increase at the downstream
sites, from less than 1ppm SS up to 8ppm SS, and from around 57ppm of TDS to
258ppm. Electrical conductivity (EC) also increases significantly (z=-3.309, p=0.001)

downstream from coal mine discharge, within a range of 84-400uS/cm. Dissolved oxygen
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(DO) is always found around saturation levels (100%), but significantly decreases (z=-
2.379, p=0.017) downstream from coal mine drainage discharge at the study sites. Stream
water discharge does not significantly vary (z=-1.647, p>0.05) between upstream and
downstream sites, although specific values vary depending on the stream, ranging from

about 5 I/s to 28 I/s.

Iron concentration in sediments significantly (z=-3.059, p=0.002) increases downstream
from coal mine discharge at the study sites, from concentrations of about 30000mg/kg to
160000mg/kg. Manganese is found in lower concentrations in the sediments (2000-
7000mg/kg), and do not significantly vary (z=-0.549, p>0.05). Similarly to stream water,
other metals measured in the sediments (nickel, copper, zinc, lead and cadmium) were

below detection limit.

Correlation coefficients between all the environmental variables measured at the coal
mine impacted sites are displayed in Table 3.7; those coefficients greater than +0.5 are
marked in bold. Correlation coefficients between conductivity, most ions (SO.*, Na*,
Mg?, K* and Ca®") and TDS are high as all measure the same variable: dissolved ions in
the water. SO,* is correlated to Fe** (r=0.53), Mg?* (r=0.87), K* (r=0.60) and Ca®*
(r=0.85). Mobile Fe** and Mn?* concentrations in stream water are highly correlated

(r=0.79).
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PCA produced two components for coal mine impacted strea