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Abstract

A section of a South Wales upland coal mine spoil, contaminated with heavy metals (HM), was planted with trees in 2005 as a potential cost-effective land reclamation project. Four hundred mixed tree saplings were used as phytoremediators to reduce inorganic contaminants to establish a native woodland. One of the experimental sub-plots located on the upper plateau, unlike other plots, has experienced severe growth problems, and 14 years later tree mortality has reached high 61.5% (local fluctuations of 20-96%). This research looked at the correlation between soil contaminants and excessive tree mortality in the UWTSD testing plot. Mortality hotspots were identified before soil sampling and testing was conducted (10 samples consisting of 15 HM each). Heavy metal concentrations were collated against UK soil contamination standards. Tests revealed some elevated concentrations of Arsenic (As) (6.82-11.94 mg/kg), Lead (Pb) (27.9-41.5 mg/kg) and Manganese (Mn) (218-1760 mg/kg) mainly located in middle and upper sections. However, only Mn appears to exceed the recommended UK/Wales soil standards (possibly through waterlogging and ploughing of the field) while slightly elevated Pb levels corresponded with high vitality zones (possibly due to increased leaf-litter).  Overall, statistical testing has not shown a significant difference in HM concentrations between high mortality and high vitality stratum except As which indicated weak to moderate correlation with high tree mortality samples (S1-S5). Arsenic can harm young tree saplings, and the acidity of contaminated lands can boost its toxicity. Additionally, it was suggested that observed spatial heterogeneity in the distribution of soil inorganics could potentially result in contamination ‘hotspots’ encouraging synergistic/antagonistic processes in the soil.  Overall, it was inferred that even small HM concentrations could cause significant impact when combined with coexisting factors like harsh weather, excessive waterlogging, low pH, or land compaction.  Obtaining credible results is challenging, and consistent monitoring of other factors is essential to obtain unambiguous results.






1.0 [bookmark: _Toc39513078]Introduction

Opencast mining, due to large-scale land disturbance transforms the landscape by irreversibly changing its ecological, hydrological, geological and aesthetical condition, leaving behind vast sections of derelict and valueless land (Drebenstedt, Sarsby and Meggyes, 2015). These highly degraded territories became sources of toxic, heavy metal contamination, and their reclamation proves to be very challenging (Kuter, 2013; Li et al., 2016).
[bookmark: _Hlk36545633][bookmark: _Toc39513079]1.1 Global scenario 

In the 21st century, mining, one of the world’s heaviest industries, maintains a significant role in global development. Despite the presence of sustainably improved technologies, most strategic minerals and ores are still being excavated through opencast mining technology. The World Coal Association (WCA) reported that 7.8 million tonnes (Mt) of coal were produced globally in 2018, (a 1.2 Mt increase since 2007) with China, India, USA, Australia and Indonesia being among the top five producers. Furthermore, WCA confirms that one of the primarily used mining techniques was surface mining (World Coal Association, 2020). 
A Massachusetts Institute of Technology (MIT) case study of three open cast mines in Greenland, China and the USA revealed that damages caused by mining are often belittled.  Additionally, reclamation practices post-mining, are poorly regulated, badly managed, and long-term environmental and socio-economic impacts are notoriously neglected (Massachusetts Institute of Technology, 2016).
Martin Haigh, in his ‘Paradigm for Environmental Reconstruction, hits the nail on the head by saying:
“…it could be argued that the greatest environmental impact of surface mining is the production of reclaimed lands, for unlike the products of the mining, reclaimed land does not disappear, it remains ‘reclaimed land’ forever” (Haigh, 2008, p:1).

Worldwide, mining and extraction activities have considerable impacts on land contamination In Russia alone, there is a staggering 3.6 million ha of contaminated land, of which over 730.000 ha is contaminated with heavy metals. In North America, a single Appalachian Mountain mining site has contaminated 470,000 ha of land (six times the size of New York) and is still expanding (Food and Agriculture Organization of the United Nations, 2018). Similarly, the latest European Soil Contamination Report revealed 2.8 million contaminated sites (3.6 sites per km2) within thirty-one EU surveyed member countries and >650,000 sites still actively polluting (Payá Pérez and Rodríguez Eugenio, 2018).  
[bookmark: _Hlk36545685][bookmark: _Toc39513080]1.2 UK Scenario

In the UK mining for metal ores, coal and various minerals have been taking place since the Bronze Age, and there is a long history of recorded soil and water pollution associated with those activities. Some historical place names like Ochre Burn in Midlothian or Red River in Cornwall speak for themselves) (Johnston et al., 2008). 
Although the mining industry has almost disappeared from the UK landscape and there are only five operational opencast mines left today (Department of United Kingdom Energy Statistics, 2019), the UK’s 18th and 19th century’s Industrial Revolution has left a legacy of almost 2000 abandoned metal and coal mines. These lie scattered across North and Middle England but also include South Wales. Approximately 25,000 km2 of pristine land has been affected by the mining industry in the UK and is deemed contaminated (Johnston et al., 2008).

[bookmark: _Toc39513081]1.3 Wales

Analogously, in Wales, thousands of hectares of degrading post-mining areas were found to be reclaimed in a very similar way. Areas such as the UNESCO World Heritage Industrial Landscape site in South-East Wales, although ‘officially reclaimed’ is found to be actively degrading, polluting soils and waters far beyond its boundary (Haigh et al., 2019). Moreover, no one is legally liable for the vast majority of those unstable areas in Wales (Plamping et al., 2009; Haigh and Sawyer, 2020). In fact, the Welsh Government (2013) Scoping Paper stresses that it is challenging to obtain a full picture of mining-related land contamination in Wales as mine spoils which are simply piles of mixed overburden left after the mining activity was capped, in general, are not captured by any regulatory contaminated land processes. 
The influence of those ‘reclaimed’ post-mining landscapes on their surroundings can be multidimensional. First, the cultural aspect is a positive one. For example, a location like Blaenavon, by being named a UNESCO World Heritage site, helps to preserve the pre-eminence of South Wales as the world’s major producer of iron and coal in the 19th century (UNESCO World Heritage Centre, 2020). Notwithstanding the historical relevance, it is, nevertheless, a thing of a past.   
The second, less favourable, is the socio-economic aspect. Over the last few decades, in Welsh valleys, the observed socio-economic decline was responsible for prevailing economic inactivity and emerging incidents of long-term ill-health. For example, GDP rating per capita in the South Wales Valleys was 30% lower than the EU average and UK’s worst in 2013 (European Commision, 2013). Interestingly, Llewellyn et al. (2017) recently noticed that despite the progressing isolation of mining communities and the feeling of disconnection from the devastated landscape, a positive trend of intensifying community-led voluntary activities was observed. 
Last, and perhaps most importantly is the adverse environmental effects of mining dumps. Their soil contains large deposits of heavy metals like arsenic (As), copper (Cu), cadmium (Cd), lead (Pb), mercury (Hg) chromium (Cr), zinc (Zn) and manganese (Mn) which due to the action of air and water can oxidise and become mobilised. It makes them more available, enabling infiltration and pollution of the surrounding streams, rivers and aquifers (Desai, 2013). According to Natural Resources Wales, at least twelve ex-mining sites (262 ha) in South Wales are causing direct pollution to adjacent watercourses (Welsh Government, 2013) and Johnston et al. (2008) have warned that those sites pollute around 9% of rivers in Wales. 
Some critical heavy metals like Cd, Pb, Cu, Zn and Mn, when made bioavailable in excess, can become phytotoxic and hinder plant growth, possibly even killing them (Pulford and Watson, 2003). Reichman (2014) discovered that oaks exposed to Cu and Mn toxicity display symptoms of leaf necrosis, disturbed root hair growth, necrotic browning of leaves and stems and cracking of roots in younger plants. Those properties combined with the harsh Welsh weather, result in poor vegetative growth and bare topsoil cover in upland areas, affecting hydrological processes of the mine spoils themselves. This leads to increased run-off, waterlogging, soil auto-compaction, land erosion and eventually infertility, causing reduced biodiversity. Altogether this prevents nature from repairing itself in a reasonable timescale, and a considerable level of human intervention may be essential to bring back landscape’s ecological, socio-economic and aesthetical values, (Desai, 2013; Haigh et al., 2019).
Contaminated land remediation with an intended end-use of conservation, an increase of biodiversity and recreation for the local community is required immediately if South Wales authorities wanted to mitigate against these three issues (cultural enhancement, socio-economic benefits and environmental quality). Phytoremediation (which means from Latin ‘restoring balance with plants’) that uses trees ability to bioaccumulate[footnoteRef:1], degrade, or render harmless, various contaminants in soil, water, or air” (Tangahu et al., 2011, p:4) could prove to be a useful land-restoring tool. Places, where poverty and deprivation levels are high due to the unattractive, daunting landscape scaring business investments away, could gain many advantages through green restoration projects.  [1:  The process of gradual accumulation of substances (e.g. heavy metals) in live organisms (e.g. fish or plants) (Saxena et al., 2019).] 


[bookmark: _Toc39513082]1.5 Aims and objectives

This project aims to investigate whether higher concentrations of key heavy metals in soil could hinder phytoremediation. Using a test plot in Varteg, Blaenavon, a site of contaminated back-filled mine spoil, soil samples will be tested and correlated with adjacent tree vitality. 
Three key objectives were identified, which emphasise the need for testing whether heavy metals can affect the success of a cost-effective phytoremediation solution. 
The first objective was to investigate tree vitality within the UWTSD plot by undertaking a desktop study of secondary data collected by UWTSD students. The 2006 to 2019 dataset was collected in the form of a novel, annual tree vitality score index. Such an analysis of research data would highlight the potential mortality hotspots of heavy metal concentrations.
The second objective was to correlate and validate the existence of heavy metal ‘hotspots’ within the test plot. Historical data of soil contaminants are largely absent from most backfilled mine spoil as it was not a mandatory condition of site management previously.
The third objective was to investigate the significance of the obtained results to confirm or negate whether the specific heavy metal concentrations are critical to tree survival within the testing plot.  Interrogation of the literature will help to interpret such potential correlations.

Having outlined the research focus, the next stage will be to present relevant published literature and findings that are pertinent to the topic of mine spoil remediation. It will be presented in the following chapter.  










2.0 [bookmark: _Hlk36917082][bookmark: _Toc39513083]Literature Review  
   
This project aims to investigate whether soil heavy metal concentration hotspots’ in coal-mine spoil can cause high tree mortality in phytoremediation and land reclamation projects. Therefore, this chapter will look at the literature to establish the scale of the problem. Consideration will also be given to other associated physical and biological factors and best practice phytoremediation projects will be reviewed.

[bookmark: _Toc39513084]2.1 Soil contamination: the global context

Soils play an essential role in Earth’s ecosystem and are a vital resource to human life. The increasing consumption of land and its mineral resources worldwide through global population growth is detrimental to topsoil quality. Delang (2017, p:4) has warned that “with 10 cm of topsoil taking more than 2000 years to form one could argue that they are a non-renewable resource”.

Opencast coal mining is a typical example of an extractive industry which is still extensively utilised worldwide (over 50 countries produce coal in the 21st century) (BP, 2019) and about 63% of coal in the U.S is being sourced through surface mining (U.S. Energy Information Administration, 2020). The enormous coal reserve available within the top ten leading opencast coal mines (e.g. the 4.7 billion metric tons (MT) in three US coal mines, 3.2 billion MT in two Chinese and 2.1 billion MT in two Australia coal-mines) highlights the magnitude of land disturbance worldwide (Statista, 2020). 

Li et al. (2018) stress that soil contamination due to mining is a global environmental issue. The Chinese Ministry of Environmental Protection, together with the Ministry of Land and Resources, informed that 32.1 million ha of Chinese land  (16.1%) was contaminated with heavy metals such as Hg, As, Cd, Pb, Cu, Cr and Zn mainly through mining and agriculture activities (Delang, 2017).
In Europe, the EU report on soil status revealed that out of 650,000 polluted sites (in 39 EU countries), so far, only 10% were restored and further 19% required immediate remediation. Once again, the most common pollutants were heavy metals and hydrocarbons. Additionally, it was inferred that a standard ‘dig-and-dump’ ex-situ remediation method was the primary choice in Europe totalling of €4.3 billion expense (Payá Pérez and Rodríguez Eugenio, 2018).


[bookmark: _Toc39513085]2.2 Modern land reclamation techniques

There are many ways to approach the post-mining land remediation today (Kuter, 2013). The world mining industry utilised a traditional, more technological method of capping and restoring former opencast mining sites into grasslands (like in Wales) for decades. However, methods were not appropriate nor effective. 
Currently, industrial land restoring methods like soil removal, are widely implemented by coal mining engineers in the US. The entire topsoil material is excavated and replaced ex-situ before the complete site is re-contoured with imported topsoil including revegetation. This method is costly, however. An American Coal Council Director has estimated the cost of remediation at approximately US$1.5 million per site (Hayes, 2015). 

[bookmark: _Toc39513086]2.3 Remediation of mining land in Wales (historical review)

The History of restoring the post-mining landscape reaches back to 1947 when the United Kingdom Town and Country Planning Act has unveiled that the reclamation process was of a poor standard. After the mining plant removal, a basic surface grading and sowing of grass seeds were implemented: “it gave rise to the public view that if it was green, it was good restoration” (Tomlinson, 1984, p:187),
In response to the 1966 Aberfan disaster (collapse of a colliery spoil tip killing 144 people) the Welsh Office Derelict Land Unit implemented multiple large-scale ambitious land restoration projects across South Wales (e.g. 1963 Varteg Hill Reclamation project run by the National Coal Board’s Opencast Executive or Lower Swansea Valley Project carried out by Derelict Land Unit 1966). The grants for remediation were insufficient and only covered up to 80% of the restoration projects. Thereby, due to the pressure of reclaiming as much land as possible with the somewhat limited available resources the most convenient technique used was sowing different grass mixtures and restoring the land into open grazing (Hestern and Harrison, 1997; Hooper, 2016; Haigh and Sawyer, 2020). No wonder, the Welsh Office (1975) investigation has established that Lower Swansea Valley (the poorly remediated post-industrial land) was undergoing extensive erosion. They stated that: “average heavy metal concentrations in soil were exceeding background values” and some places recorded higher contamination than before reclamation (Davies, 1991, p:41).
In 1976 the Welsh Development Agency (WDA) was established and under its Welsh Development Agency Act (1975) it continued the governmental Welsh Office program of reclamation especially in South Wales (5720 acres were recycled with £63.2 million spend through Derelict Land Grants) (Eirug, 1983; Merrill and Kitson, 2017). To stimulate new development in derelict land reclamation sites, the Surface Mining Control and Reclamation Act (SMCRA) 1977 was introduced. Although it required coal mine operators to reclaim the land with revegetation techniques edicts lacked standardised objectives, and in fact surface, coal mining was not even included in the legislation (Tomlinson, 1984). Unfortunately, the WDA budget suffered major cuts in early 1980 leading some to suggest that the “WDA function in improving the environment in parts of the industrial valleys may be an expensive luxury” (Eirug, 1983, p:380).
Subsequently, common land has been inappropriately managed, leading to overgrazing and compaction. The demise of the coal industry also freed British Coal from the legal restorative liability (Haigh and Sawyer, 2020).
The post-mining land reclamation has been put on the agenda in recent years as the EU Directive 2006/21/EC (The Mining Waste Directive, 2006) and the 2009 Minerals Technical Advice 2: (Coal) Welsh legislation specify the approach and methodology choice for the reclamation of closed or abandoned mining facilities (Potter and Johnston, 2014; ERM Ltd, 2015). For example, the Colliery Spoil (Appendix Q) (Welsh Government, 2009) informed that reclamation practices for coal-mine spoils have greatly improved in recent years and recommends tree planting as a perfect method for restoration of opencast coal sites. 
[bookmark: _Hlk35258696]More recently, with the introduction of techniques to extract valuable metals and minerals from mining waste, the pressure is being exerted to re-open and re-work old mine spoil sites (Nummi, 2015). The recent Varteg Hill Land Reclamation (VHLR)/Coal Recovery Scheme application is a perfect example. The potential reprocessing of 256, 000 tonnes in 4 years, causing a loss of 62 ha of open space is proposed. Were this to be approved, there would be considerable impacts on the landscape and environment, affecting the health and wellbeing of the community that use those hills for recreation (ERM Ltd, 2015). Moreover, despite more stringent land reclamation legislation and the proven ineffectiveness of sowing grass as reclamation method, the EDF Ltd latest proposal for Varteg Hill Coal Recovery (VHCR) project is assuming the land restoration to take below 12 months and that it will be restored to grazing land (ERM Ltd, 2015).
The latest local community consultation organised by the Torfaen County Borough Council points towards a critical underlying issue driving the stakeholder’s negativity. The most prominent one is:  
“The knowledge of similar schemes in the local area where coal recovery has taken place, but due to a lack of finances the restoration phase was not completed, and therefore sites were left in a worse state than before” (ERM Ltd, 2015, p:51).
It shows that coal recovery proposals can pose a significant threat to long-term land reclamation and that even best piece of legislation may not guarantee the choice of suggested environmental approach that was recommended for those degraded regions of Wales
[bookmark: _Toc39513087]2.4 Recent Landslides in Wales

Climate change is an ever-present threat, and adverse weather events are noticeably more frequent. Two recent storms in early 2020 brought strong winds, torrential rain and floods, seriously affecting mining spoil stability in Wales. Multiple landslides within Rhondda Cynon Taff (Mountain Ash), Conwy Valley and many others have caused environmental scarring and human fatalities (BBC News, 2020; Bronte, 2020). Haigh and Sansom (1999) previously suggested that surface mine spoils are prone to increased runoff and severe erosion, leading to landslides. They discovered that up to 60% of rainfall water was converted to a runoff on compacted South Wales mining spoils especially those lacking vegetation cover. Also, the VHLR 2015 Health Assessment, in ‘Headline Issues’ addressed stakeholders’ concerns of potential landslides caused by the destabilisation of hills due to the proposed opencast mining project (ERM Ltd, 2015).

In response, the latest British Geological Society stated that: 

“Wales is prone to landslides due to the combination of geology, the shape and steepness of the slopes and the vast landscape that has been altered by the mining activities” and that “Planting trees is a cost-effective way of anchoring soil and promoting other vegetation, but that does take time” (BBC News, 2020, p:3). 
It is suggested that phytoremediation of those shifting landscapes with trees could be an excellent idea.

[bookmark: _Toc39513088]2.5 Aspects affecting tree growth 
There are three main groups of factors that affect soil productivity (i.e. physical, chemical and biological) which in turn determine effective phytoremediation and successful land reclamation (Sheoran, Sheoran and Poonia, 2010).
The physical (e.g. topography, bulk density, soil compaction, soil moisture and texture),  biological (e.g. soil microbe, bacteria and mycorrhizal fungi numbers) and chemical (e.g. soil pH, soil fertility including heavy metal content) can all have a significant effect on metal mobilisation and their interaction with plants (Sheoran, Sheoran and Poonia, 2010; Reichman, 2014). For example, the recommended maximum bulk density for grassland in the UK is 1.35 g/cm3, and ‘Cradle for Nature’ sites (initially restored to grassland) had its bulk density reaching 1.65 g/cm to 1.82 g/cm3 (measured at 10-50 cm depth). It was suggested that the specific nature of reclaimed mine spoil lands could quickly develop a compacted layer where soil densities can become very high (Haigh and Kilmartin, 2015). On the other hand, soil pH can have an equally strong influence; For example, “Cadmium (Cd) is mobilised at pH 6.0–5.5, and its mobility increases by 60% -90% at pH 4.0, while Zn, Ni and Cu become mobile at5.0–5.5 pH” (Desai, Haigh and Walkington, 2019, p:27). 
The increased mobilisation of HM makes them bioavailable in vast quantities at times, therefore readily mobilised by plants causing strong toxic effect (Shrivastava et al., 2015; Baljit, Navneet and Singh, 2017). Even ploughing of the mine spoil can have a detrimental effect. It can mix the capped HM with the topsoil making them prone to weathering (rapid oxidising) therefore phytotoxic (Jenkins, 2020, pers comms). 
[bookmark: _Toc39513089]2.5.1	Heavy metals

[bookmark: _Hlk39325174]HM (or metalloids) (the focus of this research) are metallic elements with a density higher than 5g/cm3, and there are many different ones found in coal spoils, e.g. arsenic (As), lead (Pb), zinc (Zn), chromium (Cr), cadmium (Cd), manganese (Mn), mercury (Hg), copper (Cu) (Desai, 2013; Li et al., 2018). 
The critical metals like Fe, Mn, Zn, Cu, Mg, Mo, and Ni serve as nutrients for plants if in optimal levels, but others (e.g. Cd, Cr, Pb, Co, Ag, Se, Hg) may also be absorbed and disturb plant growth (Table 2.5.1.1). Desai (2013) points that Pb, Zn, Cd, Cu, and As are often elevated in topsoil due to anthropogenic inputs (e.g. mining extraction activities transmitting those metals from the Earth’s crust onto the surface). Nevertheless, Desai, Haigh and Walkington (2019) point out that different researches tend to concentrate on slightly different groups of metals when studying mine spoils and that Cu, Cd, Mn, Zn and Pb are standard for all studies. 

[bookmark: _Toc39486890]Table 2.5.1. 1 Heavy Metals (Impact on Plants).
[bookmark: _Hlk39325258]Heavy Metal
Impact on Plants (When in High Concentrations)
Aluminium (Al)
It can limit plant growth by affecting root apex (stunted root growth). Also, roots can get brittle and weak so inefficient in absorbing both nutrients and water (Mossor-Pietraszewska, 2001).
Arsenic (As)
Slow and eventually stunted growth in trees, leaf symptoms indicating water-deficiency stress (can cause injury to the roots). Also, slow dieback of brown/red discoloured leaves (National Research Council (US) Committee on Medical and Biological Effects of Environmental Pollutants, 1977).










Barium (Ba)
It can reduce the absorption of key nutrients by plants (e.g. K absorption) and inhibit photosynthesis (Suwa et al., 2008).
Cadmium (Cd)
It is a non-essential element and one of the most hazardous of HM, highly toxic to plants and animals (e.g. earthworms) (Desai, 2013), can cause stress to plants in the form of chlorosis, photosynthesis impairment, growth inhibition, reduction in water and nutrient uptake and alteration of enzyme activity (Baljit, Navneet and Singh, 2017).
Chromium (Cr)
It affects the plant growth by ultra-structural deformation of root and shoots (the growth of coleoptiles is disturbed), can cause decline chlorophyll level (Medda and Mondal, 2017).
Copper (Cu)
It can cause chlorosis resulting in necrotic leaf tips and margins (leaves may become wilted before eventually becoming necrotic). Also purpling of foliage and thickening of root apices (stunted roots)(Reichman, 2014).
Iron (Fe)
Essential for plant growth (deficiency causes permanent root damage). Interestingly, Cd can interfere with Fe movement from root to shoots causing starvation of shoots (Cd levels are critical to Fe uptake) (Morrissey and Guerinot, 2009).
Lithium (Li)
Non-essential for plants life (limited information available regarding its mobility from soil to plants). However, it can influence the plant's growth in both stimulation and reduction ways depending on concentration. The reduced plant growth is caused by alteration of metabolism in plant and the contamination of soil. Lately, Li has become a severe problem worldwide (Shahzad et al., 2016).
Mercury (Hg)
It accumulates in the roots and plant shoots (damaging them) reducing photosynthesis, transpiration rate, water uptake and chlorophyll synthesis, it can cause loss of potassium, magnesium, and manganese and accumulation of iron (Azevedo and Rodriguez, 2012).
Manganese (Mn)
Chlorosis, necrotic brown spotting on leaves, necrotic lesions, leaf browning and death, roots exhibiting Mn toxicity are commonly brown and sometimes crack (Reichman, 2014).
Nickel (Ni)
Essential for plants growth at low concentrations, in high concentrations, it reduces seed germination, root and shoots growth, biomass accumulation, and final production, causes chlorosis and necrosis and inhibits various physiological processes (photosynthesis, transpiration) and cause oxidative damage in plants (Hassan et al., 2019).


Lead (Pb)
Pb can have detectable effects on diversity of the microbial community, can cause reduced root growth. (Reichman, 2014) stated that even low concentrations of Pb in soil can stimulate plant growth, however small concentrations can also be toxic due to accumulation (Pb does not biodegrade) (Tangahu et al., 2011).
Strontium (Sr)
It is not particularly toxic to plants on its own, however by blocking of nutrients uptake (especially calcium) it can harm plant development and growth, can also inhibit seedlings growth of certain plants (e.g. soybean) (Dresler et al., 2018).
Vanadium (V)
High concentrations can inhibit stem, leaf and root growth, can also block uptake of water and nutrients (Vachirapatama et al., 2011).
Zinc (Zn)
Essential for plants (Bashir et al., 2016) General chlorosis of the younger leaves, necrotic lesions on leaves and eventually entire leaf death, reduction in the growth of the main root, fewer and shorter lateral roots and yellowing of roots (Reichman, 2014).



It is interesting to mention that particular HM can contribute to the above-average uptake of harmful phytotoxic elements which is called a synergistic effect[footnoteRef:2]. For example, Desai (2013) talks about Pb having a positive effect on the increased uptake of Cd, which is harmful to plants. On the other hand, Liu, Ni and Zhou (2013) found that that Cd-Zn synergistic interaction may vary depending on different types of plant species (sometimes Cd can encourage the transporting of Zn from the roots to the leaf’s, however in other plants Cd uptake can be highly reduced due to higher Zn concentrations in the soil (antagonistic effect[footnoteRef:3]). Reichman (2014) argues that Cu-Zn interactions, although synergistic in soil, can have opposite (antagonistic effect) in aquatic (or moist) environments.   [2:  The sum of two chemicals (e.g. heavy metals) have greater effect than separate concentrations of each element.]  [3:  The effect of two chemicals interacting together is less than the sum of the effect of each individual heavy metals. ] 


[bookmark: _Toc39513090]2.6 Phytoremediation (PR) a remedy for contaminated soil

[bookmark: _Hlk36907791]Phytoremediation (PR) is considered an environmental approach which (Desai, 2013, p:18) defines as: 
 “The use of plants in situ to contain, sequester, remove, or degrade organic or inorganic contaminants in soils, sediments, surface water and groundwater.” 
It is not a new method (Raskin first used it in 1991) (Beans, 2017). However, it has gained popularity in recent years due to the volume of low-value post-mining landscapes, and a lack of remediation funding makes it a useful, cost-effective solution (Haigh, 2008). In many cases, it takes much longer to see the real effects, albeit Kennen and Kirkwood (2017) argue that phytoremediation, when successful, can reduce the cost to 10% of the standard technical methods. 
With usability and application expanding, six application methods have been identified and are detailed in Table 2.5.1.2

[bookmark: _Toc39486891]Table 2.5.1. 2 The Six Application Techniques for the Phytoremediation. Phytostabilisation
The absorption by roots to immobilise local contaminants (in the soil or groundwater water) (Tangahu et al., 2011).
Rhizodegradation
The biodegradation of soil being enhanced by rhizosphere bacteria (the soil-dwelling microbes) (Desai, 2013).
Phytohydraulic
The use of plants and their deep roots to absorb or degrade groundwater contaminants (Saxena et al., 2019).
Phytoextraction/ Phytoaccumulation
It occurs through trees absorbing and storing contaminants in their tissues and foliage (trees and other hyperaccumulators are highly utilised for this process) (Tangahu et al., 2011).
Phytovolatilization
Volatile compounds being taken up by the plants’ root system and transpired into the atmosphere through their leaves as gas (Saxena et al., 2019).
Phytodegradation
Certain plants can absorb contaminants from the soil (only organic pollutants) and metabolise them withing the plant tissue (Pilon-Smits, 2005).



















It must be mentioned that PR highly depends on the level of chemical concentrations in the soil and specific contaminants like PCB’s are not compatible (Biotech Industry, 2019). Also, Beans (2017) argues that despite its worldwide academic lab-success and its unquestionably high potential, it struggles to make the transition to the commercial field and large-scale application.  

[bookmark: _Toc39513091]2.6.1 Phytoremediation with trees

Desai, Haigh and Walkington (2019) suggested that phytoremediation with mixed tree species can be a perfect tool for reclaiming former opencast mines with considerable levels of heavy metal contamination. Trees can absorb various metals at different rates which makes this technique very effective. Other researchers have also recognised that using trees is the healthiest option as they can be used in-situ helping stabilise contaminants through absorption but also stabilising the slopes with their extensive root structures. This, therefore, reduces erosion and improves general hydrology (Hutchings, 2002; Baljit, Navneet and Singh, 2017). On the other hand, Pietrzykowski (2019) believes that reforestation methods, whenever possible, should be linked with the quality of the soil substrate found on-site and appropriate selection of tree species concerning the intended end use of the site. Whether it is just site decontamination or biodiversity and long-term amenity purposes like in Cradle for Nature) (Haigh, 2008). Different trees have different abilities for inorganics extraction (e.g. Pinus sylvestris are a very good phyto-extractors (Hutchings, 2002, p:5) while Quercus robus can acidify the soil and are more resistant to the accumulation of toxic substances in stem and foliage (Worrell and Nixon, 1991). 
Of course, established woodland contributes to carbon sequestration and increases biodiversity in line with the Environment (Wales) Act 2016 (‘A low carbon Wales’ goal) (Welsh Government, 2016). 
Moreover, more green spaces mean more recreational areas which can help tackle obesity, depression and make people more active. This, in turn, fits with objectives from the Well Being of Future Generations (Wales) Act 2015, ‘A Healthier Wales’ goal (Welsh Government, 2015). Long-term, PR could be a game-changer for those ex-mining, deprived communities in South Wales (Netherwood, 2017).  
Interestingly, there is substantial public support for land restoration with trees in Wales. According to the Public Opinion on Forestry 2017 (Wales), over 96% of the Welsh population love trees and are convinced that they are essential for recreation and wildlife. Unfortunately, the 2017 Forestry Commission  Statistics reported a staggering 18.000 ha (approximately 40 million) loss of trees from the Welsh landscape since 2001 (IWA the Welsh Agenda, 2018). Clearly, phytoremediation with trees could make a significant contribution to reversing this negative trend.

[bookmark: _Toc39513092]2.7 Methodological Review

[bookmark: _Hlk36978622]Assessing phytoremediation success is challenging, mainly as there are few field trials which have published long-term datasets (Saxena et al., 2019). To emphasise the point, Raskin, Greenberg and Blaylock in Beans, (2017) stressed that in Canada and the US, over 6oo academic publications on phytoremediation had been published, but fewer than 40 included field trials. 

There are various testing methods applied by researchers to predict or assess the viability of using trees for phytoremediation and to monitor progress once planted. For example, some measure the effect of reclaimed soil properties influencing tree survival. Researchers at the University of Kentucky collected tree growth, and soil-compaction (bulk density) data annually from test cells. Tree species such as oak (Quercus alba), walnut (Juglans nigra), pine (Pinus strobus) and poplar (Liriodendron tulipifera) were surveyed. Results showed that tree vitality was negatively correlated with land compaction causing researchers to conclude that phytoremediation success can be predicted. However, the critical factor allowing for successful analysis was the engagement in the initial restoration process carried out by the coalmine authorities (from the very first day, the level of mechanical soil compaction was strictly under control) (Conrad et al., 2002).

Contrastingly, most published studies engage with phytoremediation long after the initially engineered mine reclamation was completed.  Groninger et al. (2007) argue that once the back-filling phase is completed, achieving successful phytoremediation can be more difficult. In cases of older sites where established trees are present, most studies concentrate on testing foliar uptake by roots, leaf, bark or entire plants. Often researchers include the soil sampling together with assessing tree vitality (a visual assessment score) measuring the tree height and DBH (diameter at the height of 1.3m) usually every year. Both these methods have been employed at the Varteg site, in Blaenavon. Here a 14-year-old project has attempted to assess the uptake of key HM (Cu, Cd, Zn, Mn and Pb) through foliar uptake in silver birch (Betula pendula, Roth) and common alder ((Alnus glutinosa (L.) Gaertn.)).
Additionally, 210 random soil samples were collected at standard depths of 20 cm before and after tree planting.  In all cases, results shown HM concentrations to be much higher before the tree planting was implemented. Interestingly, one plot was found to have the forestation process disrupted (an increased Cu and Mn levels were recorded). Some evidence of nitrogen-fixing [footnoteRef:4]influencing metal mobility was also recorded in the case of the Alders (Desai, Haigh and Walkington, 2019). [4:  Some trees (e.g. Alder) can convert atmospheric nitrogen (N2) to NH3  with the help of root nodules that contain the enzyme nitrogenase (Desai, 2013)] 

A Latvian study revealed a correlation with poor urban tree vitality and increased Zn and Cu concentrations (Cekstere and Osvalde, 2013). Further studies on phytoextraction have revealed that that HM uptake was higher with plants growing further away from the source of toxicity, which indicated that contamination adversely affected the microbial attributes of the soil (Saraswat and Rai, 2011). Similarly, a Chinese study on poplar trees found that Populus sp. has sufficiently reduced Cd and Zn within 25-30 years however it suggested that HM ‘hotspots’ do affect tree vitality (Liu, Ni and Zhou, 2013). This would seem to coincide with findings from Desai, Haigh and Walkington, (2019) who suggested that hotspot occurrence is widespread in post-mining soils. Interestingly the Varteg Hill Reclamation & Coal Recovery Scheme proposal included a leachability test to identify possible ‘hotspots’ of HM contamination. The three collected samples were analysed with the Mean Value Test and Maximum Value Test (set out in CLR7 Assessment of Risks to Human Health from Land Contamination). They found  Zn, Cu and As indicating multiple outlier values which, according to the report, may indicate ‘isolated HM hotspots’ (Smart, 2014).  
In sites like Varteg, with an absence of historical records of back-filled soil material, analysis of HM contamination in the context of potential ‘hotspots’ would prove useful. There is a lack of research evaluating the spatial variability of heavy metals when phytoremediation proves to be unsuccessful. Therefore, this proposed research investigating metal concentrations in UWTSD testing plot, (where high mortality has been recorded), is contributing to the broader academic debate. 

Before detailing the sampling, methods selected, the next chapter will introduce the test plot and detail some of the site constraints.
3.0 [bookmark: _Toc39513093]Physical Background 

[bookmark: _Hlk36822689][bookmark: _Toc39513094]3.1 Location

The site is situated in Varteg (Blaenavon), near Pontypool and Garndiffaith just of the B4246 road (Grid reference: 03W46, 51N45) (Fig. 3.1 1). It is part of Varteg Hill Reclamation (VHR) (a large-scale restoration project) that employs planting of ten thousand mixed trees (a series of forestry test plots) to remediate a 40-years old opencast coal mine spoil (Desai, Haigh and Walkington, 2019). [bookmark: _Toc39486837]Figure3.1. 1 Varteg Hill Reclamation Project-Location Map, Photo by UKPhoenix79, Vikimedia.org 2008; ScenicCarTours, 2020).

[bookmark: _Hlk36817721]This relic of the Welsh industrial heritage was officially restored to open grazing grassland in 1963 by the National Coal Board, although unsuccessfully (most of the area was found highly degraded and had minimal vegetation cover) (Haigh, 2008).
[bookmark: _Toc39513095]3.2 Weather conditions

The site is exposed to the south and west and experiences harsh weather conditions including prevailing westerly wind, higher the average annual rainfall of 1971–2000 mm/annum, low mean monthly temperatures (2.5 °C -15 °C),  frequent waterlogging in winter and intense drought periods in summer (Plamping et al., 2017).
[bookmark: _Toc39513096]3.3 Geology

Before opencast mining, the site was underlaid with Carboniferous Coal Measure (the western outcrop of the South Wales Coalfield strata) consisting of mudstones, shales, sandstone and coal seams. Currently, it is dominated with 90 to 95% of compacted overburden (a mixture of coal tailings, sandstone rock and clay back-filled into the pit) that is characteristic for South Wales post-mining opencast sites (Plamping et al., 2009; Desai, Haigh and Walkington, 2019; Haigh et al., 2019).
[bookmark: _Toc39513097]3.4 Local Community

According to the Welsh Index of Multiple Deprivation, the whole area of County Borough of Torfaen is in the top 20% of most deprived regions in Wales in terms of health and income (60% of local residents considers their health below ‘good’ and life expectancy is way below the national average) (ERM Ltd, 2015). According to Haigh (2008, p:2), the local environments has been negatively impacted by its industrial past, causing social and economic degradation. He stresses that: “The poor economic and environmental conditions contribute to a culture of hopelessness and alienation” and that community-led environmental projects like ‘Cradle for Nature’ are very effective in combating these issues. 

[bookmark: _Toc39513098]3.5 ‘Cradle for Nature’ 

The Cradle for Nature (CFN) (Fig. 3.5.1) (part of VHR project) was initiated by Professor Martin Haigh (Oxford Brookes University) as an ecological restoration research project inspired by the causes mentioned above. Its purpose was to investigate the best possible way of reclaiming the vastly degraded, albeit ‘officially reclaimed’ landscape back to the local community in a cost-effective way. The objective was to achieve a geological and environmental self-sustainability (i.e. meeting legal, economic requirements, including the establishment of nature-led processes, naturally managing the land) (Haigh and Sawyer, 2020).  
Having established the CFN Haigh was referring to Schaefer's (2006) vision that: 
“the ecological restoration gives Nature enough protection to develop from helpless infancy to something that was, increasingly, able to look after itself, from something artificial and controlled to something that had a direction of its own” (Haigh, 2008, p:6). Figure 3.5. 2 Varteg Hill Reclamation Project (From the left: MD07, UWTSD, CARIAD03 and Opposite Plots Across the Road) (Photo by Morga M., 2019).

[bookmark: _Hlk37159523]The CFN restoration project (Fig. 3.5.2) was launched in 1990 by a group of NGOs (Earth Watch) and community volunteers who demonstrated that more complex local land reclamation activities, even when lacking official funding, are workable (Haigh, 2008; Haigh and Sawyer, 2020). UWTSD Plot
Figure 3.5. 3 Cradle For Nature Project Map (Including UWTSD Testing Plot and Other Testing Sites) (Haigh, 2008; Google Imagery2020).


The CFN site was divided into 17 separate test plots (Fig. 3.5.2) and multiple tree species were planted included common alder (Alnus glutinosa L.), silver birch (Betula pendula Roth.), Welsh oak ((Quercus petraea (Mattuschka) Liebl.), Mountain Ash (Sorbus aucuparia L.), Scots pine (Pinus sylvestris L.) and goat willow (Salix capraea L.) so very mixed planting method. Also, various planting techniques and compost soil enrichment were implemented in the planting experiment (Haigh, 2008; Haigh et al., 2019).
The site was split into two opposite sections by an unpaved fire road, naturally cutting through (Fig. 3.5.3). The testing plots that were situated down beneath the flat plateau (parcel on a lower sloping section) have done particularly well. Today almost half represents a regular woodland formation with dense canopy cover, and multiple fauna species on the site (Haigh and Sawyer, 2020). A recent mammal survey carried out by the Mammal Group Project has found multiple mammal species including a grey squirrel (Sciurus carolinensis), red fox (Vulpes vulpes), wood mouse (Apodemus sylvaticus) (possibly), common shrew (Sorex araneus), rabbit (Oryctolagus cuniculus), owl (Strix aluco), field vole (Microtus agrestis) and brown hare (Lepus europaeus) (D’Aucourt, 2018).Figure 3.5. 4 Picture Shows the Difference in Trees Growth Rate Between Opposite Sections of Cradle For Nature Project (Divided by the Access Road in the Middle (Photo by Morga, M., 2019).


Restoration of the upper section (plateau) has proven to be more challenging. The upper flat-bench section lies between 360m to 384m above sea level, consisting of three testing plots (Cariad03, Mansi’s MD07 and UWTSD) have been experiencing much slower tree growth rates and extensive sapling dieback (Haigh et al., 2019). A thin topsoil cover, heavy metal contamination and low biotic activity were reported by researchers (Plamping et al., 2009; Haigh et al., 2019). All researchers involved in the project suggested that reclamation of mining spoils with trees although cost-effective, takes a long time and the type of planted tree species and local conditions influence the bioavailability of HMs (Smart, 2014; Desai, Haigh and Walkington, 2019).

[bookmark: _Toc39513099]3.4.1	Research Plots on the Upper Plateau

· UWTSD

[bookmark: _Hlk37180285]The UWTSD plot is not doing very well, as only 39% of trees have survived, and growth is mostly stunted. However, it still offers a mosaic of habitats.  Grass sward Agrostis capillaries, Festuca ovina and Galium saxatile, rich in lichens and bryophytes (Haigh et al., 2019) is present as well as heathers and gorses cover which attract various butterflies and invertebrates (Jenkins, 2020 pers comms).  , coal mine wastelands can stimulate the growth of rare lichens and cryptogamic soil crusts that are typically found in deserts, so they become ‘nature reserves’ for those unusual species. 

· Cariad

The Cariad plot (Cariad03) was planted in 2003 with Oak, Alder and Birch trees using three different planting techniques (trench, notch and pit) and by 2006 it has reported a significant loss of trees although the trench-planted trees were found to be doing much better than notch-planted. By 2013 the trees were still struggling, but it was observed that trench planting technique was outperforming the notch and pit plantings (Haigh and Sawyer, 2020). A ten-year tree vitality investigation has reported 39% survival rates for alder and 79% for oaks also confirming the highest survival rates for trench-planted trees (Plamping et al., 2017). 


· Mansi’s 

The Mansi’s plot (MD07) to the right of the UWTSD plot was planted in 2007 and designed as a mono-specific block of trees’ plantation in order to eliminate ‘allelopathy’ [footnoteRef:5] effect. The planted trees were silver birch (Betula pendula, Roth), common alder (Alnus glutinosa (L.) Gaertn.) and non-native European larch (Larix decidua Mill.). Trees were planted with the use of notch-planting technique, and half of them were treated with MGW[footnoteRef:6] compost. Eleven years after planting tests have shown that survival rates have varied between the tree species and the treatment type however the compost treatment did have a positive impact on the tree survival however not so much on the tree height and DBH (Desai, Haigh and Walkington, 2019).  [5:  A biological phenomenon where one plant inhibits the growth of another (Haigh et al., 2019).]  [6:  Municipal Green Waste (Haigh et al., 2019).] 

Additionally, according to (Desai, Haigh and Walkington, 2019), the tree survival rates on MD07 were even higher on average (86%) compared to the Cariad03. However, there were no significant differences regarding the heavy metal concentrations of As, Cd, CU, PB, Zn and Mn in the soil in both plots.
Now that the site specifics have been detailed, the next chapter of the research will set out the exact sampling strategy and how data was collected from the researched UWTSD testing plot. 


4.0 [bookmark: _Toc39513100]Methodology 

Having introduced the research site and presented relevant literature, it is now necessary to introduce the research methods and sampling strategy. 

[bookmark: _Toc39513101]4.1 Test plot 

The subject of this research is the University of Wales Trinity Saint David (UWTSD) phytoremediation project. The plot (outlined in the red square) (Fig. 4.1.1), is part of the larger Cradle for Nature project. The experimental plot is approximately 22mx25m large and is situated in a relatively planar section on the western side of Varteg Hill (Grid reference: Lat 51.745545, Long 3.0788027) (Smart, 2014). UWTSD Testing Plot
25m
[bookmark: _Toc39486637]Figure 4.1. 1 UWTSD Research Plot Location Including Adjacent (Cariad03 and MD07) (Cradle for Nature Project Site).


In order to remediate the land, 400 mixed tree saplings were planted by staff and students in 2005. The Latin square method and notch planting techniques were applied, and the field was ploughed before tree planting (Jenkins, 2019 pers comms). So far, the project has not been very successful in that 61% of trees have disappeared or died.  As a result, the site is now scattered with large patches of bare ground covered with heathers (Calluna vulgaris), and gorse (Ulex europaeus) and many surviving trees are struggling.  Interestingly, two tests plots adjacent to the left and right-hand side of the UWTSD section (Cariad 2003 and MD 2007 respectively) have developed slowly establishing woodland succession (Manasi’s plot, Fig. 4.1.2). Albeit, both projects have used slightly different methodological approaches (s. 3.4.1).[bookmark: _Toc39486638]Figure 4.1. 2 Figure Shows Successfully Establishing Woodland in MD07 (Research Site to the Right of UWTSD) (Picture by Morga, M., 2019).

Although many variables can influence the phytoremediation process, it was inferred that Varteg Hill, is polluted with heavy metals. Pulford and Watson (2003) stress that tree establishment on mining wastes can be strongly limited as they exhibit heterogeneity (a high vertical and horizontal variation of the contamination levels). Desai (2013) indicates that mining waste characteristics favour some heavy metal concentrations, making them phytotoxic to young trees and sensitive plants. Further, Desai, Haigh and Walkington (2019, p:671),  who were involved in the Varteg Hill project has suggested that ‘coal mine spoils usually contain hot spots of severe contamination’ due to the mining waste being mixed into the fill used for the opencast pit reclamation.
Due to the lack of records confirming what substrate was backfilled in the pit during site restoration (1963), makes identifying what causes some trees to die and some to thrive challenging. Therefore, this research is an important contributor to that knowledge gathering.  
[bookmark: _Toc39513102]4.2 Sampling Strategy

The first stage of this research was to consider the secondary data collected annually by staff on tree height, Diameter at Breast Height (DBH) and vitality. While the vitality index uses a 5-score system (0 = missing and 5 = extremely healthy) for the purpose of this research, the grid shown in Figure 4.2.1 simply identifies what trees are still present and which ones are missing or dead. 

Through the collation of UWTSD tree vitality score index (14 years’ worth of secondary data), the potential ’hotspots’ of high tree mortality (strata/clusters) including areas of high tree survival, a total of ten strata (5 each) were selected (Fig. 4.2.1).  Once this grid was computed, the next stage was to select where soil samples could be collected from.  Reeve (2006) suggests that concentrations of HM in post-mining lands may vary widely from ‘sample to sample’ even on a local scale; the same tree species can be subject to different levels of contamination. [bookmark: _Toc39486765]Figure 4.2. 1 Grid Map of Tree High Mortality/Vitality Sections (Derived From UWTSD Secondary Dataset) (Plot Layout and Research Sampling Points Included) (Status 2019).


Furthermore, when sampling larger sites (e.g. UWTSD plot), the high heterogeneity makes sampling activity challenging. In those specific conditions, the recommended sampling method that targets areas of HM spikes in concentrations is an ‘Unequal Sampling’ strategy where the researcher decides the sample number and sampling area size (Reeve, 2006). The key is to accurately define the potentially contaminated areas (e.g. using high tree mortality clusters) initially as identified on the grid in Figure 4.2.1.  Ten samples were taken from within the site perimeter, and a further two control samples were taken outside, one from Cariad (left) and one from Mansi’s plot (right) (Fig. 4.2.2). Collection of the soil samples was done based upon NRW guidelines as their labs would be testing each sample once submitted.
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Maps sourced: OS Vector Map [GML2 geospatial data], Scale 1:10000, Tiles: so20ne,so20nw, Updated: 1 October 2019, Ordnance Survey (GB), Using: EDINA Digimap Ordnance Survey Service, <https://digimap.edina.ac.uk>, Downloaded: 2020-03-12 11:36:59.42[bookmark: _Toc39486766]Figure 4.2. 2 UWTSD Site Sampling Points Locations (S1-S10) Including Control Sample Points (C1, C2) (Cradle for Nature Project) (OS Vector Map, Map Info Pro 16.0 Maps).

Samples were collected from set depths for consistency (20cm) (s. 2.6) with the use of the metal spade and stainless-steel spoon (Fig. 4.2.3, A). The thin topsoil cover was removed before sampling to remove the organic layer mixing with the sampling matter (inorganics were the sampling target) (Fig. 4.2.3, B). They were stored into 200g sampling pots supplied by the Natural Resources Wales (NRW) soil testing lab (Singleton University in Swansea) (Fig. 4.2.3, D) and all twelve samples were delivered to the lab on the same day as they were collected.A
C
B
D
[bookmark: _Toc39486767]Figure 4.2. 3 Soil Sampling Procedure (UWTSD) Including A-Digging, B-Collecting Sample, C-Recording of Grid Location, D- Sampling Pots (Photo by: Morga M., 2019).


It was important that each sample was georeferenced and labelled clearly so as not to mix up any sample specimens. Sampling points were georeferenced (Fig. 4.2.3, C) (down to 4m accuracy using GPS equipment) (Table 4.2.1)



[bookmark: _Toc39486934]Table 4.2. 1 Sample Points (Geo-referenced Locations) (UWTSD Plot) Including S1-S10 and C1, C2 Samples (Accuracy = 4m).

[bookmark: _Toc39513103]4.3 Sample testing

One of the essential components of successful soil sampling that determines good results is using professional soil analytical equipment (e.g. plasma spectrometry) as used by many researchers (Karu et al., 2009; Miklos et al., 2010; Cekstere and Osvalde, 2013; Li et al., 2018).
The soil analysis was carried out by the NRW in Swansea (Singleton Campus). The method applied by the NRW Lab for HM recovery (excluding organic components used for soils, sludges and other sediments) was Trace Metals in Marine Sediments by Microwave Digestion (Aqua Regia or 50% Nitric acid).
First soil samples were freeze-dried and sieved to the required size friction (2mm), before being digested in a closed vessel microwave (Fig 4.3.1, C, D).  with the use of 50% Nitric acid mix or Aqua Regia (Fig 4.3.1, A). Microwave heating of the digestion mixture in close vessels allows the use of elevated temperatures and pressures which bring about a complete dissolution of metals. The digests are then made up to volume with the diagnosed water in a ventilated booth (Fig.4.3.1, B).[bookmark: _Toc39486778][bookmark: _Toc39486943]Figure 4.3. 1 Soil Heavy Sediment Testing for Inorganics Content (A- 1% Nitric Acid Solution, B-Mixing Booth, C,D- Microwaves Used for Drying and Digestion of Soil Samples) (NRW Swansea Singleton Lab) (Photo By Morga M., 2019).


Lastly, the analysis was carried out using mass spectrometry (Thermo Fisher X Series II and Thermo Fisher iCAP 6000 ICP-OES) (E, F Fig. 4.3.2) depending on the required element (Table 4.3.1, Calibration Table). 
Testing labs in the UK (e.g. labs testing the chemistry of soil) are required to comply with the EU and international standard (EN ISO/IEC 17025) (MCERTS) in their testing and calibration methods to be considered ‘technically competent and able to generate valid results’ (Environment Agency, 2018, p:1). E
F
[bookmark: _Toc39486779][bookmark: _Toc39486944]Figure 4.3. 2 Soil Heavy Sediment Testing Mass Spectrometry instruments (E- Inductively Coupled Plasma Mass Spectrometer, F-ICP Emission Spectrometer) (NRW Swansea Singleton Lab) (Photo By Morga M., 2019).


For this particular experiment, NRW lab has stated that calibration ranges (for the required HM) were extended by dilution of the digest (NRW Swansea, 2020) and MRV (Minimum Reporting Values) [footnoteRef:7] (UK Technical Advisory Group on WFD, 2011) are presented in Table 4.3.1. [7:  The lowest concentration of HM that can be routinely determined with a known degree of confidence (above the limit of detection)] 
[bookmark: _Toc39487295]Table 4.3. 1 Minimum reporting Values as Specified in the Calibration Ranges (NRW Swansea, 2020).

[bookmark: _Hlk37321560]In cases of soil chemical testing, in cases when lab analysis involves special preparation of samples (e.g. freeze-drying) specific performance requirements (10% precision and 20% bias) are enforced when testing for inorganics. For the method to be accepted, it must be capable of establishing the concentration levels within above-defined limits (‘critical level of interest’) (Environment Agency, 2018). 
In the case of this research, the NRW lab Quality Control for testing for HM was as follows: Precision[footnoteRef:8]- Better than 10% RSD and Bias[footnoteRef:9]- Better than 15% (Environment Agency, 2018; NRW Swansea, 2020). [8:  A “distribution of several repeated determinations, expressed as the % relative standard deviation” (RSD) (Environment Agency, 2018, P:4).
]  [9:  “The difference (%) between the mean of several determinations obtained under repeatability conditions and the true or accepted concentration” (Environment Agency, 2018, P:3).] 

Finally, the significance of NRW results was subject to various statistical analysis (via methods suggested in the academic literature) in order to test the correlation of the soil chemical composition with high tree mortality hotspots.
Firstly results obtained from UWTSD (2006-2019) secondary data will be analysed through Correlation Coefficient using scatter graphs (Microsoft Excel). Additionally, all required descriptive statistics will be calculated and tabulated if necessary.
Secondly, results obtained from the NRW analysis (heavy metal soil sample loadings) will be tabulated and presented in the form of contour maps (Surfer 17 form Golden Software) to assess spread patterns and confronted against the UK standards for soil contamination to assessed for breaches.
Finally, all results will be analysed with the use of t-test and possibly Wilcoxon rank test statistics in order to test the contamination significance and to compare the high mortality and high vitality zones.
Again, all data will be tabulated and graphed using column cluster diagrams (Microsoft Excel) when necessary. 






[bookmark: _Toc39513104]5.0 Results Analysis and Discussion.

The research aims to investigate the significance of HM concentrations in the soil of the UWTSD testing plot and its influence on tree vitality and cost-effective phytoremediation.
First, it was necessary to assess how many trees have survived on the test plot and assess whether there are any other impacting factors such as meteorological conditions which may explain mortality trends (s. 2.5).
[bookmark: _Toc39513105]5.1 Tree Mortality Results (UWTSD Secondary Data Analysis).
[bookmark: _Toc39487000]Table 5.1. 1 Descriptive Statistics (UWTSD Secondary Data 2019) Including Plot Layout and Sampling Points.


At the time of soil sampling in November 2019 (Autumn), overall recorded tree mortality equalled 61.5% (Table 5.1.1). Among the possible causes of mortality, there are physical factors (e.g. bulk density, land compaction and prevailing weather conditions). Conrad et al. (2002) have discovered that excessive land compaction can have a detrimental effect on tree establishment in reclaimed soils (the lowest recorded tree survival rate noted during an experiment in Eastern Kentucky post-mining slopes (USA) was 61% with the bulk density of 1.8 g/cm3). Interestingly, Haigh and Sansom (1999) together with Haigh and Kilmartin (2015) stated that on Varteg Hill the land is covered with thin organic topsoil (<150mm) and that soil bulk density ranges between 1.6-2.0 g/cm³ (1.82 g/cm³ at 30-50 cm depth) (full table in Appendix 8.21) mainly due to accelerated surface weathering (like wetting-drying including freezing-thawing) causing auto-compaction with progressing time. Although the field was ploughed (s. 4.1) according to Moffat and Mcneill (1994) it would not have a significant effect on the land compaction in the longer run [footnoteRef:10]. It was not possible to carry out bulk density testing (due to time and money constraints), however influence of time (age of the plot) and harsh weather (rainfall and temperature) on the trees’ vitality was investigated (correlating both UWTSD secondary and Met Office South Wales archived weather data). [10:  Ploughing only relieves compaction up to 20cm in soil depth and is short lived (cultivation can last up to six months before soil gets fully recompacted) (Moffat and Mcneill, 1994).] 

When reviewing the mortality data year on year, some anomalies are seen which show markedly higher death rates some years than others. While it might be expected that there be significant mortality in year one after planting as saplings acclimatise, other years are more interesting. 2009 (27%), 2011 (13.25%) and 2014 (6%) respectively (Table 5.1.2), 
[bookmark: _Toc39487001][bookmark: _Hlk39078793]Table 5.1. 2 Analysis of Tree Mortality (Year-On-Year) (Entire UWTSD Plot).

[bookmark: _Hlk38111998]

Some researchers like Shrivastava et al. (2015) state that certain HM compounds (e,g As and Fe) binding with time (especially in aerated conditions) causing accelerated ageing of the plot due to the increased bioavailability ox toxic HH. On the other hand (Watmough and Dickinson (1995) and Bandyopadhyay, Rana and Maiti (2018) believe that with time as the topsoil (organic layer) thickens, soil moisture content (and water holding capacities) can help the plant to develop a significant degree of tolerance (weaker plants are eliminated) which lead to progressive stabilisation of the plantation.
According to Conrad et al. (2002) regardless of the initial mine spoil reclamation technique, tree growth usually stabilises with time (tree survival/mortality supposed to level off by year three of the growing season). Given the anomalous data presented (Table 5.1.2) a correlation coefficient was tested between yearly tree mortality number and time (a possible factor affecting tree vitality) (year-on-year) with the use of Excel scatter plot diagram (R² value and trend line included). 
[bookmark: _Toc39486790]Figure 5.1. 1 Correlation of a UWTSD Plot Age and Yearly Tree Mortality Numbers.

[bookmark: _Hlk38112039]
In Figure 5.1.1, the observed overall trend is negative (with the increasing age of the plot the tree mortality decreases as expected based on the other research) (Conrad et al., 2002; Karu et al., 2009) (thus linear regression curve choice). However, R² value at `0.15 shows' small almost negligible correlation' (0.15 < 0.2) (Martin and Bateson, 1993).
In other words, there is a negligible relationship between tree mortality and the age of the plot. Therefore, other variables would explain the variance in the highlighted anomalous years. Weather conditions, therefore, should be considered as potentially having some effect.

[bookmark: _Toc39513106]5.1.1 Statistical analysis of annual rainfall and tree mortality (2006-2019). 

Table 5.1.1.1 shows the collation of historical rainfall data (South Wales) derived from the Met Office archives (Met Office, no date) recorded for years 2006-2019 at the best available (nearest to UWTSD site) meteorological station  (Cardiff Bute Park, location: 317600E 177300N, Lat 51.488 Lon -3.187). Table 5.1.1. 1 Analysis of Tree Mortality (Year-On-Year) in Relation to Annual Rainfall (2006-2019) (UWTSD Plot).


The historical rainfall data when collated with yearly rainfall outliers show three out of the observed four associated with the annual rainfall result below the mean annual rainfall recorded for the project duration (yr. 6) 930 < (yr. 1) 1130 < (yr. 4) 1199 < (mean) 1200.
Fig. 5.1.1.1 (below) shows the correlation coefficient between the annual rainfall and tree mortality rate (UWTSD site). The scatter plot shows the negative line of fit, indicating that with increased annual rainfall tree mortality on-site drops. It can suggest that drought conditions (or extended dry periods) could be the problem, particularly as the suggested organic material/humus topsoil cover (present on site), capable of storing water is highly limited (Haigh and Sansom, 1999). 
[bookmark: _Toc39486797][bookmark: _Toc39487011]Figure 5.1.1. 1 Correlation of Yearly Tree Mortality and Annual Rainfall at UWTSD Site.

Tanentzap and Ryser (2015, p:1) have discovered that:
“The increased vulnerability of trees to catastrophic xylem dysfunction [footnoteRef:11]under drought may contribute to the observed stunted growth and periodic stem-dieback of trees in metal-contaminated landscapes, the effects being exacerbated by the thin soils”. [11:  Mechanical damage and xylem rupture and exposure to air is something that plants face commonly due to storms, wind, herbivores, pathogens, fires, landslides, floods and human activities among many other factors (Venturas, Sperry and Hacke, 2017).] 

The obtained R² result is suggesting a minimal almost negligible correlation  (R² = 0.017<0.2) (Martin and Bateson, 1993) could be explained by the fact that some trees may disappear (due to stem-dieback) and repeatedly regenerate which may distort the result of tree vitality score data.
[bookmark: _Toc39513107]5.1.2 Association between mean annual temperature and tree mortality rates (2006-2019). 

Another potential variable given the site’s exposed locations is temperature. Moffat and Mcneill (1994) emphasise that the landform design of upland post-mining territories (the steep slopes combined with southerly-northerly aspects and exposed summits) can determine local microclimate so wide range of diurnal temperatures (so freeze-thaw cycles and sudden moisture losses are common in winter/springtime).  
The longer photoperiods along with rising early spring temperatures (a key factor) induce the trees to come out form a dormant state that protects the branches in winter form freeze damage. Warmer spring temperatures make trees to open their buds, and if temperatures drop back down, the late spring frost can cause damage or even kill the plants (Worrell and Nixon, 1991; Tylewicz et al., 2018). 
For this research, an annual tree mortality rate was investigated against changing average low temperatures in spring months (March, April and May). Table 5.1.2. 1 Analysis of Tree Mortality Numbers (Year-On-Year) in Relation to Annual (Spring) Mean Temperatures (2006-2019) (UWTSD Plot).

 
Table 5.1.2.1 presents (descriptive statistics) mean annual (including minimum) temperatures recorded for 2006-2019 (data sourced from Met Office archives as previously). It was observed that temperature among highlighted (anomalies) was slightly lower than the overall average temperature in spring months (mean value was 7.84 ˚C) with the lowest in 2009 (5.66 ˚C) (the highest recorded tree mortality). However, in 2010 average spring temperature dropped even lower (5.10 ˚C) and yet mortality rates were low (n=8) and in 2011 when 53 dead trees were recorded, the mean spring temperature went up to 6.93 ˚C. There appears to be no apparent relationship; however, a study on Ohio buckeye (Aesculus glabra) (2007-2009) have shown that sub-freezing temperatures that maintained for eight days in April (2007) causing terminal buds shrivel resulted in high mortality in large tree saplings within one year ((most of the trees were dead by spring (2008)) (Augspurger, 2011). 
[bookmark: _Toc39513108]5.2 Analysis of the soil chemistry (inorganics) for the UWTSD research site. 

Having looked at tree mortality trends in the secondary data, it is now necessary to consider the primary results based on soil sampling of heavy metals. The key metals suggested by other research (s. 2.5.1) are Zn, Cd, Mn, Pb, Cu (common for all research). Table 5.2.1 includes these extra ten metals (specified and tested by NRW Lab in Swansea) (s. 4.3).
 Table 5.2. 1 Heavy Metal Concentrations in Sampled Soil (S1-S10 and C1, C2) Obtained From NRW Soil Testing Lab (Swansea) (UWTSD Research Plot Results, 2019).

Table 5.2.2 Soil HM Threshold Values sourced from: (British Geological Survey, 2013, 2020; Haigh and Kilmartin, 2015; Desai, Haigh and Walkington, 2019; Haigh et al., 2019).Table 5.2. 2 Collation of Heavy Metals Concentrations in Soil (Descriptive Statistics) (UWTSD) With Various Threshold Contamination Levels Available in UK/Wales.



In order to consider the relevance of the sampled data, it is first necessary to compare with the standard threshold background levels. There are many different published soil standards (permissible or maximum HM concentrations in soil) recommended and applied in the UK/Wales. Moreover, there are soil Normal Background Levels (NBC’s) of contamination and maximum permissible levels of heavy metal contamination which are different for various land use types (domain) in UK and Wales (British Geological Survey, 2013; Haigh and Kilmartin, 2015). For example, Arsenic (As) NBC’s levels according to British Geological survey is 36 mg/kg for Principal domain and 67 mg/kg for Mineralization (mining land) domain[footnoteRef:12] for Wales. [12:  ‘Contaminant domains’ are the most significant areas of elevated contaminant concentrations (an upper threshold value assigned to region of type of land use) (Ander et al., 2013).] 

It is challenging to state which ones should directly apply to the investigated plot. However, when collated with UWTSD results (descriptive stats), the HM concentrations fall below the normal background levels (NBC’s) (including ‘allowable’ or ‘intervention’) standards (Table 12). British Geological Survey (BGS) recognised five contaminants to be the most hazardous (life-threatening) elements (i.e. As, Cd, Cu, Hg and Ni) (in line with a Part 2A Contaminated Land Statutory Guidance). The obtained results show that the land is ‘not contaminated’ (does not impose any harm; therefore, no regulatory intervention is required) (Public Health England, 2019; British Geological Survey, 2020).
[bookmark: _Hlk39299352][bookmark: _Hlk39178068]The only outlier found was an Mn maximum value (1760>1500 mg/kg according to the UK’s ‘Commercial end-use’ 2006 guideline) (red mark, Table 12) recorded in the high mortality stratum. The investigated example has second-highest tree mortality (Sample 4 = 88%) (Table 5.2.2). However, Mn is recognised as essential, especially for tall plants and it does not kill plants in elevated values (although it can visibly harm them) (s. 2.5.1). Interestingly, Reichman (2014) reports that waterlogged soils encourage Mn uptake by plants (toxic symptoms were observed in fruit trees like Malus and Pyrus sp.). Surprisingly, he also informed that the reduction of soil compaction often leads to increased Mn availability in soil (therefore increased toxicity).
[bookmark: _Toc39513109]5.2.1 Distribution of HM presented as a combination of GPS locations (individual sampling points) with soil sampling NRW results to create interpolated contour map for each tested HM.

HM contamination (contour) maps were created to show the spread patterns for each element tested to areas of increased concentrations (possible hotspots or synergies). Maps were produced using Surfer 16.0 (MS Golden Software). The similar technique was utilised in a similar study (MD03 Control 2) site (Desai, 2013) and due to the UWTSD testing site experiencing increased mortality it was vital to analyse the HM arrangement to highlight specific patterns (of any significance). 
Firstly, maps of the most commonly tested elements (s. 2.6.) were presented  (Zn, Cd, Mn, Pb, Cu) including As, Hg and Ni specified as most toxic soil contaminants found in Welsh post-mining soils (Desai, 2013; British Geological Survey, 2020). 
Table 5.2.1. 1 Common HM Tested at UWTSD Including Most Toxic Soil Elements (Wales) (Zn, Cd, Mn, Pb, Cu, As, Hg, Ni).












Contour maps in Table 5.2.1.1 show a thought-provoking HM distribution: six out of eight tested HM show highest concentration in the middle of the plot (Mn, Cd, Zn, Ni, Hg, As) and six out of eight demonstrate increasing concentrations in the middle-upper sections of the plot except for Cu (upper and lower sections) and Hg (only lower section). 
The remaining seven HM tested by NRW (s. 4.3.) but not covered by UK standard threshold levels (so not commonly found in UK soil in toxic to humans’ concentrations) were presented in Table 5.2.1.2.Table 5.2.1. 2 HM Tested at UWTSD and Specified in NRW Test (Not Included in any Standard Threshold Levels).

















Contour maps in Table 5.2.1.2 show (Fe, Ba) as only two out of seven HM with the highest concentration in the middle and that all seven HM (of increased concentrations) are in the upper section of the plot. Fe exhibits the highest concentrations in the mid and upper section and Al and Li reaching highest concentrations in upper and lower sections (excluding central spot).
Although presented maps are based on small sample number (N = 10 soil samples), it can be observed that overall tendency is that HM display higher concentrations in the middle or higher sections with some exemptions (five HM are extending to lower sections with Hg concentrating in the lower section only).
Due to the multiple HM concentrations overlapping each other, a common phenomenon of HM synergistic/antagonistic effect is also a possibility. It is something that is broadly mentioned in literature on soil pollution and occurs when two independent HM interact with each other causing increased uptake of specific HM of further damage or even killing the plants. For example, Morrissey and Guerinot (2009) discovered that Cd could actively interfere with Fe transport (roots to shoots) resulting in overaccumulation in roots while starving the rest of the plant (antagonistic effect observed in Brassica napus plant). Analysing of Cd (Table 5.2.1.1) and Fe (Table 5.2.1.2) contour maps show the concentration of discussed HM matching very well. 
On the other hand, Desai (2013) informs that Cd and Zn were found to have a synergistic effect. The higher concentrations of Cd in soil (Cd is found to be highly toxic to plants) the more increased uptake of Zn is occurring (Zn, although essential to plants, in higher concentrations can severely damage to roots and foliage) (s. 2.5.1.). Both metals also occupy matching UWTSD sections (Table 5.2.1.1).
It appears that the middle and upper sections of the UWTSD could suffer from ‘hotspots’ (spikes in HM concentrations) in line with the observed high tree mortality area (Table 5.1.1, Tree Survival Rate). Therefore, it is justified to perform additional statistics to test the significance of HM concentrations in high vitality/high mortality sections in UWTSD. 


[bookmark: _Toc39513110]5.3 HM statistical testing 

It was essential to test whether any HM concentrations/hotspots have likely caused tree mortality or poor development. To achieve this a significance testing was done for each of the 15 metals analysed. 

[bookmark: _Toc39513111]5.3.1 T-test

A t-test (two samples assuming equal/unequal variances) was conducted for all 15 inorganic elements (using Microsoft Excel Analysis ToolPak) to compare difference of Cd content in soil ((high tree mortality (S1-S5) with high vitality (S6-S10)) samples. All non-significant results that have not been discussed in this section are found in the Appendix (8.1-8.20). 
Due to the fluctuating results, an F-test statistic was used to establish equal/unequal variances (NIST Sematech, 2013). All 15 tests were based on an alpha value of 0.05.
The null hypothesis assumed that there is a significant difference between the amount of Cd in high mortality and high vitality sections in all 15 HM contents. 
[bookmark: _Hlk38914764]Table 5.3.1.1 (including diagram) shows that the highest Mn value was recorded in S4 (high mortality) and Mn content in soil control samples C1 (Cariad03) and C2(MD07) is slightly lower (assumed lower contamination in those adjacent plots).

[bookmark: _Toc39487046][bookmark: _Hlk38909660]Table 5.3.1. 1 Manganese (Mn) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Hlk38912524][bookmark: _Toc39487047]Table 5.3.1. 2 Manganese (Mn) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).


In table 5.3.1.2 F-test result is F (4) = 1.42<F Crit. = 6.39, p = 0.37 therefore the sample variances are equal. The Mn concentrations in high mortality (M = 785.2, SD = 576.87, n = 5) were hypothesized to be significantly higher than the high vitality (M = 734.2, SD = 484.86, n = 5). T-test showed marginally higher concentrations in Mn (high mortality), but not significant, t (8) = 0.51, p = 0.31 (one-tailed) therefore, hypothesis was rejected. Nonetheless, the observed higher tree mortality (e.g. S4 = 88%, Table 5.1.1) could be linked with potential extensive waterlogging that occurs in middle sections of the UWTSD causing increased Mn uptake that can harm (or weaken) the planted trees (s. 5.2).
Table 5.3.1.3 (including diagram) shows highest Cd value recorded in S4 and S10 (both low and high mortality) and Cd content in soil control samples C1 (Cariad03) and C2(MD07) is marginally lower.[bookmark: _Toc39487048]Table 5.3.1. 3 Cadmium (Cd) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487049]Table 5.3.1. 4 Cadmium (Cd) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).


[bookmark: _Hlk38910815]In table 5.3.1.4 F-test result is F (4) = 1.03<F Crit. = 6.39, p = 0.49 therefore the sample variances are equal. The Cd concentrations in High Mortality (M = 0.39, SD = 0.08, n = 5) was hypothesized to be significantly higher than the High Vitality (M = 0.36, SD = 0.08, n = 5). T-test showed marginally higher concentrations in Cd (high mortality) but not significant, t (8) = 0.51, p = 0.31 (one tailed) therefore hypothesis was rejected. 
[bookmark: _Hlk38981750]Table 5.3.1.5 (including diagram) shows the highest As value recorded in S3 (high mortality) and As content in soil control samples C1 (Cariad03) and C2 (MD07) comparable with high vitality levels.[bookmark: _Toc39487050]Table 5.3.1. 5 Arsenic (As) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).


[bookmark: _Toc39487051]Table 5.3.1. 6 Arsenic (As) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).


In table 5.3.1.6 F-test result is F (4) = 13.78>F Crit. = 6.39, p = 0.01 therefore the sample variances are unequal. The As concentrations in high mortality (M = 9.25, SD = 1.98, n = 5) was hypothesized to be significantly higher than the high vitality (M = 7.72, SD = 0.53, n = 5). T-test showed the concentrations in As (high mortality) are significantly higher, t (8) = 2.16, p = 0.04 (one-tailed) therefore hypothesis was accepted (his will be discussed further at the end of this section).
Table 5.3.1.7 (including diagram) shows the highest Pb value recorded in S10 (high vitality) and Pb content in soil control samples C1 (Cariad03) and C2(MD07) is marginally lower compared to S1-S10. Unexpectedly, the two highest values (S7, S10) fall within the high vitality cluster (further discussion at the end of this section).[bookmark: _Toc39487052]Table 5.3.1. 7 Lead (Pb) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Hlk38983470]
[bookmark: _Toc39487053]Table 5.3.1. 8 Lead (Pb) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

In table 5.3.1.8 F-test result is F (4) = 7.65>F Crit. = 6.39, p = 0.04 therefore the sample variances are unequal. The Cu concentrations in high mortality (M = 29.90, SD = 2.58, n = 5) was hypothesized to be significantly higher than the high vitality (M = 31.30, SD = 7.14, n = 5). T-test, however, confirmed the marginally higher concentrations in Cu (high vitality), albeit not significant, t (5) = -0.41, p = 0.35 (one-tailed) therefore, the hypothesis was rejected. 
Table 5.3.1.9 (including diagram) shows the highest Fe value recorded in S8 (high vitality) and Fe content in soil control samples C1 (Cariad03) and C2(MD07) comparable with high vitality cluster. Overall, S1-S5 (high mortality) Fe concentrations are looking slightly higher than S6-S10 (high vitality). [bookmark: _Toc39487054]Table 5.3.1. 9 Iron (Fe) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).


[bookmark: _Toc39487055]Table 5.3.1. 10 Iron (Fe) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

In table 5.3.1.10 F-test result is F (4) = 2.61<F Crit. = 6.39, p = 0.19 therefore the sample variances are equal. The Fe concentrations in high mortality (M = 24756, SD = 2203.65, n = 5) was hypothesized to be significantly higher than the high vitality (M = 21744, SD = 3562.64, n = 5). T-test showed higher concentrations in Fe (high mortality) but not significant, t (8) = 1.61, p = 0.07 (one-tailed) therefore hypothesis was rejected.
The overall analysis suggests the trend that HM concentrations in high mortality samples are marginally (or slightly) higher compared to high vitality samples, however, the resulted differences are not significant except for one outlier (Arsenic) (Table 5.3.1.6). 
The Pb concentrations (Table 5.3.1.7) showed the highest value in high vitality samples (S10) against the overall trend. According to Watmough and Dickinson (1995), Pb is highly mobile in more acidic (contaminated) soils which makes it readily absorbed by trees. Interestingly, the highest tree survival rate is also in S10 (S10 = 80%, Table1), which may suggest the highest leaf uptake in this section. Watmough and Dickinson (1995) also suggest that leaf-drop is often responsible for higher values in soil due to the HM being absorbed out from deeper layers and deposited in the upper soil horizon [footnoteRef:13]by decaying leaf matter.  [13:  Subsequent layers of the soil (with different characteristics) (O-organic layer, A-topsoil, B-subsoil, C-parent material) (Karu et al., 2009).] 

It is vital to mention that maximum permissible/allowable levels (Table 5.2.2) only consider toxicity concerning human health (plants or trees are not included) (British Geological Survey, 2013). In fact, they encourage the planting of flowers in gardens with contamination issues (Category 2/3)[footnoteRef:14] to cover the toxic soil (Public Health England, 2019). Haigh and Kilmartin (2015) state that maximum permissible As levels (UK) is 50 mg/kg for 'commercial end-use', however, Desai (2013) in her phytoremediation paper considers As at 1-4 mg/kg to be normal level and concentrations of 10 mg/kg (upwards) to be critical (e.g. Table 5.3.1.5 shows S3 = 11.94 mg/kg, S4 = 10.44 mg/kg so above 10 mg/kg suggested threshold). Therefore, even small differences in As could potentially have a significant influence on young tree saplings. Moreover, Shrivastava et al. (2015) believe that concentrations of As> 3.6 mg/kg can be toxic to the most plant. [14:  Category 2/3 border defines the point at which land is determined as contaminated land under the Part 2A of the Environmental Protection Act (1990) (Public Health England, 2019).] 

Nevertheless, it is challenging to determine exact As values as other factors like pH, weather, soil type and many more (s. 2.5.) can have a significant influence on HM mobility and solubility. For example, Shrivastava et al. (2015) stressed that bioavailability of As in contaminated soils could be increased even with the ageing of the contaminated plot due to As bonding to iron oxyhydroxides.
Lastly, an interesting observation was made that majority of highest and second-highest HM concentrations results (10 highest and 7-second highest out of 15 total) was located in S3, S4 and S5 (high mortality samples) which recorded three the highest tree mortality rates (4%, 12%, 8% respectively). Considering As, three of the highest values fall within three highest tree mortality sectors (S3 = 11.94 mg/kg, S4 = 10.44 mg/kg, S5 = 8.75 mg/kg, Table 5.3.1.5). Therefore, it was vital to investigate the correlation between trees survivability and HM concentrations further in UWTSD soil.
[bookmark: _Toc39513112]5.3.2 Correlation of Tree Survival rates and Arsenic (As) concentrations across the whole site (UWTSD 2019, 10 soil samples).

It was implemented in order to test whether increasing As concentration can cause decreasing tree survival rates.  Following up the Arsenic t-test result (significant difference between high mortality and high vitality) including the S3-S5 linking to high tree mortality, it was vital to test if As can be linked with the increased tree mortality on site.[bookmark: _Toc39486806][bookmark: _Toc39487021]figure 5.3.2. 1 Correlation of As Content (S1-S10) and Tree Survival Rate at UWTSD Site (2019).


The correlation coefficient was tested between the tree survival rate and As results (2019 status). Due to the previous result, it was assumed that As can affect the growth of the tree. The Excel scatter plot diagram was used and (R² value and trend line were included). 
[bookmark: _Hlk39307402]The scatter plot (Fig. 5.3.2.1) shows the overall trend to be negative (with the increasing As the tree survival rates are decreasing) (linear regression curve line). Also, the R² value (R² = 0.4) shows borderline (low to moderate) correlation (0.4-0.7 stands for moderate, substantial) giving a small to a substantial relationship (Martin and Bateson, 1993). Also, Haigh and Kilmartin (2015) informed that plants growing in Varteg Hill site could suffer due to the lack of vital mineral nutrients (nitrogen, phosphorus and potassium) due to wafer-thin organic matter coverage. Moreover, Shrivastava et al. (2015) stated that As (unlike Pb and Hg) shows stronger toxicity in its inorganic forms found in contaminated land. It suggests a possible link and could point out towards further studies. Nevertheless, he adds that As release into the environment is a highly complex process which can require combined multi-disciplinary studies including (microbiological, hydrological, and geochemical approaches) to understand fully. Additionally, other HM correlations with tree survival rates were also checked and resulted not significant.
[bookmark: _Toc39513113]5.3.3 Comparison of extremes (S3, the highest tree mortality to S10, the highest tree vitality sample) in UWTSD (2019 status).

Lastly, referring to the earlier observed relationship between HM high concentrations in samples taken from the middle of the UWTSD (S3, S4, S5) with the highest tree mortality in those fields the lowest concentrations were also investigated, It turned out that 9/15 (lowest) HM concentrations and 12/15 (second-lowest) HM concentrations were found in S6-S10 (high vitality) samples.
Figure 5.3.3.1 shows the differences in HM concentrations between extremes; S3 (highest tree mortality) and S10 (highest tree survival rate) (e.g. Cd and Mn levels are much higher in S10, and Hg concentrations are much higher in S3). [bookmark: _Toc39486813]Figure 5.3.3. 1 Difference in HM Concentrations between S3 (Highest Mortality) and S10 (Highest Vitality) Samples (Proportions Diagram).


Data was tested first with the use of SPPS Statistic Solutions (2019) software and descriptive statistics were calculated for S3 and S10 to determine data distribution (results in Table. 5.3.3.1). 
The observations for S3 had an average of 2778.12 (SD = 7411.99, SEM = 1913.77, Min = 0.12, Max = 25520.00, Skewness = 2.44>2, Kurtosis = 4.42>3). The observations for S10 had an average of 2626.02 (SD = 6585.53, SEM = 1700.38, Min = 0.06, Max = 21050.00, Skewness = 2.23>2, Kurtosis = 3.13>3) which suggested data was not normally distributed.
[bookmark: _Toc39487061]Table 5.3.3. 1 Descriptive Statistics (S3, S10) Results (SPPS Statistic Solutions Software 2019).

The Wilcoxon matched-pairs (signed rank) test was used (due to data not being normally distributed) to determine whether there was a significant difference in HM concentrations between the two contrasting samples (S3 with 96% tree mortality and S10 with 80% of survived trees) (both highest scores).	It was hypothesised that HM concentrations in S3 would be significantly higher than S10 (possibly causing higher tree mortality).				
The Wilcoxon Matched Pairs test (based on an alpha value of 0.05) resulted in W stat = 47 > W crit. = 25 (n=15, p = 0.05) therefore the difference between S3 and S10 was not significant and hypothesis was rejected. 
The test of comparison of total HM loadings between individual UWTSD samples showed insignificant results which may come in line with Desai, Haigh and Walkington (2019) saying that most ex-coalmining sites in Wales do not exceed maximum HM concentrations levels and that Varteg Hill coal heap spoil as a whole is considered to be marginally contaminated. Nevertheless, they stressed that the experimental site could suffer from local spikes in individual HM concentrations (hotspots) a common feature in those types of land. They can affect the plant’s growth through localised phytotoxic events. For example, Haigh and Kilmartin (2015) suggested that soil organic carbon levels (essential for plants) are negatively affected in Varteg Hill by high levels of Cu, Mn, Fe and Zn in various locations. 



[bookmark: _Toc39513114]6.0 Conclusions

The UK and especially South Wales’ environment undoubtedly suffer from vast regions of degraded and abandoned mine spoils, and latest weather events have only exacerbated the threat of those unstable lands imposed on Welsh Valley communities (e.g. widely reported landslides).
Based on the example of fulfilling reclamation projects (e.g. Cradle for Nature), phytoremediation with trees can be a successful and cost-effective long-term solution. However, numerous researchers emphasize that it highly depends on the combination of numerous inter-related factors including a contaminated soil (effectively a plants’ growing medium) which is influenced by physical, chemical, and biological factors. 
The observed tree mortality rates in the research site (mostly middle and upper sections) were very high (61.5% overall) and fluctuated significantly as 50-60% differences in survivability ranging from 4% to 80% (over the course of few metres) were discovered. Even primary visual comparison with adjacent research plots (lesser 10%-20% mortality rates) suggests that the examined area can be affected with high spatial heterogeneity of HM concentrations. 
It was inferred that such an accumulation of inorganics could favour the creation of ‘hotspots’ and can encourage synergistic/antagonistic effects (e.g. Cd and Fe) that can further affect the plants' health. Concurrently however some results can be misleading to some degree (e.g. an increase of Pb concentrations in upper horizon exacerbated by leaf-drop). It shows that monitoring and testing of some reactions are very challenging, and further studies are required.
Nevertheless, the correlation of tree mortality with suggested physical factors (i.e. plot’s age, annual rainfall and temperature) have shown small or negligible relationships despite a few anomalies appearing in year-on-year trees mortality records. The literature linked it with the prolonged drought periods in summer, or sudden temperature drops below freezing in spring. However, those are very challenging to make accurate records without regular site visits or installing temperature monitoring devices.
Regarding chemical components, none of the HM (except for Mn) exceeded the UK standard limits of contamination (in line with the records suggesting marginal contamination in South Wales mine spoils). Interestingly, Mn was found to exceed the limits (in high mortality region) and possibly harm the young trees. The suggested reasons were excessive waterlogging and ploughing, which can temporarily reduce soil compaction that leads to enhanced Mn bioavailability, further weakening or even poisoning the plants.
An intended end-use like carbon storage, conservation, biodiversity, or recreation for the reclaimed plot (functions suggested by some researchers and the Welsh Government itself) could be a key factor influencing initial restoration-led approach. It should encourage the crucial local stakeholders’ consultation and seeking specialist advice (e.g. environmental NGO’s) (in line with the government recommendation). Those initial efforts could become a stimulus for funding to reclaim those ‘value-less’, abandoned landscapes.
[bookmark: _Hlk39320391]Last and perhaps the most significant finding was the increased As levels (although not exceeding recommended thresholds set for humans health) it was suggested to have a considerable effect on young tree saplings in much smaller concentrations (little over 3.6-4mg/kg). In the case of UWTSD, it was way over 10mg/kg in high mortality zones and acidity of contaminated lands was mentioned to even intensify the As toxicity. Although the correlation between the increasing As levels and associated tree mortality levels came up borderline of low to moderate (small to a substantial relationship), researchers have unanimously declared a mineral nutrient deficiency as one of the causes of diminishing trees on Varteg Hill. The fact that As was found to have its 3 out of 5 highest results in the 3 of 5 highest mortality zones suggests the possible link and justifies further studies. Perhaps soil testing should be essential before implementing phytoremediation?
[bookmark: _Toc39513115]
6.1 Limitations and Recommendations

The presented research emphasized the fact that HM concentrations in soil are a complicated matter and challenging to test when considered as an individual factor. They should be tested along with other associated factors influencing on the effectiveness of phytoremediation with trees. 
Some limitations that could have had a major effect on the obtained results are:
· Soil samples were taken in November (in one day) so more frequent studies are recommended (e.g. monthly or seasonal) which could also solve the problem of limited sample size and reliability of the statistical analysis.
· Soil pH, bulk density, moisture content and organic matter (including plants essential nutrients) which are vital factors as well have not been tested. It is recommended to broaden the spectrum of measured parameters to obtain more representative, unambiguous results.
· Many researchers perform the leaf/bark HM uptake (yearly) for comparison purposes (which has been omitted due to time/money constraints) and are also highly recommended of doing.
· Tree species and their ability to withstand the harsh mining spoil conditions are also a crucial element (not included in this research due to time constraints) therefore further studies should include a more in-depth analysis with consideration of tree planting techniques.
·  Most researchers specify five critical HM (Zn, Cd, Mn, Pb, Cu) when assessing phytoremediation results however a possible As a contribution in toxifying effect was discovered therefore increasing the essential number to six HM is suggested (As is found as one of the most persistent toxic contaminants found in Welsh soil in general). 
Lastly, it is vital to mention that a primary goal for phytoremediation with trees is to be a cost-effective, viable tool for reclaiming of post-mining regions. An assessment of the progression in specific circumstances can become a very complex and challenging task (often quite expensive). Therefore, careful consideration of cost should always be part of the testing justification process.
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8.0 Appendices

[bookmark: _Hlk38916134]Appendix 8.1 (including diagram) shows that the highest Zn value was recorded in S4 (high mortality) and Zn content in soil control samples C1 (Cariad03) and C2(MD07) is comparable to high vitality levels. [bookmark: _Toc39487101]Appendix 8. 1 Zinc (Zn) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).



[bookmark: _Toc39487102][bookmark: _Hlk38916227]Appendix 8. 1 Zinc (Zn) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).



[bookmark: _Toc39487103]Appendix 8. 2 Zinc (Zn) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Toc39487104]Appendix 8. 2 Zinc (Zn) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Hlk38914581]
In Appendix 8.2 F-test result is F (4) = 2.81<F Crit. = 6.39, p = 0.17 therefore the sample variances are equal. The Zn concentrations in high mortality (M = 98.9, SD = 17.01, n = 5) were hypothesized to be significantly higher than the high vitality (M = 85.12, SD = 10.16, n = 5). T-test showed higher concentrations in Zn (high mortality) but not significant, t (8) = 1.56, p = 0.08 (one tailed) therefore hypothesis was rejected.
[bookmark: _Hlk38962731]Appendix 8.3 (including diagram) shows that the highest Hg value was recorded in S3 (high mortality) and Hg content in soil control samples C1 (Cariad03) and C2(MD07) is comparable with  both high mortality and high vitality levels (except value in S3 which is double the second highest in S10). [bookmark: _Toc39487107]Appendix 8. 4 Mercury (Hg) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Toc39487108]Appendix 8. 4 Mercury (Hg) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).
[bookmark: _Toc39487105]Appendix 8. 3 Mercury (Hg) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487106]Appendix 8. 3 Mercury (Hg) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).


[bookmark: _Hlk38978798]In Appendix 8.4 F-test result is F (4) = 13.83>F Crit. = 6.39, p = 0.01 therefore the sample variances are unequal. The Zn concentrations in High Mortality (M = 98.9, SD = 17.01, n = 5) was hypothesized to be significantly higher than the High Vitality (M = 85.12, SD = 10.16, n = 5). T-test showed higher concentrations in Zn (high mortality) but not significant, t (8) = 1.56, p = 0.08 (one tailed) therefore hypothesis was rejected.
Appendix 8.5 (including diagram) shows the highest Ni value recorded in S4 (high mortality) and Zn content in soil control samples C1 (Cariad03) and C2(MD07) comparable with both high mortality and high vitality levels. [bookmark: _Toc39487109]Appendix 8. 5 Nickel (Ni) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487110]Appendix 8. 5 Nickel (Ni) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487111]Appendix 8. 6 Nickel (Ni) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Toc39487112]Appendix 8. 6 Nickel (Ni) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).









	

[bookmark: _Hlk38973200]In Appendix 8.6 F-test result is F (4) = 1.80<F Crit. = 6.39, p = 0.29 therefore the sample variances are equal. The Ni concentrations in High Mortality (M = 33.10, SD = 9.10, n = 5) was hypothesized to be significantly higher than the High Vitality (M = 27.08, SD = 6.79, n = 5). T-test showed higher concentrations in Ni (high mortality) but not significant, t (8) = 1.19, p = 0.13 (one tailed) therefore hypothesis was rejected.
[bookmark: _Hlk38974793][bookmark: _Hlk38979421]Appendix 8.7 (including diagram) shows the highest Cu value recorded in S5 (high mortality) and Cu content in soil control samples C1 (Cariad03) and C2(MD07) is comparable with both high vitality and high mortality levels (except S3, S5 and S9). [bookmark: _Toc39487113]Appendix 8. 7 Copper (Cu) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Toc39487114]Appendix 8. 7 Copper (Cu) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).
[bookmark: _Toc39487115]Appendix 8. 8 Copper (Cu) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).


[bookmark: _Toc39487116][bookmark: _Hlk38974867]Appendix 8. 8 Copper (Cu) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).



In Appendix 8.8 F-test result is F (4) = 1.63<F Crit. = 6.39, p = 0.32 therefore the sample variances are equal. The Cu concentrations in high mortality (M = 34.56, SD = 6.92, n = 5) was hypothesized to be significantly higher than the high vitality (M = 33.70, SD = 5.41, n = 5). T-test showed marginally higher concentrations in Cu (high mortality) but not significant, t (8) = 0.22, p = 0.42 (one tailed) therefore hypothesis was rejected.		
Appendix 8.9 (including diagram) shows the highest Sr value recorded in C2 (Cariad03) and the lowest in C1 (MD07) (unusual setting). Also, Sr content in S1-S5 is marginally higher that S6-S10. (Dresler et al., 2018) states that strontium (on its own) is not considered particularly toxic to plants (2.5.1). [bookmark: _Toc39487119]Appendix 8. 10 Strontium (Sr) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Toc39487120]Appendix 8. 10 Strontium (Sr) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).
[bookmark: _Toc39487117]Appendix 8. 9 Strontium (Sr) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487118]Appendix 8. 9 Strontium (Sr) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).


[bookmark: _Hlk38982296]In Appendix 8.10 F-test result is F (4) = 2.88<F Crit. = 6.39, p = 0.17 therefore the sample variances are equal. The Sr concentrations in high mortality (M = 107.5, SD = 14.77, n = 5) was hypothesized to be significantly higher than the high vitality (M = 100.38, SD = 8.71, n = 5). T-test showed marginally higher concentrations in Sr (high mortality) but not significant, t (8) = 0.93, p = 0.19 (one-tailed) therefore hypothesis was rejected.
[bookmark: _Hlk38982622]Appendix 8.11 (including diagram) shows the two highest Ba values recorded in S3, S4 (high mortality) and Ba content in soil control samples C1 (Cariad03) and C2(MD07) is comparable with high vitality levels. [bookmark: _Toc39487121]Appendix 8. 11 Barium (Ba) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487122]Appendix 8. 11 Barium (Ba) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487123]Appendix 8. 12 Barium (Ba) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Toc39487124]Appendix 8. 12 Barium (Ba) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).


[bookmark: _Hlk38999541]In Appendix 8.12 F-test result is F (4) = 3.67<F Crit. = 6.39, p = 0.12 therefore the sample variances are equal. The Ba concentrations in high mortality (M = 194, SD = 60.02, n = 5) was hypothesized to be significantly higher than the high vitality (M = 154, SD = 31.33, n = 5). T-test showed higher concentrations in Ba (high mortality) but not significant, t (8) = 1.32, p = 0.11 (one-tailed) therefore hypothesis was rejected.
[bookmark: _Hlk38996907]Appendix 8.13 (including diagram) shows the two highest Cr value recorded in S5 (high mortality) and second highest in S10 (high vitality). Cr content in soil control samples C1 (Cariad03) and C2(MD07) is slightly lower compared to S1-S10 and S1-S5 and S6-S10 looking to have comparable Cr content level.[bookmark: _Toc39487125]Appendix 8. 13 Chromium (Cr) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487126]Appendix 8. 13 Chromium (Cr) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487127]Appendix 8. 14 Chromium (Cr) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Toc39487128]Appendix 8. 14 Chromium (Cr) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).


In Appendix 8.14 F-test result is F (4) = 1.28<F Crit. = 6.39, p = 0.41 therefore the sample variances are equal. The Cr concentrations in high mortality (M = 24.84, SD = 5.55, n = 5) was hypothesized to be significantly higher than the high vitality (M = 25.34, SD = 4.90, n = 5). T-test showed marginally higher concentrations in Cr (high vitality) (albeit not significant), t (8) = -0.15, p = 0.44 (one-tailed) therefore hypothesis was rejected. 
Appendix 8.15 (including diagram) shows the highest Al value recorded in S5 (high mortality). Al content in soil control samples C1 (Cariad03) and C2(MD07) is comparable to S6-S10 (high vitality) and slightly higher than S1-S5 (high mortality) levels. [bookmark: _Toc39487129]Appendix 8. 15 Aluminium (Al) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487130]Appendix 8. 15 Aluminium (Al) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487131]Appendix 8. 16 Aluminium (Al) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Toc39487132]Appendix 8. 16 Aluminium (Al) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

In Appendix 8.16 F-test result is F (4) = 4.65<F Crit. = 6.39, p = 0.08 therefore the sample variances are equal. The Al concentrations (high mortality (M = 12449.40, SD = 5.5029.04, n = 5) was hypothesized to be significantly higher than the high vitality (M = 12794, SD = 2332.71, n = 5). T-test showed marginally higher concentrations in Al (high vitality) (albeit not significant), t (8) = -0.14, p = 0.45 (one-tailed) therefore hypothesis was rejected. 
[bookmark: _Hlk39001156]Appendix 8.17 (including diagram) shows the highest V value recorded in S10 (high vitality) and second S5 and third S1 in high mortality. V content in soil control samples C1 (Cariad03) and C2(MD07) is comparable to S1-S10 levels (except for the above-mentioned maximum values).[bookmark: _Toc39487133]Appendix 8. 17 Vanadium (V) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487134]Appendix 8. 17 Vanadium (V) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487135]Appendix 8. 18 Vanadium (V) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Toc39487136]Appendix 8. 18 Vanadium (V) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).


[bookmark: _Hlk39002498]In Appendix 8.18 F-test result is F (4) = 1.13<F Crit. = 6.39, p = 0.45 therefore the sample variances are equal. The V concentrations in high mortality (M = 36.6, SD = 8.44, n = 5) was hypothesized to be significantly higher than the high vitality (M = 36.12, SD = 8.99, n = 5). T-test showed V (high mortality) concentrations marginally higher (not significant), t (8) = 0.09, p = 0.47 (one-tailed) therefore hypothesis was rejected.
Appendix 8.19 (including diagram) shows three outliers ((the highest Lt value recorded in S5 (high mortality), S10 second highest (high vitality) and third S3 (high mortality)). Lt content in soil control samples C1 (Cariad03) and C2(MD07) is comparable to S1-S10 levels (except for the above-mentioned maximum values). Overall Lt content in UWTSD (2019) is looking unregular.[bookmark: _Toc39487137]Appendix 8. 19 Lithium (Lt) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487138]Appendix 8. 19 Lithium (Lt) in soil (mg/kg) at UWTSD (2019) Including Control Samples (Cluster Column Diagram).

[bookmark: _Toc39487139]Appendix 8. 20 Lithium (Lt) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).

[bookmark: _Toc39487140]Appendix 8. 20 Lithium (Lt) F-test and T-Test Results (High Mortality Comparison with High Vitality) (UWTSD 2019).


In Appendix 8.20 F-test result is F (4) = 3.77<F Crit. = 6.39, p = 0.43 therefore the sample variances are equal. The Lt concentrations in high mortality (M = 16.44, SD = 9.81, n = 5) was hypothesized to be significantly higher than the high vitality (M = 15.57, SD = 5.05, n = 5). T-test showed Lt (high mortality) concentrations marginally higher but not significant, t (8) = 0.17, p = 0.43 (one-tailed) therefore hypothesis was rejected.
[bookmark: _Toc39487141]Appendix 8. 21 Bulk Density (mg/kg): Varteg Hill Ex-Surface Coalmine Territory After First Reclamation Carried Out by National Coal Board (Haigh and Kilmartin, 2015). 
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Date Year Tree Mortality % of Total

2006 1 41 10.25

2007 2 12 3

2008 3 2 0.5

2009 4 108 27

2010 5 8 2

2011 6 53 13.25

2012 7 17 4.25

2013 8 14 3.5

2014 9 24 6

2015 10 15 3.75

2016 11 8 2

2017 12 4 1

2018 13 9 2.25

2019 14 8 2

N=400 trees Anomaly Mean = 24 Mean = 5.77

Yearly Tree Mortality (UWTSD Plot)


image49.emf
Date Year Tree Mortality % of Total

2006 1 41 10.25

2007 2 12 3

2008 3 2 0.5

2009 4 108 27

2010 5 8 2

2011 6 53 13.25

2012 7 17 4.25

2013 8 14 3.5

2014 9 24 6

2015 10 15 3.75

2016 11 8 2

2017 12 4 1

2018 13 9 2.25

2019 14 8 2

N=400 trees Anomaly Mean = 24 Mean = 5.77

Yearly Tree Mortality (UWTSD Plot)


image50.png
Number of Dead Trees

120

100

80

60

40

20

Yearly Tree Mortality in Relation to Plots Age (UWTSD Plot)

R? = 0.1515

10

11

12

13

14

15




image51.png
Number of Dead Trees

120

100

80

60

40

20

Yearly Tree Mortality in Relation to Plots Age (UWTSD Plot)

R? = 0.1515

10

11

12

13

14

15




image3.emf
Prifysgo l   Cymru   Y Dr i ndod Dewi Sant   University of Wales                      Trinity Saint David   Author's Declaration   I declare that the work in this dissertation was carried out in accordance with the regulations  of the University of Wales, Trinity  Saint David. The work is original except where indicated by  special references in the text and no part of the dissertation has been submitted for any  other degree.   Any views expressed in the dissertation are those of the author and in no way represent  thos e of the University of Wales, Trinity Saint David.   The dissertation has not been presented to any other University for examination either in the  United Kingdom or overseas.   I hereby give permission for my work, if accepted, to be available for photocopyin g and inter - library loan, and for the title and summary to be made available to outside organisations.   Signed  Date   


image52.emf
Date Project Year Nr. Rainfall (mm)   Tree Mortality

2006

Year 1

1130 41

2007

Year 2

1291 12

2008

Year 3

1310 2

2009

Year 4

1199 108

2010

Year 5

848 8

2011

Year 6

930 53

2012

Year 7

1496 17

2013

Year 8

1136 14

2014

Year 9

1397 24

2015

Year 10

1310 15

2016

Year 11

1192 8

2017

Year 12

1021 4

2018

Year 13

1192 9

2019

Year 14

1403 8

 N=400 trees

Anomaly in Mortality

Collation of Yearly Tree Mortality (UWTSD Plot) with Annual Rainfall 

Mean annual rainfall = 1204


image53.emf
Date Project Year Nr. Rainfall (mm)   Tree Mortality

2006

Year 1

1130 41

2007

Year 2

1291 12

2008

Year 3

1310 2

2009

Year 4

1199 108

2010

Year 5

848 8

2011

Year 6

930 53

2012

Year 7

1496 17

2013

Year 8

1136 14

2014

Year 9

1397 24

2015

Year 10

1310 15

2016

Year 11

1192 8

2017

Year 12

1021 4

2018

Year 13

1192 9

2019

Year 14

1403 8

 N=400 trees

Anomaly in Mortality

Collation of Yearly Tree Mortality (UWTSD Plot) with Annual Rainfall 

Mean annual rainfall = 1204


image54.png
Tree Mortality Rate

120

100

80

60

40

20

800

Tree Mortality in Relation to Annual Rainfall (mm) (UWTSD Plot)

.
. R? = 0.0169
.
.
o 0 ® 9
o ° ("] o o]
900 1000 1100 1200 1300 1400 1500

Rainfall (mm)

1600




image55.png
Tree Mortality Rate

120

100

80

60

40

20

800

Tree Mortality in Relation to Annual Rainfall (mm) (UWTSD Plot)

.
. R? = 0.0169
.
.
o 0 ® 9
o ° ("] o o]
900 1000 1100 1200 1300 1400 1500

Rainfall (mm)

1600




image56.emf
Year Nr. Date Tree Mortality 

Mean Temperature 

(Spring) (˚C)

Min. Temperature 

(Spring) (

˚

C)

1 2006 42 6.20 3.5

2 2007 12 6.66 4.3

3 2008 2 6.17 3.9

4 2009 108 5.66 2.6

5 2010 8 5.10 2.8

6 2011 53 6.93 3.8

7 2012 17 5.83 4.6

8 2013 14 4.00 1.1

9 2014 24 6.60 3.8

10 2015 15 5.80 3.5

11 2016 8 14.13 2.5

12 2017 4 15.37 5.7

13 2018 9 6.17 2.5

14 2019 8 15.10 5.2

Anomalies

7.84 3.56

Mean Values (14years)
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HM Aluminium Arsenic Barium Cadmium Chromium Copper Iron Lithium Mercury Manganese Nickel Lead Strontium Vanadium Zinc

Location Tree Status

Sample 

Id

Al (mg/kg)As (mg/kg)Ba (mg/kg)Cd (mg/kg)Cr (mg/kg)Cu (mg/kg) Fe (mg/kg) Li (mg/kg) Hg (mg/kg)Mn (mg/kg)Ni (mg/kg)Pb (mg/kg)Sr (mg/kg) V (mg/kg)Zn (mg/kg)

UWTSD Missing S1

11060 6.83 144 0.397 27.6 30.3 25090 11.57 0.034 689 29.3 34.2 116 44 55

UWTSD Missing S2

10840 8.27 151 0.412 20.5 32.7 24630 13.08 0.04 656 33.1 29.2 96.1 33.2 95.1

UWTSD Missing S3

15280 11.94 270 0.259 24.2 38.6 25520 23.56 0.12 218 24.2 27.9 118 34.4 80.6

UWTSD Missing S4

5877 10.44 248 0.465 19.1 26.9 27290 4.77 0.045 1760 48.3 28 87.4 25.4 127

UWTSD Missing S5

19190 8.78 157 0.415 32.8 44.3 21250 29.2 0.041 603 30.6 30.2 120 46 95.3

UWTSD Present S6

11210 7.15 158 0.379 19.6 33.6 19690 13.91 0.044 496 22.5 26.3 105 27.2 93.4

UWTSD Present S7

10320 6.82 127 0.346 22.7 28 20680 10.62 0.034 508 23.1 36.1 87.8 38.1 78.2

UWTSD Present S8

13690 7.54 175 0.367 27.1 31.6 27990 13.67 0.033 1001 31.3 27.3 109 36.6 97

UWTSD Present S9

12460 6.78 118 0.255 24.7 42.6 19310 15.67 0.041 224 21.5 25.3 95.1 28.9 72.7

UWTSD Present S10

16290 8.05 192 0.475 32.6 32.7 21050 24 0.057 1442 37 41.5 105 49.8 84.3

Control 

(MD07)

Present C1

11560 7.03 144 0.21 20.1 28.6 22870 13.87 0.031 525 22.7 29.7 77.1 29.7 63.1

Control 

(Cariad03)

Present C2

13770 7.12 160 0.351 23.9 34.3 22990 14.46 0.038 427 29.8 23.9 134 37 84.6

Sample Description
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HM Aluminium Arsenic Barium Cadmium Chromium Copper Iron Lithium Mercury Manganese Nickel Lead Strontium Vanadium Zinc

Location Tree Status

Sample 

Id

Al (mg/kg)As (mg/kg)Ba (mg/kg)Cd (mg/kg)Cr (mg/kg)Cu (mg/kg) Fe (mg/kg) Li (mg/kg) Hg (mg/kg)Mn (mg/kg)Ni (mg/kg)Pb (mg/kg)Sr (mg/kg) V (mg/kg)Zn (mg/kg)

UWTSD Missing S1

11060 6.83 144 0.397 27.6 30.3 25090 11.57 0.034 689 29.3 34.2 116 44 55

UWTSD Missing S2

10840 8.27 151 0.412 20.5 32.7 24630 13.08 0.04 656 33.1 29.2 96.1 33.2 95.1

UWTSD Missing S3

15280 11.94 270 0.259 24.2 38.6 25520 23.56 0.12 218 24.2 27.9 118 34.4 80.6

UWTSD Missing S4

5877 10.44 248 0.465 19.1 26.9 27290 4.77 0.045 1760 48.3 28 87.4 25.4 127

UWTSD Missing S5

19190 8.78 157 0.415 32.8 44.3 21250 29.2 0.041 603 30.6 30.2 120 46 95.3

UWTSD Present S6

11210 7.15 158 0.379 19.6 33.6 19690 13.91 0.044 496 22.5 26.3 105 27.2 93.4

UWTSD Present S7

10320 6.82 127 0.346 22.7 28 20680 10.62 0.034 508 23.1 36.1 87.8 38.1 78.2

UWTSD Present S8

13690 7.54 175 0.367 27.1 31.6 27990 13.67 0.033 1001 31.3 27.3 109 36.6 97

UWTSD Present S9

12460 6.78 118 0.255 24.7 42.6 19310 15.67 0.041 224 21.5 25.3 95.1 28.9 72.7

UWTSD Present S10

16290 8.05 192 0.475 32.6 32.7 21050 24 0.057 1442 37 41.5 105 49.8 84.3

Control 

(MD07)

Present C1

11560 7.03 144 0.21 20.1 28.6 22870 13.87 0.031 525 22.7 29.7 77.1 29.7 63.1

Control 

(Cariad03)

Present C2

13770 7.12 160 0.351 23.9 34.3 22990 14.46 0.038 427 29.8 23.9 134 37 84.6

Sample Description
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UWTSD (2019) Aluminium Arsenic Barium Cadmium Chromium Copper Iron Lithium Mercury Manganese Nickel Lead Strontium Vanadium Zinc

Sample Id Al (mg/kg) As (mg/kg) Ba (mg/kg) Cd (mg/kg) Cr (mg/kg) Cu (mg/kg) Fe (mg/kg) Li (mg/kg) Hg (mg/kg) Mn (mg/kg) Ni (mg/kg) Pb (mg/kg) Sr (mg/kg) V (mg/kg) Zn (mg/kg)

S1-S5 (Mean)

12449.4 9.252 194 0.3896 24.84 34.56 24756 16.436 0.056 785.2 33.1 29.9 107.5 36.6 98.9

S6-S10 (Mean)

12794 7.268 154 0.3644 25.34 33.7 21744 15.574 0.0418 734.2 27.08 31.3 100.38 36.12 85.12

S1-S5 (Max)

19190 11.94 270 0.465 32.8 44.3 27290 29.2 0.12

1760

48.3 34.2 120 46 127

S1-S5 (Min)

5877 6.83 144 0.259 19.1 26.9 21250 4.77 0.034 218 24.2 27.9 87.4 25.4 80.6

S6-S10(Max)

16290 8.05 192 0.475 32.6 42.6 27990 24 0.057 1442 37 41.5 109 49.8 97

S6-S10(Min)

10320 6.78 118 0.255 19.6 28 19310 10.62 0.033 224 21.5 25.3 87.8 27.2 72.7

Normal Background Levells (NBCs) 

(Wales) 2013

- 36-67 - 1.4-2.2 - 43-96 - - 0.25 - 40 230-280 - - -

Maximum Allowable (EC 

DIRECTIVE)(pH 5.5) (UK)

- 40 - 3 400 100 - - 1 - 60 300 - - 250-300

Environment Agency 'Prompt Value' 

(ph 6.5) (2008)

- - - 1.0-1.1 - 58 - - - - 21 260.7 - - -

CLEA (UK) Residential or Alotment 

Use

- - - 1.0-1.8 130 - - - 0.3/10 - - - - - -

Dutch list' (Target/Intervention 

Values) (VROM, 2000)

- 29/55 - 0.8/12 100/380 36/190 - - - - 35/210 85/530 - - 140/720

Max. Perm. L.  (UK) (Commercial End 

Use) (2006 Guideline)

- - - - - - - - -

900/1500

- - - - -

Standard Published Soil Values for UK
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UWTSD (2019) Aluminium Arsenic Barium Cadmium Chromium Copper Iron Lithium Mercury Manganese Nickel Lead Strontium Vanadium Zinc

Sample Id Al (mg/kg) As (mg/kg) Ba (mg/kg) Cd (mg/kg) Cr (mg/kg) Cu (mg/kg) Fe (mg/kg) Li (mg/kg) Hg (mg/kg) Mn (mg/kg) Ni (mg/kg) Pb (mg/kg) Sr (mg/kg) V (mg/kg) Zn (mg/kg)

S1-S5 (Mean)

12449.4 9.252 194 0.3896 24.84 34.56 24756 16.436 0.056 785.2 33.1 29.9 107.5 36.6 98.9

S6-S10 (Mean)

12794 7.268 154 0.3644 25.34 33.7 21744 15.574 0.0418 734.2 27.08 31.3 100.38 36.12 85.12

S1-S5 (Max)

19190 11.94 270 0.465 32.8 44.3 27290 29.2 0.12

1760

48.3 34.2 120 46 127

S1-S5 (Min)

5877 6.83 144 0.259 19.1 26.9 21250 4.77 0.034 218 24.2 27.9 87.4 25.4 80.6

S6-S10(Max)

16290 8.05 192 0.475 32.6 42.6 27990 24 0.057 1442 37 41.5 109 49.8 97

S6-S10(Min)

10320 6.78 118 0.255 19.6 28 19310 10.62 0.033 224 21.5 25.3 87.8 27.2 72.7

Normal Background Levells (NBCs) 

(Wales) 2013

- 36-67 - 1.4-2.2 - 43-96 - - 0.25 - 40 230-280 - - -

Maximum Allowable (EC 

DIRECTIVE)(pH 5.5) (UK)

- 40 - 3 400 100 - - 1 - 60 300 - - 250-300

Environment Agency 'Prompt Value' 

(ph 6.5) (2008)

- - - 1.0-1.1 - 58 - - - - 21 260.7 - - -

CLEA (UK) Residential or Alotment 

Use

- - - 1.0-1.8 130 - - - 0.3/10 - - - - - -

Dutch list' (Target/Intervention 

Values) (VROM, 2000)

- 29/55 - 0.8/12 100/380 36/190 - - - - 35/210 85/530 - - 140/720

Max. Perm. L.  (UK) (Commercial End 

Use) (2006 Guideline)

- - - - - - - - -

900/1500

- - - - -

Standard Published Soil Values for UK
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S1 Missing UWTSD 2019 325621 205775 SO 25621 05775 51.745717 -3.0787343

S2 Missing UWTSD 2019 325609 205766 SO 25609 05766 51.745634 -3.0789062

S3 Missing UWTSD 2019 325621 205767 SO 25621 05767 51.745645 -3.0787326

S4 Missing UWTSD 2019 325619 205772 SO 25619 05772 51.74569 -3.0787627

S5 Missing UWTSD 2019 325631 205777 SO 25631 05777 51.745736 -3.07859
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S8 Present UWTSD 2019 325627 205783 SO 25627 05783 51.74579 -3.0786492

S9 Present UWTSD 2019 325617 205762 SO 25617 05762 51.745599 -3.0787895

S10 Present UWTSD 2019 325604 205777 SO 25604 05777 51.745733 -3.078981

C1 Present Other 2019 325558 205748 SO 25558 05748 51.745466 -3.0796409

C2 Present Other 2019 325693 205787 SO 25693 05787 51.745834 -3.0776942
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