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Abstract 
Kilvey Hill is contaminated with industrial waste due to years of copper smelting during the industrial revolution, which left heavy metal contaminants such as copper. This has led to degraded soils, limited vegetation growth. The aim is to evaluate the effectiveness of biochar as a sustainable remediation technique for immobilising heavy metals, slowing soil degradation and providing ecological restoration. To explore whether biochar could help remediate Kilvey Hill, eight paired control and treatment plots were set up across four different habitat types: heathland, broadleaf/conifer forest, scrub(mixed), and forest edge. Biochar was applied to the treatment plots in August 2025, and soil samples and pH readings were collected twice over the following eight months to track changes in copper concentrations and soil pH. By carrying out the study in the field rather than under laboratory conditions, it was possible to assess how biochar performed in a real-world environment and whether its effects varied between habitats. The test plots showed a significant reduction in copper concentrations over the 8-month period, whereas control plots exhibited no significant changes, this proved that the reduction in copper concentrations was due to the biochar application rather than natural variation. The difference between the habitat types did not influence copper reduction even though this was expected to be the case. The pH had decreased significantly in the test plots. The control plots showed only limited pH change, suggesting that biochar had made the soils more acidic during the treatment period.  The overall results suggest that biochar could be used as practical and sustainable way to help remediate copper-contaminated soils on Kilvey Hill, even though its effects may take time to become fully apparent. Some of the reasons that habitat types didn’t play a role in copper reduction could be due factors such as winter dormancy, tree characteristics, and high rainfall which had a greater influence on soil conditions during the study. Some of the future research on this topic could focus on how biochar performs over longer periods and whether different feedstocks or soil amendments could improve its effectiveness. The study found that biochar can be an effective, low-cost, and sustainable way of reducing copper contamination on Kilvey Hill, Over the eight-month study period it was seen to decrease copper levels. However, the decrease in soil pH shows that the feedstock used to produce biochar needs to be further researched to assess the impact that biochar has on soils. 
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[bookmark: _Toc232977663] Introduction
Heavy metal contamination in soils represents a persistent environmental challenge, particularly in regions with a legacy of intensive mining and smelting activities. In the United Kingdom, South Wales is among the most heavily industrialised areas historically affected by pollution (Rees, 2026). Kilvey Hill, located in Swansea, serves as a prominent example of this legacy, having endured extensive ecological degradation due to copper smelting operations that began in the 18th century and persisted well into the 20th century (Morgan, 2026). The residual contamination from these activities, primarily from copper (Cu), lead (Pb), and zinc (Zn), has resulted in poor soil quality, limited vegetation cover, and risks to surrounding ecosystems and human health (Jarup, 2003; Alloway, 2013).
Heavy metals are persistent bioaccumulative pollutants that do not degrade and can become toxic through environmental pathways, including the food chain and inhalation of contaminated dust (Khan et al., 2021; Alengebawy et al., 2022; Zhang et al., 2024). Copper, in particular, poses serious environmental and health concerns at elevated concentrations; it has been linked to toxicity in aquatic organisms, disruption of soil microbial activity, and potential human health effects such as liver and kidney damage, and remains a persistent environmental issue in the UK due to legacy mining and smelting activities (Hughes, 2024). Globally, 14–17 % of cropland—equivalent to 242 million hectares—is contaminated by toxic heavy metals at levels harmful to ecosystems, food safety, and human health (Hou et al., 2025). This makes remediation a critical priority, and testing biochar as a sustainable amendment offers promise by immobilising metals and reducing their bioavailability (Liu et al., 2022; Gwenzi et al., 2015; Wu et al., 2023).
Traditional remediation strategies for heavy metal pollution—such as soil excavation, chemical stabilisation, or phytoremediation—often present economic, logistical, and ecological limitations (Bolan et al., 2014). Recently, the use of biochar, a carbon-rich byproduct of biomass pyrolysis (Yu et al., 2019), has emerged as a promising alternative for the immobilisation of heavy metals in contaminated soils (Islam and Xia, 2026). Due to its high surface area, porous structure, and functional surface groups, biochar can reduce metal bioavailability, improve soil physicochemical properties, and foster conditions conducive to vegetation regrowth and microbial activity (Beesley et al., 2011; Méndez et al., 2012; Lehmann and Joseph, 2015).
Despite increasing global interest in biochar as a soil amendment, its specific efficacy in remediating legacy contamination at post-industrial Welsh landscapes—such as Kilvey Hill—remains poorly understood. The specific combination of steep topography, shallow soils, and fluctuating climatic conditions in this region poses practical challenges for biochar application and necessitates the development of context-sensitive methods. Biochar slurry injection, which facilitates subsurface delivery while minimising erosion and dust generation, may offer a more viable alternative to conventional surface application methods (Johannes Lehmann and Joseph, 2015; Zhang et al., 2023).
By exploring the practical and environmental efficacy of biochar slurry application in a real-world post-industry, this study contributes to the growing body of literature on sustainable soil remediation. The findings may inform land management practices in South Wales and similar post-mining landscapes globally, aligning with the principles of ecological restoration, circular economy, and climate-smart soil management (Jeffery et al., 2015; Rawat et al., 2019). Furthermore, the research supports wider policy goals relating to land regeneration, carbon sequestration, and environmental justice in historically marginalised industrial communities (DEFRA, 2023).

[bookmark: _Toc232977664]Aims and Objectives
This study aims to evaluate the effectiveness of biochar slurry injection in immobilising heavy metals in contaminated soils at Kilvey Hill. Specifically, the research will:
· Produce biochar derived from locally available biomass.
· Apply biochar as a slurry via subsurface injection and monitor changes in: Soil pH, and heavy metal availability.
· Compare treatment effects between habitat types

[bookmark: _Toc232977665]Site background
Kilvey Hill is a 193 m rising on Swansea’s eastern outskirts, overlooking Swansea city, docks, and Swansea Bay. The terrain blends woodland, heathland, meadow, and wetland across 3 km², forming the Kilvey Community Woodland, an urban fringe nature reserve maintained collaboratively by Swansea Council, Natural Resources Wales, and the Kilvey Hill Community Woodland Volunteers (Swansea Council, 2024).
Historically, the hill was farmland until industrialisation introduced toxic contamination. Significant volumes of slag, furnace ash, and airborne pollutants—byproducts of copper, iron, zinc, lead, and arsenic processing—rendered the lower slopes sterile and devoid of vegetation from the late 18th century onward (Hughes, 2008). In the 1970s, as part of the Lower Swansea Valley Forest Resource Plan, the site was extensively reforested with conifers to stabilise the land, with long-term aims to transition to native broadleaved woodland (Natural Resources Wales, 2022).
Today, Kilvey Hill is a Green Flag-winning community woodland, recognised for excellence in biodiversity, safety, and community engagement (Swansea Bay News, 2025). It also hosts archaeological features such as WWII-era bomb craters and anti-landing trenches, which have become valuable microhabitats (Robins, 2025).
The climate at Swansea—and by extension Kilvey Hill—is temperate oceanic, moderated by the Atlantic. Nearby Mumbles Head station reports annual mean maximum temperatures of ~12.8 °C, minima of ~5.5 °C, and total rainfall exceeding 1,160 mm per year (Met Office,2022). Kilvey’s elevation makes it slightly cooler and wetter, especially on exposed slopes



[bookmark: _Toc232977666]Literature review 
[bookmark: _Toc232977667]Introduction
Mine spoil has been a global issue since the industrial revolution, but literature on reclamation has been dated since the Second World War (Kohnke, 1950). Solutions such as biochar are still quite new (Meng, Wang and Wei, 2025). This is also mainly done in lab-based environments (Wang and Wang, 2019). This literature review evaluates the mechanisms, performance, and limitations of biochar as a soil amendment in heavy metal remediation. Special attention is given to Kilvey Hill, Swansea—a landscape severely impacted by historical copper smelting—to contextualise the practical relevance of this approach (Hughes, 2008).

[bookmark: _Toc232977668]Characteristics and impacts of Copper Mine Spoil
Physically, copper mine spoil is typically highly compacted and dense, a result of the deposition of crushed waste rock and smelting by-products with little natural soil development (So et al., 2022). This compaction reduces porosity, leading to poor water infiltration and restricted root penetration, which in turn inhibits plant establishment and long-term ecosystem recovery (Feng et al., 2019). In addition, these deposits often lack well-defined soil horizons, meaning there is no structured layering of organic-rich topsoil, subsoil, and mineral layers. Without this vertical organisation, essential soil processes such as nutrient cycling, microbial activity, and water retention are severely disrupted, leaving the substrate functionally closer to inert industrial waste than a natural soil system (Hartmann and Six, 2023; Peng et al., 2025). Mine spoils have high heterogeneity, meaning characteristics can change in small areas (Zhang et al., 2025).
Owing to surging industry activities and the fact that the resulting heavy metals are non-biodegradable and persist in the environment, heavy metal pollution is causing serious environmental and health consequences (see figure 1.2.1) (Ullah et al., 2025). Copper can build up in tissues and organs in animals, including humans, which can lead to health complications such as cell death, apoptosis and autophagy. The number of cases of copper toxicity has been increasing due to environmental pollution (Wang et al., 2024), which is greater than previously thought (Ullah et al., 2025). 
[image: ]
[bookmark: _Toc232977740]Fig 1.2.1: chemical forms of trace elements of copper in soils (Dybowska et al., 2006)

[bookmark: _Toc232977669] Conventional Remediation Techniques and Their Limitations
Common approaches included capping mine spoil with layers of clean soil to reduce direct exposure to heavy metals, alongside liming to increase soil pH and reduce the mobility of contaminants such as copper, lead, and arsenic (Bingbing et al., 2022). These methods were often combined with revegetation schemes, in which hardy grass and tree species were established to stabilise spoil heaps, reduce erosion, and limit dust and particulate dispersal (Dybowska et al, 2006). In some cases, more interventionist approaches were also applied, including the excavation and relocation of heavily contaminated spoil, as well as drainage and water management systems designed to reduce leaching into local waterways such as the River Tawe (Killingley, 2025). Other traditional remediation techniques are seen in figure 2.2.3[image: ]
[bookmark: _Toc232977741]Fig 2.2.3: A summary of remediation techniques and their limitations. Reproduced from (Dybowska et al., 2006).
While these have various successes, all of these methods cannot fully remove the metals, and many create their own toxic byproducts. The more successful methods take a significantly longer time to be achieved. (Dybowska et al, 2006).
Collectively, these techniques reflect a largely containment-based philosophy typical of mid-to-late twentieth-century remediation practice in Swansea, prioritising risk reduction and landscape stabilisation over full ecological restoration. In contrast, more recent approaches such as biochar amendment represent a shift towards enhancing soil function and long-term contaminant immobilisation, although their effectiveness in Swansea’s specific legacy copper spoil environments remains an emerging area of research (Borah et al., 2025). 
[bookmark: _Toc232977670]Biochar as an Emerging Solution for Heavy Metal Remediation
Abandoned mine spoil has remained a long-term environmental problem since the Industrial Revolution (Great Britain. Environment Agency, 2008), Many of these sites have been increasingly neglected after the decline of heavy industry post-Second World War. These historical mining sites continue to contribute to soil and water pollution due to the persistent presence and mobility of heavy metals (Bini, 2012). In the mining context, Ghosh and Kumar Maiti (2020) tested biochar application on copper mine tailings and reported reduced mobility of Cu and Zn, alongside improved soil structure, and organic content. This dual role—as both a contaminant binder and a soil amendment—makes biochar uniquely suited for mine spoil due to the degraded soil and high metal content. 
Biochar is an organic matter that has been burnt with low oxygen, which is rich in inert carbon, very low density and very porous. During pyrolysis, biomass develops a highly heterogeneous pore network ranging from micro- to macropores. These pores provide extensive reactive surface area for metal sorption and precipitation reactions (Lehmann and Joseph, 2015). High-temperature biochar generally possesses greater aromaticity and surface area, increasing their adsorption potential for inorganic contaminants (Tan et al., 2015). This porous structure may additionally improve soil aeration and water retention, indirectly supporting microbial recovery and vegetation establishment within degraded mine spoil environments.
Due to the structure of biochar, it can remediate a variety of contaminants found within soils ranging from nutrients to heavy metals. Some of the mechanisms that biochar use includes ion exchange, adsorption, and surface precipitation. Ion exchange is a reversible chemical reaction during which dissolved ions from a liquid are swapped with other ions that have the same charge but are attached to a solid. Adsorption occurs when atoms or molecules adhere onto the surface of a solid. Surface precipitation is the coating of a layer of mineral on the surface of a material through dissolved ions reacting and becoming insoluble. (Zhang et al., 2013; Philipp et al., 2025). The mechanism biochar uses most effectively when dealing with heavy metals is chemical fixation through binding with cations. Chemical immobilisation through biochar application has been shown to decrease bioavailability, mobility, and leachability of heavy metals from contaminated soils. (Meng, Wang and Wei, 2025). Biochar has negatively charged functional groups such as carboxyl, hydroxyl, and phenolic groups that allow for attraction to occur with positively charged metal ions such as Cu²⁺ and Zn²⁺ (Long et al., 2026). Once the metals are bound to the biochar surface through cation exchange, mobility within the pore water is decreased, limiting leaching to the surrounding environments. pH adjustment occurs because biochar is generally alkaline which can help with acidic mine soils limiting metal solubility (Herb, 2025). Increase in microbial habitat occurs because the porous texture of biochar creates habitat for microbial growth. This then can transform metals through microbial sequestration (Bolan et al., 2023). Overall these effects can decrease heavy metal bioavailability allowing for revegetation to occur.
Another important mechanism is surface complexation and metal precipitation. Heavy metals may form stable complexes with oxygen-containing functional groups on biochar surfaces, producing less soluble compounds that remain immobilised in the soil matrix (Beesley et al., 2011). In alkaline conditions, dissolved copper ions can also turn into solid copper hydroxides, carbonates or phosphates, which makes them less accessible to living things (Park et al., 2011). These reactions become increasingly significant in acidic mine spoil sites, where metal mobility is typically elevated.
Biochar may also alter soil conditions, affecting the chemical speciation of metals. Changes in oxidation–reduction potential can affect whether metals exist in soluble or insoluble forms, consequently affecting toxicity and transport within contaminated soils (Paz-Ferreiro et al., 2014). In addition, biochar can provide better habitat conditions for microbial communities due to its porous structure and carbon-rich composition, though effects on soil microbial communities and fauna beyond metals immobilisation are poorly understood (Li et al., 2024). Microorganisms may contribute to remediation through processes such as biomineralisation, metal reduction, and organic matter decomposition, further stabilising contaminants within the soil environment (Li et al., 2022). Collectively, the findings support biochar’s ability to immobilise metals and enhance soil quality. (He et al, 2019) found that biochar significantly reduced the bioavailability of cadmium and lead in contaminated agricultural soils, which increased microbial activity and crop yield. Similarly, Asadi et al. (2021) demonstrated that rice husk biochar lowered the leaching potential of Cd and Pb while enhancing plant nutrient uptake.
Biochar can be made from crop residues, woodchip, manure and plant tissues (Bingbing et al., 2022). The biochar’s effectiveness is affected by the underlying feedstock, as different pollutants are removed more effectively by different feedstocks. For example, Ji et al (2022) found that biochar derived from wood or straw biomass contains more lignin and cellulose, making it a have a higher porosity and larger surface area, which means it is most effective at removing organic pollutants. However, high ash feedstocks such as manure or sewage sludge contain greater mineral ash content, including calcium, phosphorus, and magnesium compounds, which may enhance heavy metal precipitation and immobilisation. Consequently, selecting appropriate feedstocks is critical for optimising remediation effectiveness within specific contaminated environments. However, all types of biochar are effective at removing heavy metals. More research is being conducted on added additional substances to increase the biochar effectiveness (Meng, Wang and Wei, 2025).  For example, studies show synergistic benefits when biochar is applied alongside compost, lime, or clay minerals (Li et al., 2024). The effectiveness of biochar is strongly influenced by feedstock selection, pyrolysis temperature and modification methods. Modified biochars often exhibit greater adsorption capacity because of increased surface area and functional groups, although production costs are generally higher than conventional biochar(Liang et al., 2021).
However, while biochar holds notable promise, its effectiveness in mine spoil remediation is dependent on a variety of interacting factors. These include:
· Soil pH and texture: Spoils tend to be acidic and require high alkalinity biochar. Sandy or loamy textures may also affect amendment retention (Novak et al., 2016)
· Aging and Weathering: Over time, biochar may oxidise or develop surface coatings that alter its reactivity (Ghaffar et al., 2015)
· Hydrological Conditions: Moisture levels impact microbial activity and the transport of solubilised metals (Liu et al., 2026)

Field-scale application also brings practical considerations such as transport logistics, uniform distribution, and interactions with native vegetation. Studies range from tightly controlled laboratory trials to more variable field-scale applications, but field application and lab tests might give different results because labs do not have all the other variables nature can offer, such as hydrology washing biochar away, or biotic activity, or weathering (Rombolà et al., 2015).The absence of standardised protocols complicates replication and policy development.
Although remediation approaches such as biochar amendment have gained increasing attention, the literature is still relatively recent, with most significant studies emerging only within the last few decades. As a result, research on the long-term effectiveness, environmental impacts, and site-specific performance of these remediation strategies remains limited. 
Recent research continues to affirm biochar’s effectiveness in immobilising heavy metals. For example, vetiver-root biochar has been shown to reduce copper bioavailability in contaminated soils while improving soil quality under controlled conditions (Neve et al., 2025). Similarly, studies of biochar-mediated remediation indicate that moderate biochar amendments can enhance nutrient uptake and reduce metal toxicity in plants (Ghassemi-Golezani et al., 2025).

[bookmark: _Toc232977671]Kilvey Hill—Legacy of Copper Smelting and Soil Contamination
The Lower Swansea Valley, including Kilvey Hill, represents one of the most significant examples of historic industrial contamination in the United Kingdom due to extensive copper smelting and associated waste disposal during the Industrial Revolution (Hughes, 2008). Large quantities of slag, ash and metalliferous waste were deposited across the valley, with an estimated seven million tonnes of industrial waste remaining in the wider Lower Swansea Valley by the 1960s (Riley et al., 2020). Kilvey Hill became heavily degraded by the accumulation of copper mine spoil and smelting waste, resulting in acidic, nutrient-poor soils with elevated heavy-metal concentrations that restricted vegetation growth and contributed to long-term environmental degradation. Concern surrounding these impacts led to the establishment of the Lower Swansea Valley Project during the 1960s (Hilton, 1968), one of Britain’s earliest large-scale post-industrial reclamation schemes. The project assessed contamination through soil sampling, vegetation surveys, hydrological analysis and geomorphological mapping, while also investigating methods of land reclamation and ecological recovery. Later studies examined the effectiveness of redevelopment and reclamation efforts throughout the 1970s and 1980s (Rosemary and Humphrys, 1979). These studies demonstrated that although regeneration improved vegetation cover and landscape stability, heavy metal contamination persisted within soils and spoil deposits. 
The wider Lower Swansea Valley demonstrates the continued persistence of contamination associated with historic copper smelting. Thornton and Walsh (2001) identified ongoing heavy metal pollution within valley water systems despite extensive reclamation and redevelopment, indicating the long-term mobility of contaminants throughout the post-industrial landscape. Similarly, more recent soil studies have reported elevated concentrations of Cu, Ni, Zn and Pb within Lower Swansea Valley soils, with several metals remaining highly bioavailable because of historic metallurgical activity (Schilling et al., 2021).

[bookmark: _Toc232977672]Conclusion and Implications for Kilvey hill Restoration
In summary, biochar represents a promising, multi-functional tool for remediating heavy metal-contaminated copper mine spoil and legacy smelting sites such as Kilvey Hill. Its ability to immobilise metals, adjust soil pH, and improve soil biological activity positions it as a sustainable alternative to conventional remediation techniques. However, to fully realise this potential, more comprehensive field studies, standardised methodologies, and integrated restoration plans are essential.
Future research should prioritise site-specific biochar formulations, long-term monitoring of metal bioavailability, and socio-economic evaluations. By addressing these challenges, biochar could become a cornerstone of sustainable mine site restoration, contributing to healthier ecosystems and communities affected by industrial legacies this represents a suitable potential solution for this study.



[bookmark: _Toc232977673]Methodology
[bookmark: _Toc232977674]Overview
The research questions for this study are:
· Will biochar remediate copper from Kilvey soils?
· Will habitat-type affect the remediation rate of the biochar?
· Will biochar affect the pH of the soils?
Sites were selected across Kilvey Hill to represent four distinct habitat types present within the contaminated landscape: heathland, woodland, mixed (scrub), and forest edge. These habitats were chosen to account for environmental variation in vegetation cover, soil structure, moisture retention, and organic matter, all of which may influence heavy metal mobility and remediation effectiveness. Within each habitat type, paired control and treatment plots were established in close proximity under similar slope and aspect conditions to minimise environmental variability. Control plots were positioned upslope from the treatment plots to reduce the risk of biochar runoff or downslope movement influencing untreated soils during rainfall events. This arrangement helped ensure that any observed changes in copper concentrations or soil pH were more likely to reflect the effects of the biochar treatment rather than contamination transfer between plots.
The biochar was applied on the test sites on the 13th August, the 1st data collection followed on the 25th January with the last collection being on the 17th April.
A total of eight paired plots (one control and one experimental) were established across four habitat types: heathland, mixed forest, scrub, and forest edge. Plots were paired to control for variables such as slope aspect and other environmental factors(see figure 3.4.1) (Smith et al., 2021). 

[image: The diagram illustrates a map of Kilvey Hill with various sample plots, including control and test areas for PH points, and indicates distances in meters.
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[bookmark: _Toc232977742]Fig 3.4.1: A map showing sample plots
Biochar was sourced locally from the Blackhills Community Supported Agriculture (CSA) site and produced from woody biomass generated through scrub clearance activities, primarily willow (Salix spp.) and hazel (Corylus avellana). The use of locally derived feedstock supported the sustainability of the remediation approach by recycling organic waste material into a soil amendment suitable for environmental restoration.

[bookmark: _Toc232977675]Protocol
Composite soil samples were collected from each plot in August 2025 to establish initial baselines and commence treatments. Approximately 100 g of soil, with vegetation removed, were collected from the top 0–15 cm, which reflects the rooting zone of many plants and the most biologically active soil layer (Philipp et al., 2025). The samples were dried in an oven for 24 hours, sieved, and mixed with reagents for analysis. Copper (Cu) concentrations were measured using a colour spectrometer (Thomas, 1996). This was measured in Mg/L CU based on colorimetric methodology and Beers and Lamberts law (Hardesty and Attili, 2010) which measures the absorbance of u/s transmittance.
Biochar was applied following the method described by Berglund, Deluca and Zackrisson, (2004). Biochar was mixed with distilled water and injected into the soil at a depth of 0–10 cm within 2 × 2 m plots. Each plot received 800 g of biochar, with quantities scaled proportionally for application to 2 m × 2 m plots (Berglund, Deluca and Zackrisson, 2004; Hardie et al., 2013). 
Follow-up soil sampling was conducted at 4 and 8 months post-treatment to evaluate changes in copper concentrations, assessing the effectiveness of the biochar amendments (Beesley et al., 2011). 

[bookmark: _Toc232977676]Justification 
The experimental design drew on previous field studies on biochar remediation in contaminated soils, this particular study(Berglund, DeLuca and Zackrisson, 2004) used a biochar slurry to apply the biochar to soils. This was as the application methods used were in situ and matched the environmental conditions of Kilvey Hill. Factors such as vegetation cover, soil moisture, slope, drainage, and uneven contaminant distribution affect copper mobility and the success of remediation in post-industrial mine spoil areas (Agriculture Institute, 2025). As discussed in section 2, there is more literature on the effect of biochar from laboratory studies than field studies
Lab-based studies are used to stop other factors such as rain, human disturbance, weathering and erosion affecting the results, so it can prove the results are down to the study and not the other factors(Science Insights, 2026). This isn’t great for being applied to practical application. This is best done in situ to see if it still performs that function when those variables are in play as they can have powerful effects on the biological phenomenon being studied (Jones, Reynolds and Raffaelli, 2006).
Berglund, DeLuca and Zackrisson, (2004), looked at three sites that all had the same vegetation type of Scots Pine (Pinus sylvestris) forest. However, this means they did not explore the effects of different habitat types. This study wanted to explore this variable, meaning that the study sites chosen for this was more diverse. Both of these studies used composite sampling, this is due to minespoil being heterogeneous and having shallow soil depth. Composite sampling is more reliable than individual cores, as there can be different copper concentrations across the 2m x 2m plots (Cichoń et al., 2026). They had more time available to complete the study, so they applied two sets of biochar slurry. However, this study only applied biochar once due to time constraints.
Within each habitat type, the control and test plots are located in a close proximity as to have a similar set of site characteristics and to reduce variables, such as habitat type, hydrology, slope aspect. Furthermore, the control plots were positioned higher than the test sites so surface run off can’t contaminate control plots with biochar. The study took place over eight months due to time constraints. However, a lot of literature only start measuring after a year (Wang et al., 2021). However, it can be effective after as little as 49 days (Chen et al., 2016) this shows there still validity for the study being eight months. 


[bookmark: _Toc232977677]Results
Raw data is listed in appendix A. Baseline copper levels are shown in map 2. 1st collection in figure 4.5.0. 2nd collection in figure 5.5.0
[image: The diagram depicts a map showing baseline copper concentration levels across different sample plots, with values ranging from 9.2 to 23.2 mg/kg.
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[bookmark: _Toc232977743]Fig 4.5.0 : a map showing baseline copper levels 
[image: The image is a map overlay showing a series of sample plots with numerical coordinates, likely representing a forest or field survey area, marked by a boundary, and labeled with ESRI software.
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[bookmark: _Toc232977744]Fig 5.5.0: A map showing 1st data collection
[image: The image is a topographic map displaying a series of sample plots with elevation ranges, marked by a boundary and scale in meters.
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[bookmark: _Toc232977745]Fig 6.5.0: a map showing 2nd data collection

[bookmark: _Toc232977678]Copper reduction 
A paired t test was used to assess for significant differences in reduction of copper concentrations after biochar application, the null hypothesis was that there would be no significant difference, the alternative hypothesis would be there statistically significant change (see table 1.5.1)
[bookmark: _Toc232977746]Table 1.5.1: a paired samples t test comparing reduction in copper concentrations in test plots
[image: ]
Overall there was a reduction observed between baseline and 8 months (t = 4.707, p = 0.009). however, this reduction was only significant between baseline and 8 months(t = 4.756, p = 0.009), and not between baseline and 4 months  (t = 4.442, p = 0.011). therefore the alternative hypothesis is accepted.
This suggests that remediation effects became stronger over time.
The same process was carried out for the control plots, using the same hypotheses (see table 2.5.1)


[bookmark: _Toc232977747]Table 2.5.1: a paired samples t test comparing reduction in copper concentrations in control plots
[image: ]
No statistically significant differences were observed at any sampling interval. Copper concentrations did not significantly change between baseline and 4 months (t = 0.537, p = 0.314), between baseline and 8 months (t = 0.475, p = 0.333), or between 4 and 8 months (t = −0.451, p = 0.341). The null hypothesis is accepted.
These findings indicate that copper concentrations in the control plots remained relatively stable throughout the study period, suggesting that the reductions observed in the treatment plots were unlikely to be due to natural temporal variation alone.

[bookmark: _Toc232977679]Habitat type influences 
a two way ANOVA was used to assess for significant differences in copper concerntrations between habitat types. The null hypothesis is that there will be no differences. The alternative hypothesis was there will be a statistically significant difference. (see table 3.5.2)
[bookmark: _Toc232977748]Table 3.5.2: this is the two-way ANOVA table to show interactions between habitat type and copper reduction
[image: The image displays a table summarizing a statistical analysis of a model, including dependent variables, source of variation, mean squares, F-values, and significance levels.
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A two-way ANOVA showed no statistically significant interaction between habitat type and copper reduction (F=0.314, p=0.816), suggesting that copper reduction effects were consistent across habitat types. Therefore, the null hypothesis was accepted.

[bookmark: _Toc232977680]pH Changes 
A paired t test was used to assess for significant differences in pH change in test plots across the study. The null hypothesis was that there would be no statistically significant difference. The alternative hypothesis is that there would be a statistically significant difference.( see table 4.5.3)
[bookmark: _Toc232977749]Table 4.5.3: This is a paired samples t test assessing significant difference in pH change test plots
[image: ]
Significant decreases in pH were observed over the duration of the study, from baseline and 8 months (t = 5.555, p = 0.006). This change occurred between 4 and 8 months (t = 11.000, p < 0.001), but not between baseline and 4 months (t=3.434, p > 0.05). indicating that the largest decreases in pH developed during the latter half of the monitoring period.

The same process was repeated for the control plots with the same hypotheses (see table 5.5.3)
[bookmark: _Toc232977750][bookmark: _Int_Kjy7Be6p]Table 5.5.3: This is a paired samples t test assessing significant difference in ph change control plots 
[image: ]
A paired-samples t-test assessing significant differences in pH change within the control plots showed no significant difference between baseline and 4 months (t = 1.987, p = 0.071), nor between baseline and 8 months (t = 3.703, p = 0.017). however, between 4 and 8 months (t = 5.745, p = 0.005), there was a significant change.



[bookmark: _Toc232977681]Discussion 
[bookmark: _Toc232977682]Overall copper concentrations
In all habitat types, there was a statistically significant reduction in copper concentrations in the biochar treated plots but not the control plots. In the raw data there was a small drop in copper at the four month mark but the difference only became statistically significant after eight months. Chen et al (2016) found that it can be effective from as little as 49 days. This could be because they looked at arsenic and iron in realgar mine tailings in China using a slurry of pig manure and straw chips. However, this study looked at copper in copper spoil in Wales using wood as the feedstock. The fact that they used pig manure as a feedstock could explain why there study showed faster results in remediating heavy metals as biochar derived ash bases feedstocks such as manure (Ji et al., 2022). These results have strong implications for the study lasting a long time and remediating soils on Kilvey Hill. Biochar structure has made it chemically stable; due to having tiny organic structures on the surface form chemical complexes with minerals in the soil which, reduce decomposition rates with soil microorganisms (Pan et al, 2007; as cited in Wang et al 2021).  Biochar has a half life of 102-107 years in the environment (Zimmerman, 2010). Within the time frame of most soil remediation projects such as Kilvey Hill, biochar can be considered inert and therefore effective at remediating heavy metal (Sizmur et al., 2015).
However, recent research suggests that it is less stable than previously thought. In a study de la Rosa et al., (2018) it is shown that particle structure is largely broken down within 24 months when in situ. While abiotic environmental factors do destabilise biochar, biotic microbial aging destabilise it at a faster rate (Quan et al., 2020). This means that the ideal length of study is unknown, on Kilvey Hill future research should explore the long term effectiveness of biochar.
Also, biochar improves remediation through direct adsorption of heavy metals, it also has indirect effects on biological processes. Fan et al. (2023) found biochar promotes microbial colonisation by providing porous habitats and nutrient rich surfaces, this enhances contaminant immobilisation and supports vegetation growth in degraded soils 

[bookmark: _Toc232977683]Habitat types
Between the different habitat types there was no statistically significant difference in copper concentrations. Because of ability of trees to phytoremediate heavy metals, this was not expected to be the case. It was hypothesised that in the wooded plots the copper concentration would be lower. Trees are naturally good at phytoremediation, however this is affected by certain physical variables such as; rooting depth, tree species and others. Zhang et al., (2024) compared 15 different woody species for copper phytoextraction and found copper concentrations in their stem tissues varied from 5.59 to 27.45 mg/kg-1. They specifically found that corkscrew willow (Salix matsudana) was one of the best at phytoremediation. A different species of willow; goat willow (Salix caprea) and grey willow (Salix cinerea) are found on site, however these have not been assessed for their phytoremediation compared with corkscrew willow. Rooting depth can also be a factor because deeper rooting phytoremediate more heavy metals due to having access to more of the soil profile (Cosmas et al., 2025). On Kilvey Hill, most of the tree species are coniferous meaning they have shallow root plates, the soil density is likely to be high enough to make broadleaf roots shallower (Gao et al., 2016).
The timing being over winter may have affected the results, as trees go dormant over winter (Nilsson, 2022). Dormancy in trees means that phytoremediation is reduced, this is reflected in the literature as Rahman et al.,(2022) found that trees remediate heavy metals at a higher rate in the summer rather than the winter (see figure 7.6.1)
[image: The image appears to be a table or chart comparing the Cd (Cadmium) contents in different types of leaves (C. erectus, C. fistula, A. indica, P. deltoides, and E. camaldulensis) across various seasons (Industrial, Residential, Summer, Winter) and different conditions (e.g., Bark).
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[bookmark: _Toc232977751]Fig 7.6.1: summer vs winter cadmium concentrations in trees (Rahman et al.,2022)
As discussed above the study length may have affected this, it is possible that a longer study would show the expected trends. It is also important to recognise that habitat classifications can simplify environmental variation that exists within individual sites. Although plots were grouped into broad habitat categories, local differences in canopy cover, soil depth, organic matter content, drainage characteristics and historical disturbance may still have influenced remediation outcomes. These small-scale differences are often difficult to account for in field studies but can affect the movement and availability of heavy metals within soils. Consequently, while habitat type did not have a statistically significant effect within this study, it remains possible that more detailed measurements of site characteristics would reveal subtle environmental influences on remediation effectiveness.
High precipitation events accelerate the redistribution of heavy metals in soils (Ramos-Romero, Benavides-Rosales and Peña-Chamorro, 2026). Swansea has been hit by multiple large storms such as Storm Bram, Goretti, Chandra (Met Office, 2025), in addition between December 2025 and February 2026 Swansea received upto 130% of the average rainfall see figure 8.6.2 This could of affected the results in fairly unpredictable ways.
[image: map showing rainfall across UK December to 25 February 2026]
[bookmark: _Toc232977752]Fig 8.6.2: a weather map showing UK rainfall between December and February.(Met Office, 2026)
[bookmark: _Toc232977684]pH 
The pH was found to decrease significantly in the test plots throughout the study. Also, it was found to significantly decrease in the control plots between four to eight months. These results are unexpected as under most studies pH is found to increase making it more alkaline (Zhang et al., 2023). This is because soil has positively charged hydrogen ions (H+), biochar contains negatively charged hydroxyl and phenol groups, this is cancelling out the H+ which increases alkalinity (Zheng et al., 2022). Biochar has alkaline properties, high pH and pH buffering capacity (Dai et al., 2017). The alkaline cations (Ca, Mg, K and Na oxides, hydroxides and carbonates) contained in biochar ash can exchange and react with soil acidity on the surface of the soil particles (Novak et al., 2009). This is true for majority of cases (Zhang, Xing, et al., 2025). This would be beneficial to the wider environment because acidification of soils stunts plant growth (Cheng et al., 2025). Soil acidification reduces soil carrying capacity which has a impact on global carbon sequestration efforts (Raza et al., 2021).
There are numerous reasons for this result to have occurred such as leaching, high rainfall can directly lead to the loss of alkaline cations through surface runoff or leaching, the opposite is also true for areas with low rainfall and high temperatures having an accumulation of alkaline cations (Sun et al., 2023). There was high rainfall on Kilvey Hill day of the last collection (see figure 8.6.2) which means there may have been a temporary leaching effect that could have effected the results 
Although biochar commonly increases soil pH through the release of alkaline cations and ash-derived minerals, the effectiveness of this depends more on the feedstock type and pyrolysis temperature. Biochar derived from woody biomass contains a lower ash content than manure and therefore exhibits weaker liming effects (Liang et al., 2021).
Biochar derived from manure has a higher ash content which is directly linked to pH due to having more alkaline cations than wood derived biochar (Ippolito et al., 2020). The biochar used in this study was derived from woody biomass meaning that the expected increase wouldn’t be as high. Biochar applied with an organic nitrogen fertiliser would be found to increase soil pH (Zhang, Xing, et al., 2025). 
Some studies have found that biochar burned at a higher temperature (over 700°) would also increase in pH and this increases as the temperature does due to a positive correlation (Li et al., 2019; Ippolito et al., 2020). Other studies have found that high pH stabilises when the pyrolysis is in the moderate (500°- 600°) range (Zhang et al., 2017; Tomczyk, Sokołowska and Boguta, 2020). This is due to the alkali salts are released from the biochar structure at moderate temperatures. The temperature was not recorded in this study, so it is uncertain whether this had an effect. This is an avenue for future research.
If biochar is applied to acidic soils there is a much higher increase in pH than if biochar is applied to soils with a neutral pH (Zhang, Xing, et al., 2025). The baseline pH range for this study was 7 to 7.5 meaning that the soil was already neutral to alkaline to start with so a large increase was not expected.
[bookmark: _Toc232977685]Practical applications and management
The Wellbeing Of Future Generations Act Wales 2015 (WFGA) says that Wales must work: 
“in a manner which seeks to ensure that the needs of the present are met without compromising the ability of future generations to meet their own needs.” (Future Generations Commissioner for Wales, 2025).
This supports the need for remediation on Kilvey Hill for social economic health and environmental reasons. The communities surrounding Kilvey Hill are in the 20% or even 10% of the most deprived area of Wales (Welsh Government , 2025) (see figure 9.6.4).The Welsh Index of Multiple Deprivation measures multiple variables of social deprivation across Wales. This includes income, employment, health, education , community safety and physical environment.

[image: ]
[bookmark: _Toc232977753]Fig 9.6.4: a map showing the Welsh index of multiple deprivation including Bon-y-maen and Port Tennant (Local insight , 2026)
In the UK it has been found that mine spoil is disproportionately found in areas with high socio-economic deprivation (Norman et al., 2014). There is very little available funds to therefore invest in reclamation projects
The skyline project are aiming to create 100 jobs and contribute 84 million pounds to the local economy over the next 15 years by creating a restaurant, cable cars, luge, Adventure Playground and Green Space and a sky swing. (Skyline Swansea, 2026). However, it is deeply unpopular with the local community, who very much feel that their voices are being unheard, their opinions on the amount of ecological damage and the vast removal of trees on the hill are seen as unnecessary (Youle and Morgan, 2026). An alternative to this approach is biochar as it is low cost and non invasive and low maintenance. This can also be applied by a unskilled voluntary force. Such as the Kilvey Hill woodland volunteers (Swansea Council, 2024). 
An additional advantage of biochar-based remediation is its flexibility. Unlike large engineering projects, biochar can be applied incrementally and adapted according to site requirements and available resources. This may be beneficial for sites such as Kilvey Hill, where long-term management is likely to depend upon collaboration between local authorities, environmental organisations and community groups. Small-scale applications could be monitored and expanded over time if positive results continue to be observed. This approach would reduce initial costs while allowing remediation strategies to be refined based on site-specific evidence. Furthermore, using locally sourced feedstocks supports circular economy principles by transforming waste materials into  feedstocks sourced from garden waste collections or site maintenance. An add- in such as leaf litter, grass cuttings or kitchen waste derived compost could potentially added experimentally to see if this removes the decreasing pH.
[bookmark: _Toc232977686]Limitations 
There are several limitations that should be considered when interpreting the results. One of the main limitations is the relatively short duration of the study. Data was collected over an eight-month period, whereas many biochar studies monitor changes over several years. Biochar can continue to interact with soil long after it has been applied, and processes such as weathering, microbial activity and rainfall can alter its effectiveness over time (Lehmann and Joseph, 2009; Jeffery et al., 2011). Although significant reductions in copper concentrations were observed, it is unclear whether these reductions would continue, stabilise, or decrease over a longer period. Therefore, the findings should be viewed as short-term evidence of biochar effectiveness rather than proof of long-term remediation success.
Another limitation is the small sample size used within the study. Although the paired plot design helped control environmental variation, only eight control plots and eight treatment plots were included. This may have limited the ability of the statistical tests to detect smaller differences between habitat types. As a result, the lack of a significant habitat effect does not necessarily mean that habitat type has no influence on biochar performance. It is possible that differences between habitats may become clearer if a larger number of plots were used (Carter et al., 2013).
The timing of the study may also have influenced the results. Most of the monitoring period took place during autumn and winter, when vegetation growth and biological activity are reduced. Trees and other plants enter dormancy during colder months, which reduces their ability to take up heavy metals from the soil. Microbial activity is also generally lower during winter because of lower temperatures (Bardgett and van der Putten, 2014). This may help explain why habitat type did not significantly influence copper reduction, as biological differences between habitats may have been less pronounced than they would be during the growing season.
A further limitation is that only one type of biochar was used. The biochar was produced from woody biomass sourced locally through scrub clearance activities. Previous studies have shown that different feedstocks can produce biochar with very different properties (Lehmann and Joseph, 2009; Kloss et al., 2012). For example, manure-based biochar often contain higher levels of alkaline minerals and may have a stronger effect on soil pH than wood-derived biochar (Cao and Harris, 2010). Since the pH of the treatment plots unexpectedly decreased during this study, it is possible that the characteristics of the biochar used influenced this result. Testing a range of feedstocks would help determine whether other biochar could achieve greater remediation benefits.
The study was also limited by only measuring copper concentrations and soil pH. While these variables are important indicators of remediation success, they do not provide a complete picture of ecosystem recovery. Factors such as vegetation growth, microbial activity, species diversity and soil fauna were not measured. As a result, it is not possible to determine whether the reduction in copper concentrations led to wider ecological improvements. Future research should include biological indicators alongside chemical measurements to provide a more comprehensive assessment of restoration success (Beesley et al., 2011; Ahmed and Huo Aidi, 2025)
Finally, Kilvey Hill contains a range of contaminants associated with its industrial history, including lead, zinc and arsenic, as well as copper. This study focused only on copper because it is one of the most significant contaminants on the site. However, different heavy metals respond differently to remediation treatments (Uchimiya et al., 2011). Further research should investigate whether biochar is equally effective at reducing the mobility of other contaminants present within the Lower Swansea Valley.
Overall, despite these limitations, the study provides valuable evidence that biochar has the potential to reduce copper concentrations in contaminated soils under real-world field conditions. However, longer-term studies, larger sample sizes and a wider range of measurements would help develop a more complete understanding of biochar's effectiveness as a restoration tool for Kilvey Hill and other post-industrial landscapes.
Another consideration is the practical nature of conducting research under field conditions. Unlike laboratory studies, environmental variables such as rainfall, temperature, soil heterogeneity, and human disturbance could not be controlled throughout the study period. While this introduces uncertainty into the results, it also increases the relevance of the findings to real-world remediation projects. The study therefore provides a realistic assessment of how biochar performs under the environmental conditions present at Kilvey Hill, where multiple factors are likely to influence outcomes.
[bookmark: _Toc232977687]Future research
Building on this study, future research should include:
· How pH is affected by manure based biochar
· If biochar applied with a fertiliser made a difference in not acidifying the soils
· Future study should explore the weathering effects over a longer time scale such as 2-3 years. This would also allow to further explore the impacts of habitat type. 



[bookmark: _Toc232977688]Conclusion
This study is important because it demonstrates the potential of biochar as a sustainable method for managing heavy metal contamination in real-world environments such as Kilvey Hill. By conducting the research under field conditions across a range of habitat types, the study provides a more realistic understanding of biochar's performance outside controlled laboratory settings. The findings contribute to the growing body of evidence suggesting that biochar could offer a practical and cost-effective remediation strategy for post-industrial landscapes. However, the results also highlight the need for further research into its long-term effectiveness and wider impacts on soil properties.
The effectiveness of biochar as a remediation method for copper-contaminated soils at Kilvey Hill was assessed by comparing treated and untreated plots across different habitat types over an eight-month period. The results showed that biochar-treated plots experienced a significant reduction in copper concentrations, whereas untreated control plots showed no significant change. Habitat type did not appear to influence remediation effectiveness, indicating that biochar performed consistently across the environments studied. This finding contrasts with some previous studies that reported differences in remediation outcomes between habitat types. Although biochar successfully reduced copper concentrations, soil pH unexpectedly declined over time. This suggests that local environmental conditions and the characteristics of the biochar feedstock may influence soil responses differently than anticipated. Overall, the findings support the use of biochar as a promising, low-cost, and sustainable remediation technique for restoring heavy metal-contaminated post-industrial landscapes.
The discussion highlighted that biochar significantly reduced copper concentrations in treated soils, supporting previous research that has demonstrated its ability to immobilise heavy metals and improve contaminated sites. The lack of significant differences between habitat types may be explained by factors such as winter vegetation dormancy, similar environmental conditions across the study area, or the relatively short duration of the research. Contrary to expectations, soil pH decreased rather than increased. This may have been influenced by high rainfall, the neutral baseline pH of the soils, and the use of wood-derived biochar, which typically contains lower ash content than other feedstocks. The study also emphasised the practical advantages of biochar as a low-cost and sustainable remediation approach that aligns with circular economy principles. As a result, biochar could play an important role in future restoration efforts at Kilvey Hill. Nevertheless, further research is required to better understand long-term biochar weathering, its effects on soil pH, and the performance of alternative feedstocks.
Future research should investigate the effects of different biochar feedstocks, particularly manure-based biochar, on soil pH and heavy metal remediation. Studies should also explore whether combining biochar with fertilisers or other soil amendments can enhance remediation outcomes and reduce the risk of soil acidification. In addition, longer-term monitoring over two to three years or more is needed to assess biochar stability, weathering processes, and whether habitat type influences remediation effectiveness over extended periods.
More broadly, this research highlights the importance of developing remediation techniques that are both environmentally sustainable and practically achievable. Many post-industrial landscapes continue to experience the long-term effects of historic contamination, yet financial and logistical barriers often limit restoration efforts. The findings of this study suggest that biochar has the potential to provide a realistic management option that can be implemented at a local scale while contributing to wider environmental objectives. Although further investigation is required to fully understand its long-term performance, the results demonstrate that relatively simple interventions can support the gradual recovery of degraded soils. As interest in nature-based solutions continues to grow, approaches such as biochar application may become increasingly valuable in balancing ecological restoration, community engagement, and sustainable land management within former industrial areas.
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Pair1 noapplication - 4 months 3250 1893 0346 0238 6262 3.434 3 021 041
Pair2 noapplication - 8 months 6000 2160 1080 2563 9437 6565 3 006 012

Pair3 4 months - 8 months 2750 0500 0250 1954 3546 11.000 3 <001 002
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Paired Samples Test

Paired Differences Significance
95% Confidence Interval of the
Diference
Mean _ Std. Deviation _Std. Error Mean Lower Upper t o One-Sidedp Two-Sidedp
Pair1 noapplication - 4 months 1250 1258 0629 -0752 3252 1987 3 o7t 141
Pair2 noapplication - 8 months 4000 2160 1080 0563 7437 3703 3 o7 034

Pair3 4 months - 8 months 2750 0957 0479 1227 4273 6745 3 005 010
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