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Abstract 
 

Historic mining processes were inefficient and unregulated, leading to a legacy of pollution in fluvial 

systems in formerly mined areas of the UK. Wales is no exception, the Water Framework Directive (WFD) 

and Natural Resources Wales (NRW) identified 50 sites of concern requiring remediation in the Metal Mines 

Strategy for Wales (MMSW) which are demonstrating legacy pollution of Potentially Harmful Elements 

(PHEs) and are failing water quality standards. In 2016 NRW stated that they are aiming to achieve good 

ecological status by 2027 using remediation techniques at 50 metal mine sites. The 50 mines have been 

identified as the worst polluters inputting 200 tonnes of Zn, 32 tonnes of Cu, 15 tonnes of Pb and 600 Kg of 

Cd to environment on annual basis. To achieve this accurate assessment of water quality variation and 

remediation requirements would be required. Previous studies on water quality impacts from legacy metal 

mines have only evaluated data of short-term snapshot metal concentrations or fluxes and associated hydro-

climatic conditions. This paper will aim to evaluate the temporal variability of water quality in response to 

hydro-climatic controls at a range of monitoring resolutions and evaluate the potential effectiveness of 

current and future mine water treatment schemes. The study will use the mine sites of Parc mine and Cwm 

Rheidol mine. The study utilized remote data loggers to monitor hydroclimatic and chemical conditions at 

each mine site supplemented by analysis of anion and cations via ICP-OES and ion chromatography to assess 

PHEs and define temporal and spatial variation in water quality. Hourly monitoring highlighted the potential 

for underestimated PHEs loads demonstrating an increased PHE load of 36.1% in comparison to weekly 

monitoring. This was due to diel cycling that was identified at Parc mine exemplifying increased PHE 

concentrations during night-time periods. The study found Zn and Cd to be the primary cause for concern at 

both mine sites, failing water quality standards with concentrations that exceed guidelines defined by the 

WFD (The Water Framework Directive, 2015). The current passive remediation system in place at Cwm 

Rheidol was found to be 75.9% effective for Zn, the effectiveness varied temporally with changes in 

discharge. The study identified hydroclimatic variability to have a significant effect on water quality. The 

study highlights the requirement of high-resolution hourly monitoring to aid accurate load calculations to 

enable identification of the correct remediation system to manage PHE concentration reduction in light of a 

temporally varied PHE load. 
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Figure 1.3. Location of Ore fields and the principal metals associated (Palumbo-Roe and Colman, 2010). 
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1.2. Historic mining and trace metal pollution 
1.2.1 Global issues 

Globally, metal mining has taken place since the pre-Roman era, dating back to at least 4000 years 

BP (Evans, A. M., 1987; Cooper et al., 2000). Mining and mineral trading became a key feature of early 

civilised economies, driving technological advancements of metal recovery (Carvalho, 2017). By the Roman 

era, the Roman Empire was extracting large quantities of potentially harmful elements (PHEs) such as Pb, Cu 

and Zn to improve living standards and sustain a high living standard (Nriagu, 1996). The occurrence of 

historically inefficient and unregulated mining practices over millennia, in addition to any current mining 

processes, has left a legacy of pollution in in formerly-mined and currently-mined river catchments around 

the world (Davies, 1987; Milton et al., 2002; Environment Agency Wales, 2002; Natural Resources Wales, 

2016).  Consequently, there has been work identifying contamination due to the legacy of historical metal 

mining (Davies, 1987; Gao and Bradshaw, 1995; Milton et al., 2002).  Since 1900, mining of not only trace 

metals, but all mining, has increased significantly on a global scale, mining and extraction of ores and 

industrial minerals has increased 8-fold since 1900 and global Gross Domestic Product (GDP) has increased 

27-fold (Carvalho, 2017) (Figure 1.4). With mining regulations regarding contaminate release only being 

introduced in the late 1990s, the majority of mining that has taken place on a global scale has been carried 

out unregulated (Figure 1.4) (Environment Agency Wales, 2002; Carvalho, 2017).  

 

Figure 1.4. Increases of extracted material and Gross Domestic product since 1900 (Carvalho, 2017). 

1.2.2 UK 
The UK is no exception to early metal mining, for example, at Parys Mountain mine, which was once 

one of the largest producers of Cu in Europe. Copper has been extracted on the site since the Roman era and 

extraction on an industrial scale began during the mid-18th century (SKM, 2011). By the late-18th century 

Parys Mountain mine was dominating the world market for Cu production, however, due to the discovery of 

economic deposits aboard mining ceased during the early 20th century and no mining has taken place for the 
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the WFD. NRW are continuing work to prioritise the mine sites of the greatest pollution, with some of the 

sites identified, remediation processes have been initiated, sites including Cwm Rheidol, Frongoch Mine and 

Upper Teifi Mines and further research at Nant y Mwyn Mine, Dylife Mine and Parys Mountain Mine have 

received some form of remediation (Natural Resources Wales, 2013).  

 A remediation pilot trail at Cwm Rheidol mine in the form of a passive treatment trail in the form 

of a compost-bioreactor known as a vertical flow pond (VFP) has been carried out (Natural Resources Wales, 

2013). Research pertaining its effectiveness at a low resolution has been carried out by Williams (2014).  

 In 2016 NRW stated that they are aiming to achieve good ecological status by 2027 using 

remediation techniques at 50 identified metal mine sites across Wales (Natural Resources Wales, 2016), they 

are looking to achieve this by carrying out the program outlined in the MMSW (Environment Agency Wales, 

2002). 

 

Figure 1.5. Location of the top 50 legacy mine sites causing environmental pollution from metalliferous 

contaminants (Environment Agency Wales, 2002). 
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Chapter 2: Trace metals and the fluvial 
environment 

2.1 Introduction 
Trace metals also referred to as heavy metals, have been defined by their crustal abundance and 

specific gravity (Hu and Gao, 2008; Srivastava and Majumder, 2008; Ackova, 2018).  Davies (1980) defines 

trace metals as <6g cm-3, Srivastava and Majumder (2008) define trace metals as <5 g cm-3 and Ackova (2018) 

defined trace metals as a density <4g cm-3. Coordination chemistry can also be used as a way of defining 

trace metals, trace metals can be sub-divided into non-essential trace metals and toxic trace metals 

(Srivastava and Majumder, 2008). Metals considered toxic trace metals include lead (Pb), zinc (Zn) and 

cadmium (Cd) (Ackova, 2018). Toxic trace metals can enter the fluvial environment from range of natural and 

anthropogenic processes (Nriagu, 1979; Nriagu, 1988; Charlesworth et al., 1996). 

Potentially harmful elements (PHEs) refers to trace metals which have potential concern for human 

and aquatic life (Bird et al., 2009). Areas that exceed quality guidelines of PHEs are of a particular concern 

for human health (The Water Framework Directive, 2015). Recent decades have seen an increase in the 

release of PHEs to the environment they are considered the most prolific environmental contaminants (Bini 

and Wahsha,2014). The extraction processes of metalliferous ores have been found to be a primary 

contributor to PHEs to the environment during recent decades (Bird et al., 2009), although geogenic 

processes can contribute PHEs to the environment also (Bird et al., 2014). 

2.2 Toxicity of PHEs 
Populations can be exposed to PHEs from various pathways including oral bioaccesibility from 

consumption of contaminated waters, ingestion of dust particle including household and road dusts 

(Marinho Reis et al., 2018) and consumption of contaminated food sources (Antoniadis et al., 2017). PHEs 

can pose a risk to human health when consumed in drinking water (Chowdhury et al., 2016). Ground waters 

and surface waters, as well as soils and sediments, are influenced geogenic and anthropogenic PHE sources, 

with one of the primary anthropogenic sources being mining (Martin et al., 2016). PHE contaminated ground 

waters can be a water source for domestic needs creating a pathway of human expose to PHEs from mining 

(Bird et al., 2009). PHEs are also detrimental to aquatic life (Yi et al., 2011) benthic invertebrates (Clements, 

1994) and plant life (Ackova, 2018). Plants have been found to exemplify sensitive effects to PHE toxicity 

(Ackova, 2018). 

2.2.1 Zinc  
Zinc is required for human and animal health and deficiencies in Zn can lead to negative health 

effects and high-level exposures to Zn in humans and animals have been found to cause respiratory and 

gastrointestinal problems, although effects are minimal and require only basic medical attention (Walsh et 
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al., 1994). There has also been links to asthma, skin diseases and cancer in association with Zn (Chowdhury 

et al., 2016). It has also been reported that intake of Zn ~15mg per day can reduce negative health effects of 

PHEs such as As (Chowdhury et al., 2016). Zinc is an essential element for plants and ~300-400 mg kg-1 per 

day is typical for a toxicity limit for plants. Zinc toxicity in plants can reduce root growth, slow the 

development of the plant and alter metabolic processes. Zinc toxicity also has the potential to cause chlorosis 

(Ackova, 2018) 

2.2.2 Cadmium  
Cadmium is toxic for all living organisms, Inorganic Cd is a known carcinogen, Cd is also related to 

kidney damage (Chowdhury et al., 2016). It is an easily transportable element in the fluvial system and is 

distributed to all living organisms in areas of high toxicity (Ackova, 2018). Cadmium has also been linked to 

health problems such as asthma, ulcers and other skin diseases and renal failure (Chowdhury et al., 2016). 

Cadmium is of concern for public health. Plant uptake of essential trace metals is hindered with toxicity of 

Cd. Cadmium toxicity in plants is demonstrated as chlorosis, browning of roots and eventual death of the 

plant. Cadmium can also reduce the efficiency of enzyme activity within a plant (Ackova, 2018) 

2.2.3 Lead  
Lead can be detrimental to human health causing affects to the central nervous system, renal, 

hematopoietic, cardiovascular, gastrointestinal, musculoskeletal, endocrinological, reproductive, 

neurological and immune systems (Chowdhury et al., 2016). Low level exposures of Pb can affect brain 

development leading to permanently altered functions (Chowdhury et al., 2016). Research by Karuppannan 

and Kawo (2018) has also linked Pb exposure with symptoms of asthma, ulcers, skin diseases, renal failure. 

Pb is a PHE for plants also and can cause a range of negative health effects on plant species increased levels 

of Pb can cause phytotoxicity that causes negative affects to the morphology, germination, photosynthetic 

rates, water content and enzyme rates. These affects are exemplified at their greatest at high concentrations 

of Pb (Ackova, 2018). The primary effect of Pb is on reduced enzyme activity that can lead to oxidative stress 

in plants (Ackova, 2018). 

2.3 Water chemistry 
Ion analysis via graphical interpretations of piper plots enables water quality and potential origin to 

be identified by identifying anthropogenic inputs that have taken place and influenced water quality 

(Bikundia and Mohan, 2014). Piper trilinear diagrams represent a way of analysing cation and anion content 

of mine water and recipient stream water (Figure 2.1) and are a useful means of identifying water quality of 

water bodies including lakes, marine, river and streams (Figure 2.2). (Bikundia and Mohan, 2014; 

Karuppannan and Kawo, 2018).  
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Figure 2.1. Cation and anion analysis using piper diagrams to define water quality (Bikundia and Mohan, 

2014). 

 

Figure 2.2. Water Chemistry exemplified via a trilinear plot, calcium sulphate areas are found in areas with 

mine drainage or gypsum rich groundwater. Calcium bicarbonate rich water is present in shallow fresh 

ground water, sodium chloride waters are waters of marine or ancient origin and sodium bicarbonate 

water are present in deep ground water (Golden software, 2018). 
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2.3.1 Anions  
Major anions include bicarbonate (HCO3

-), sulphate (SO4
2-), chloride (Cl-), nitrate (NO3

-), and fluoride 

(F-). Waters containing high Cl- can use a pollution index to be used as a tracer for ground water 

contaminants, chloride is of the least reactive anions contained within groundwaters (Bikundia and Mohan, 

2014). Bicarbonate can be formed at circumneutral pH, CO2 is able to dissolve carbonate minerals and CO2 

can dissolve into water to produce Bicarbonate. The dissolution of carbonate minerals can also release Ca2+, 

Mg2+ and HC03-. Sulphate occurs as a naturally occurring element on Earth, it is therefore present in all water 

sources globally, there are several natural sources of SO4
2- in the environment they include sulphide minerals, 

gypsum and anhydrite. Sulphate has the potential to effect gastro-intestinal systems at high concentration 

and effects can be greater when in combination of Mg2+ and Na+ (Bikundia and Mohan, 2014). High 

concentrations of NO3
- in ground and mine waters that are consume can cause problems such as blue baby 

disease in young children, respiratory and nervous system disorders (Majumdar, 2003). The primary source 

of contamination of groundwaters is via fertilisation of agricultural lands (Bikundia and Mohan, 2014). High 

F- concentrations can also be harmful to health with high concentrations causing problems such as dental 

and skeletal fluorosis (Rao and Mamatha, 2004; Bikundia and Mohan, 2014). 

2.3.2 Cations 
There are several major cations that can indicate a waters quality, they include calcium (Ca), 

magnesium (Mg), sodium (Na) and potassium (K), all traces elements and metals are cations also, of the 

major cations Ca, Mg and Na are of primary concern with Ca and Mg affecting water hardness and Na 

affecting salinity of a water body. High Ca and Mg can be indicative of areas with basic volcanology and 

basaltic aquifers. High Na can also occur in areas due to cation exchange processes with Ca (Karuppannan 

and Kawo, 2018). Sodium has no health-based guideline defined by the World Health Organisation (WHO) 

but is rather defined by taste at 200 mg/l. Magnesium is considered an essential trace element and can also 

affect the extent hardness of water, increases of Ca and Mg can increase the corrosivity of water (World 

Health Organization, 2011). 

2.4 Sources of PHEs 
There are a range of natural geogenic PHE loading and anthropogenic contamination processes that 

introduce PHEs to the fluvial system environment (Figure 2.3). 

2.4.1 Geogenic PHE loading 
Aquatic systems and sediments that contain elevated levels of trace PHEs can be derived from 

natural processes such as ARD in areas of sulphide-enriched bedrock and bedrock weathering. Geogenic PHE 

loading is a result of chemical speciation, leaching and physical weathering of naturally occurring trace 

elements in bedrock and soils (Rivera et al., 2016). Areas of geogenic contamination can be as harmful to the 

environment as anthropogenically induced contaminated areas (Rivera et al., 2016). An example of geogenic 

contamination found increased PHE concentrations in local organisms in close proximity of naturally 
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Caritat, 2000). Highly soluble elements such as Cd and Cu appear to have high EFs due to the nature of the 

equation (Reimann and de Caritat, 2000). EFs can also be affected by differing bedrock geology, atmospheric 

dust and geogenic mineral deposits, ensuring that concentrations for comparison are of a similar media to 

ensure accurate enrichment calculations (Reimann and de Caritat, 2000; Reimann and Garrett, 2005; 

Reimann and de Caritat, 2005). Raw data from geochemical surveys is the most reliable method of identifying 

background concentrations and localised anthropogenic contamination (Reimann and de Caritat, 2000; 

Reimann and de Caritat, 2005). 

Background concentrations from geochemical surveys are dependent upon the scale and location of an 

area in question. Surveys of the crust over a large spatial scale can provide a baseline of PHEs concentrations. 

Background concentrations calculated from large scale surveys will be the result of the combination geogenic 

and anthropogenic activities, due to the low resolution of large-scale surveys which would encompass a 

range of contaminated sites and natural areas (Portier, 2001; Reimann and de Caritat, 2005). The data from 

large scale surveys can also be used as a means of calculating average concentrations of crustal elements to 

provide a reliable source for environmental quality guidelines (Galuszka and Migaszewski, 2011). Although 

large scale surveys may be able to identify a continental scale baseline, they are inadequate at helping to 

identify localised geogenic loading and anthropogenic contaminations. Local scale surveying and mapping of 

PHE concentrations, that are spatially higher resolution surveys, will identify localised anthropogenic and 

geogenic contamination, and can be compared to regional scale baseline surveys to identify geogenic loading 

and anthropogenic contamination (Reimann and Garrett, 2005).   

 Other means of geochemical calculation exist to identify anthropogenic contamination. 

Contamination Factor (CF) is a comparison of mean elemental concentrations within a sample against pre-

industrial values for that element. Clarke values and Pre-industrious values appear to have a correlation 

(Hakanson, 1980). There are numerous studies that have looked at anthropogenic contamination from 

mining sites (Davies, 1987; Gao and Bradshaw, 1995; Reimann and de Caritat, 2000; Reimann and Garrett, 

2005; Reimann and de Caritat, 2005; Singer et al., 2013; Bird, 2016; Marsay, 2018). 

2.5 Mining sources of PHE loads 
There are various processes involved in PHE release to the environment from areas of PHE mining (Figure 

2.4). Potentially harmful elements can be released to the environment in solute loads (AMD, ARD and 

leaching of mine spoil) or particulate loads (erosion of spoil, tailings dam failures and release of PHE rich 

slurries). Potentially harmful elements load release and subsequent contamination of the proximal 

environment can exemplify temporal and spatial variability in PHE solute and particulate loads 

concentrations (section 2.7). 
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liquefaction is also a driver of tailings failures elsewhere in the world. Generally, the majority, ~90% of dam 

failures occur at active mines and ~10% occur at legacy mine sites within Europe (Rico et al., 2008). 

2.6 Hydro-climatic factors and mine water chemistry 
Hydro-climatic factors influence the rate and efficiency of PHE release mechanisms and due to this 

water quality of the recipient fluvial systems due to PHE loading proximal to PHE mining sites. Hydroclimatic 

variables include temperature, O2 in gas and dissolved phases, point source and recipient stream velocity 

and flow, these hydroclimatic variables are influenced by conditions such as rainfall events, snowmelt, 

drought, atmospheric pressure and atmospheric temperature (Charlesworth et al., 1996; Jarvie et al., 2000; 

Environment Agency Wales, 2002; Brooks et al., 2010; Palumbo-Roe and Colman, 2010; Anawar, 2013; 

Foulds et al., 2014; Hosseini et al., 2017). Changes in hydroclimatic variables occur temporally and can alter 

chemical properties that include: 

2.6.1 Turbidity  
Turbidity is a measure of particulates in water. Particulate PHEs are produced as a result of oxidation, 

hydrolysis and precipitation that take place as a result of AMD and ARD processes, ferric Fe3+ can be produced 

as a result (Marsay, 2018). Precipitation of ferric Fe can also cause other PHEs to coprecipitate. Increased 

turbidity in mine water can be due to precipitation that generally occurs as it is exposed to the atmosphere 

as it leaves a mining point source (Lawler et al., 2006; Mativenga et al., 2018). Increased turbidity can be an 

indicator of increased PHE load. 

2.6.2 pH 
pH has a direct effect on the solubility of mining contaminants low pH values can increase the 

solubility of PHE mine contaminants such as Pb, Zn, Cu, Al and Cd (Environment Agency Wales, 2002). As pH 

values raise above 3.5, precipitation of PHE contaminates can take place. At low pH <3.5, it allows for 

Thiobacillus ferrooxidans to be highly efficient which further lower pH ensuring PHEs are kept in solution 

(Leduc, 1994). As the pH increases when mine water leaves a mine due to mixing with river water 

precipitation of PHEs can occur. Values of pH correlate to the solubility of PHEs, increases in pH reduced the 

solubility of PHEs (Figure 2.6) (Jickells, 1997). 

 

Figure 2.6. Relationship of PHE solubility and pH (Jickells, 1997). 
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Figure 2.7. Eh-pH (Pourbaix) diagram exemplifying oxidising and reducing water environments 

(Macpherson and Towsend, 1998).  

PHEs mobility within an environment depends on its speciation, weather a solute or particulate form 

is present within an environment (Bourg, 1988). Adsorption and precipitation processes can slow the rate at 

which PHEs travel through a fluvial system by slowing PHE exchanges. PHEs with organic and inorganic 

particulates in the solute phase can increase the transmission of PHEs downstream. PHEs can either be 

transported by convection dispersion and diffusion processes while in complexed and free forms and by 

solid-particle and solid diffusion processes while in adsorbed or precipitated forms (Figure 2.8) (Bourg, 1988). 

Redox potential strongly influences speciation of PHEs in the fluvial environment during initial pollution 

whilst a mine is working and later after a mine has closed during remobilisation of PHEs in during periods of 

increased rainfall. 
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Figure 2.8. Speciation of PHEs in the fluvial environment (Bourg, 1988). 

Oxidation of PHEs can lead to PHEs being present in the environment in particularly harmful toxic 

forms, such as chromium Cr3+ that can be oxidised by manganese oxides to Cr6+(Whalley et al., 1999). Cr3+  is 

a required trace element and Cr6+ is a carcinogen, this exemplifies that redox potential has the potential to 

influence the not only the speciation of PHEs between solute and particulate forms but also the form of PHEs 

present within a fluvial environment (Whalley et al., 1999). pH and redox has the potential to affect 

speciation of PHEs, Fe from AMD has the potential to oxidise at the surface when mine waters exit an adit, 

the oxidation reduces the pH by releasing H+ ions from release from H2O during oxidation and this keeps Fe 

in solution as Fe2+ due to increased acidity (Figure 2.9). At mine sites of circum neutral drainage it is possible 

for PHEs to be present in oxidised potentially more hazardous forms (Bednar et al., 2005). 

 

Figure 2.9. Eh-pH (Pourbaix) diagram exemplifying the relation of Fe speciation (Salgado et al., 

2013). 
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2.6.5 Dissolved oxygen  
Dissolved oxygen can define the amount of gaseous oxygen (O2) in mine water. It can be affected by 

flow rate and mine water temperatures. It is an important factor for aerobic treatment schemes. Dissolved 

oxygen is a required factor for water quality and there are minimum levels for maintain aquatic life defined 

by the WFD (The Water Framework Directive, 2015). 

2.6.6 Temperature  
Temperature of mine waters is controlled by air temperature. Changes in water temperature define 

physio-chemical equilibriums in rivers and thus control contaminant concentrations. Increased water 

temperature can increase PHE concentrations and reduce dissolve oxygen (The Water Framework Directive, 

2015). 

2.6.7 Flow rate 
Flow rate can be affected by the rate precipitation on a catchment and is variable on an annual and 

daily scale, flow rate can affect turbidity, pH and PHE loading of a point source (Gzyl and Banks, 2007). 

2.7 Temporal and spatial variability of PHE loads 
PHE loads or fluxes refers to the amount of metal entering a fluvial system at a given point over a 

given period. Loads or fluxes can be calculated for varying temporal periods such as a year, day or hour. PHE 

load or flux calculations are based upon PHE concentrations per litre (i.e. mg/L) calculated against discharge 

(Cumecs m3s-1).  

Hydroclimatic factors pertaining PHE load releases at a variety of spatial and temporal scales of the 

riverine environment can exemplify cyclic patterns dependent upon scale. Hydroclimatic factors can vary due 

to natural weather phenomena such as rainfall and storm events increasing flow and altering PHE loads 

entering a river (Guan et al., 2016). Drought and rewetting can alter sediment associated loads affecting 

hydroclimatic variables such as turbidity, increasing particulate PHE loads in fluvial systems (Lin, et al., 2018). 

2.7.1 Temporal cycles of water chemistry and PHE loads 
2.7.1.1 Vestigial acidity  

First flush events have been identified by Younger (1997) as potentially occurring after the closure 

of a mine site. Post-closure waterlogging of mine workings and there subsequent mine water discharge are 

known as first flush events (Younger, 1997). A first flush of a mine site usually produces highly toxic water, 

due to acidity that has built up within the mine since closure and is classed as long-standing Vestigial acidity 

and can last ~10-40 years (Younger, 1997). 

2.7.1.2 Juvenile acidity 
Juvenile acidity forms from seasonal water table fluctuations which will in turn seasonally affect 

water quality (Younger, 1997). Increases in the water table over a seasonal temporal scale will be reflected 

in the hydroclimatic properties of a mine point source, as the water table increases pyrite oxidation will 
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Figure 2.10. Example of a diel cycle at Zn mine at period of 24hrs (Nimick et al., 2007). 

2.7.2 Spatial distribution of PHE loads 
2.7.2.1 Downstream distribution of PHE loads in solution 

Solute PHE loads have the tendency to reduce in concentration downstream, processes of adsorption 

and precipitation remove PHEs from the solute load to the particulate load of a river (Brown and 

Hosseinipour, 1991; Pettersson et al., 1993; Vega and Weng, 2013; Guan et al., 2016). Solute loads can 

increase downstream with additional inputs of contaminated waters (Figure 2.11). Some instances have 

shown that solute loads do reach downstream at distances >10km from there sources such as the River 

Rheidol Zn contamination that extends >16k m of its river length (Fuge et al., 1991). 




















































































































































































































































































































































