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Abstract 

Environmental contamination associated with artisanal gold mining in Guyana 

Chetwynd Osborne 

A meta-analysis revealed that while there is often a greater degree of contamination of soils 

and sediments with metals, contamination by mercury (Hg) is a large concern owing to its 

toxicity at low concentrations. The case study in Guyana characterized Hg and 

concentrations of other metals (As, Cd, Co, Cu, Mn, Ni, Pb, and Zn) in soil and sediment 

within gold mined areas. Metal concentrations were low in soil and sediment of sampled 

gold mines, while the concentrations of Hg were much higher in soil and sediment and 

contamination was not localized to the mine site. Moss bags and Hg passive air samplers 

(MerPAS) were deployed to measure atmospheric Hg around a gold mine in Mahdia, 

Guyana over a 90-day period as well as a 2-day period that encompassed a periodic burn 

(typically 2-hr). Mercury in moss and MerPAS were positively correlated over both 

deployment periods, but Hg concentrations measured during the 2-day event were several-

fold higher in both moss and MerPAS compared with the 90-day exposure demonstrating 

that most of the Hg sorbed to both moss and passive samplers is lost during periods of 

inactivity. Using the 2-day deployment as a conservative estimate of atmospheric Hg 

exposure, Hg air concentrations around the burning station exceeded 100,000 ng m-3 

averaged over a 48-hr period, and moss Hg concentrations were greater than 250,000 ng g-

1 around the burning station, although Hg concentrations in both media decreased rapidly 

with distance. Mercury concentration in soil and sediment was strongly related to organic 

matter content, which tended to be higher away from the mine site. These controls of 

organic matter (carbon; C) cycling on Hg distribution and movement are clear at sites 
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exposed to high atmospheric Hg and exist at the global scale, although Hg:C ratios in 

environmental media are greatly elevated at the gold mine site compared with the global 

average. Locally sourced biochar did not sufficiently improve physical properties 

(porosity) in overburden soil, which showed the worse plant response, possibly due to the 

high clay content that contributes to the “baked” condition of these soils and restrict root 

growth.  

 

Keywords: Gold mining, Environmental contamination, Mercury, Metals, Organic 

matter, Biochar 
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1.0 General introduction   

Artisanal gold mining (small and medium scale) has historically been an important 

livelihood option for many rural communities in the Global South, but mining practices 

can contaminate the environment with various contaminants of concern (CoC) (Delgado 

Jiménez et al., 2022). Guyana has witnessed an upsurge in economic activities, which has 

led to the expansion in gold mining over the last few years, and this is anticipated to 

continue given the heavy dependence of Guyana’s economy on gold (GLSC, 2017). 

Previous studies that assessed environmental contamination associated with artisanal gold 

mining in Guyana, only focused on soil and sediment contamination (Howard et al., 2011; 

Howard, 2006; Kalamandeen et al., 2020) and atmospheric contamination near gold shops 

(Brown et al., 2020), rather than a holistic assessment across various environmental media. 

This study presents the first comprehensive assessment in Guyana to better understand 

environmental contamination associated with artisanal gold mining. The findings from this 

research are expected to inform policy frameworks, monitoring plans, and provide baseline 

information for national guidelines within the gold mining sector of Guyana. 

 

1.1 Environmental contamination associated with artisanal gold mining in South 

America: A meta-analysis 

Globally, artisanal gold mining serves as the principal source of income for 30 million 

miners in developing countries. With approximately 12% of gold production globally being 

derived from illegal mining practices, which benefits miners economically. Despite the 

provision of livelihood options, the environment suffers as a result of land degradation, 

sedimentation of water source, degradation of soil, deforestation, and chemical 
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contamination with mercury (Hg) and other metals (Gafur et al., 2018; Martín et al., 2020; 

Ogola et al., 2002; UNIDO & Green Industry, 2011). Gold mining has been identified as a 

strong driver of land degradation (Tankari Dan-Badjo et al., 2019), given the extractive 

nature, which entails the removal of large expanses of forest cover and top soil to retrieve 

the gold bearing ore. Such practices disturb the landscape in a significant way and have 

ripple effects on terrestrial and aquatic ecosystems over the short, medium and long term 

(Batsaikhan et al., 2016). The release of CoC (As, Cd, Co, Cu, Hg, Mn, Ni, Pb, Zn) that 

are typically associated with artisanal gold mining negatively affects ecosystem 

functioning when present above threshold limits in soil and sediment (Fashola et al., 2016). 

Synthesis studies related to the impact of gold mining on the environment have 

been done in other regions such as North America (Asif & Chen, 2016; Cheney et al., 

2024), Africa (Edwards et al., 2014; Laker, 2023; Mencho, 2022; Mimba et al., 2023; 

Tibane & Mamba, 2022) and Asia (Soe et al., 2022; Zhao & Xing, 2024), but not on a 

continental scale in South America. This thesis undertook a meta-analysis to provide a 

comprehensive assessment of available studies (n=34) on Hg and metals contamination in 

environmental media (soil and sediment) near artisanal gold mines across South America 

(11 countries). This meta-analysis revealed that gold mining has contributed to the 

contamination of nearby soil and sediment, creating potential ecological risks in the 

vicinity of the mining area. Although the degree of contamination of soil and sediments by 

several metals was greater than Hg, contamination by Hg often exceeded guidelines, 

especially in sediments owing to its toxicity at low concentrations. Rapid measures are 

needed to remediate contaminated soils, restore the landscape of gold mining areas, and 

carry out environmentally protected gold mining of undisturbed deposits to transition from 
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the exploitation of natural resources to more sustainable usage as enshrined within the 

adoption of the 17 sustainable development goals (SDGs) (Keesstra et al., 2018). In the 

quest to achieve the SDGs related to climate, food, water, and health, pressures on land are 

expected to increase. Therefore, the avoidance of further land degradation poses a 

challenge, which warrants a paradigm shift to achieve a balance between losses and gains 

(Keesstra et al., 2018). Combatting land degradation has been an international duty since 

1992 under the auspices of the United Nations Convention to Combat Desertification 

(UNCCD) and this has been further realized through SDG Target 15.3, which seeks to 

restore degraded lands by 2030 (UNCCD, 2018; Wijitkosum, 2021). In the quest to achieve 

this goal, the need exists for an analysis of current problems, future environmental trends, 

and vulnerability. 

 

1.2 Characterizing Hg and other metal concentrations in soil and sediment within 

gold mined areas of Guyana 

As evidence by the meta-analysis, artisanal gold mining significantly alters the mineral and 

chemical composition of soil due to the accumulation of large quantities of sulfide-rich 

tailing materials (Adekiya et al., 2024). Enriched metals (As, Cd, Co, Cu, Mn, Ni, Pb, and 

Zn)  in the gold-bearing ore could be a source of environmental contamination after the 

gold is separated and the remaining materials are discharged as tailings (Barcelos et al., 

2020). The addition of Hg to amalgamate the gold further compounds the issue. A focus 

on the impact of gold mining at the small and medium scale on environmental media, has 

gained momentum over the last few decades, given the potential threats posed to the 

terrestrial and aquatic environment (soil, water resources, sediment, flora, fauna) 
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(Rakotondrabe et al., 2018). The impacts of gold mining are not limited to soils and 

vegetation on mine sites. Sediments are also affected and show longer-term loadings. 

Discharge of contaminants threatens the ecological goods and services offered by 

sediments – provision of nutrients for benthic life and habitat for various species (Ali et al., 

2018; Islam et al., 2015; Jiang et al., 2013; Kumar et al., 2021; Macdonald et al., 2015; 

Pejman et al., 2015). These contaminants potentially accumulate in sediments, thereby 

worsening the water quality and pose threats to the wider aquatic environment (Caballero-

Gallardo et al., 2020; Kumar et al., 2021; Pejman et al., 2015). Elevated Hg in sediment 

poses high environmental risk since it can be converted to methylmercury in sediments 

through methylation of inorganic Hg by microorganisms under anaerobic conditions. 

Methylmercury is the more toxic form because it biomagnifies along the food chain, 

resulting in greater environmental and human health concerns (Helmrich et al., 2021; Wang 

et al., 2024).  

The meta-analysis across South America identified gold mining as a major cause 

of contamination of nearby soil and sediment. The degree of contamination associated with 

artisanal gold mines in Guyana have not been characterized. This thesis characterized Hg 

and metals (As, Cd, Co, Cu, Mn, Ni, Pb, and Zn) contamination in soils and sediments 

collected from two gold mines in Guyana (Frenchman and Mahdia, Potaro Mining District) 

to better understand the degree of contamination locally. The localized study found that 

gold mining leads to high levels of Hg deposition to terrestrial and aquatic ecosystems. 

However, other metals were not a concern given the low concentrations (below threshold 

limits) measured in the soil and sediment of sampled gold mines compared with other 
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studies across South America. The elevated levels of Hg (exceed guidelines) suggest much 

higher contamination in soil and sediment that is not localized to the mine site. 

 

1.3 Atmospheric Hg monitoring using passive samplers and moss bags within gold 

mined areas of Guyana 

Mercury (primary oxidation states Hg0 and Hg2+) is emitted into the environment from 

natural (e.g., soil, volcano, ocean) and from anthropogenic sources (e.g., gold mining) 

(Corredor et al., 2021; Antía Gómez-Armesto et al., 2020; Grigal, 2002; Niane et al., 2019). 

The relatively long atmospheric lifespan (0.5 to 2 years) of gaseous elemental Hg released 

from the burning of gold amalgam, facilitates spatial transport across the mining operation 

and even to sites farther away from the gold mine before redisposition onto the surface of 

soil and vegetation (Buck et al., 2019; De Simone et al., 2014; Slemr et al., 2011). These 

characteristics of Hg coupled with its persistent and non-biodegradable nature, strong 

enrichment, and toxicity negatively affects the environment and human health (Buck et al., 

2019). Surges in gold prices and associated socio-economic factors could lead to an 

increase in small and medium scale gold mining, which drives the emission of large 

quantities of Hg (ca. 675 – 1000 tonnes per year) into the atmosphere (Gerson et al., 2022).  

However, little is known about the levels of atmospheric Hg emissions and 

accumulation across small and medium scale gold mines in Guyana. Therefore, monitoring 

of atmospheric Hg within gold mining sites in Guyana is key to understanding local cycling 

and fate of Hg. Passive air sampling is a low-cost no-power approach to monitoring 

atmospheric Hg (Jeon et al., 2020). Mercury passive air samplers (MerPAS® from Tekran) 

are useful for monitoring of atmospheric Hg within gold mining areas, given the ability to 
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provide time-averaged concentrations of Hg over the timescale of days to months 

(McLagan et al., 2016; Naccarato et al., 2021). These passive air samplers could also be 

supplemented with inexpensive active moss biomonitoring, which is a technique based on 

the direct uptake of atmospheric Hg or the oxidation of Hg0 to Hg2+ into the tissue of moss 

(Bargagli, 2016; Lodenius, 1998). Continuous monitoring of atmospheric Hg in remote 

gold mines of Guyana can be expensive. Therefore, active moss biomonitoring and passive 

air sampling offers an efficient, cost-effective, and simple approach to evaluating patterns 

in atmospheric Hg deposition within gold mines. Based on the elevated levels of Hg in soil 

and sediment of the sampled gold mines, atmospheric Hg assessment was done in this study 

around a gold mining area using moss and passive samplers over a longer term (90 days) 

and a short-term (2 days) period during which a burn occurred. Mercury in moss and 

MerPAS were positively correlated over both deployment periods, but Hg concentrations 

measured during the 2-day event were several-fold higher in both moss and MerPAS 

compared with the 90-day exposure demonstrating that most of the Hg sorbed to both moss 

and passive samplers is lost during periods of inactivity. Using the 2-day deployment as a 

conservative estimate of atmospheric Hg exposure, Hg air concentrations around the 

burning station exceeded 100,000 ng m-3 averaged over a 48-hr period, and moss Hg 

concentrations were greater than 250,000 ng g-1 around the burning station, although Hg 

concentrations in both media decreased rapidly with distance. Moss and passive samplers 

may be useful for measuring atmospheric Hg but should only be deployed for short periods 

to minimize Hg loss to the atmosphere. There was no relationship with Hg concentration 

in soil and sediment with either distance from the burning station or Hg measured in the 
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deployed moss bags. Instead, Hg concentration in soils and sediment were strongly related 

to organic matter (OM) content, which tended to be higher away from the mine site. 

 

1.4 Contrasting Hg/C relationship in environmental media near artisanal gold 

mining sites in Guyana with those observed at the global scale 

Elevated concentrations of Hg released into the atmosphere due to artisanal gold mining, 

leads to increased Hg exposure to adjacent forest canopies (Gerson et al., 2022). Terrestrial 

ecosystems act as large storage pools for atmospheric Hg deposition that accumulates in 

surface litter and soil (Grigal, 2003; Pokharel & Obrist, 2011). Leaf litter with direct soil 

contact may function as a temporary pool for soil Hg, which may be important for risk 

assessments since this can aid the dispersal of contaminants through leaf litter 

translocation. As litter decompose, OM enters soil, which is the largest terrestrial carbon 

(C) pool that accumulates via continuous plant C inputs. Carbon in soil can be transported 

from terrestrial ecosystems (soil, plant materials, and wetlands) to freshwater ecosystems 

through various flow paths (Franco-Cisterna et al., 2024). The quality and quantity of C is 

an important factor that controls sorption with inorganic Hg, which is likely to sink rapidly 

to the bottom where it is buried in sediment (Eckley et al., 2021). Given the affinity 

between Hg and C, these relationships could track the movement of Hg in environmental 

media, which may differ between gold mining sites and remote sites that are not influenced 

by gold mining.  

Although Hg movement and C within the biosphere are connected, it is unclear how 

these patterns may differ in areas exposed to high levels of Hg compared with regions 

remote from pollution sources. This study presented the first demonstration of Hg/C 
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patterns in environmental media (foliage, leaf litter, soil, water, sediment) near artisanal 

gold mining sites in Guyana relative to those observed globally to provide a greater 

understanding of Hg movement within the biosphere. The results of this study showed 

strong positive relationships between soil C and Hg for regions close and distant from point 

source, with Hg/C ratios being much lower in sites farther away from emission source 

compared with those observed near artisanal gold mines. The processes and patterns of 

Hg/C ratios in environmental media were similar in Guyana and globally synthesized 

studies, with much higher values at contaminated sites compared with clean sites. It was 

evident that Hg/C ratios were lowest in foliage, with increases during decomposition due 

to continued accumulation from the atmosphere, while mineral soil Hg/C ratios decreased 

indicating greater losses of C relative to Hg or dilution by C inputs from below ground 

biomass. Surface water ratios reflected inputs from dominant flow paths (surface soils and 

wetlands), while sediment sample ratios were closer to mineral soils due to a greater 

contribution of erosional losses.  

 

1.5 Evaluation of biochar on plant growth on waste spoils from artisanal gold 

mines in Guyana. 

The operating life of gold mining sites in Guyana can vary from a few years to a few 

decades, with the main aim of achieving return on investment. Generally, these sites are 

actively mined for one to five years in the case of small and medium scale mines, and five 

to 20 years in the case of large-scale mines. The duration of active mine operation is 

dependent on factors such as location, gold demand and world price, production cost and 

rate, quantity and quality of gold (grade), and ground condition (Mining Information 
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Toolkit for Guyana, 2012). Artisanal miners tend to abandon sites following gold 

exploitation without implementing measures to reclaim degraded land post-mining 

(Nacishali Nteranya & Mukulia, 2023). Reclamation practices post-mining is important for 

biodiversity conservation and these practices may vary based on intensity of artisanal gold 

mining. Generally, large scale mines tend to have better reclamation given the available 

financial and human resources as well as expertise to reclaim land to high standards. 

However, the requirement for adequate reclamation pose immense challenges for small and 

medium scale mines given their limited capacity and finances (Toy & Griffith, 2001).  

Understanding litter dynamics (decomposition) and the interaction between C and 

Hg provides insights into the reclamation of degraded soil since this determines the supply 

rate of C to soil and the reactivation of nutrient cycling. In Guyana, gold mine spoils are 

not adequately characterized prior to reclamation and in the absence of such critical 

scientific data, Acacia mangium (invasive species) is predominantly being used for 

reclamation of mined out sites due to its ability to tolerate infertile soils and extract soil 

contaminants (Garbisu & Alkorta, 2001; Majid et al., 2012). Waste spoils from gold mines 

exhibit biological, chemical, mechanical, and physical deficiencies due to low nutrient and 

OM content, instability and limited cohesion, and elevated levels of Hg and metals 

(Adekiya et al., 2024). Few studies in Guyana have evaluated how soil amendments may 

be used to improved soil quality and plant performance (Moonilall et al., 2020; Persaud et 

al., 2018; Whyte et al., 2024). Soil properties and reclamation could be enhanced through 

the application of biochar, which is a stable carbon-rich derivative from pyrolysis of plant 

material (Ahmad et al., 2014). Chlorocardium rodiei (greenheart) is a readily available 

wood species in Guyana (Kekem et al., 1996) that could be subjected to pyrolysis to 
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produce biochar. This type of biochar is locally sourced in Guyana and may enhance 

nutrient availability (calcium, nitrogen, phosphorus, potassium) and improve physical 

properties (porosity and water holding capacity) of soil to support plant growth (Festin et 

al., 2019). This study evaluated the effect of a locally sourced soil amendment 

(Chlorocardium rodiei biochar) on Poa pratensis (Kentucky bluegrass) growth on waste 

spoils from artisanal gold mines in Guyana to provide some insights into the enhancement 

of soil physicochemical properties to support reclamation. The growth chamber study 

(under laboratory conditions that approximate conditions in Guyana) showed that plant 

response was worse at overburden sites, but did not improve with the addition of biochar 

(10 t ha-1), likely because soil physical properties (porosity) were not sufficiently improved, 

and the “baked” conditions of clay-rich soil led to more compaction and possible restriction 

of root growth.   

 

1.6 Research objectives  

The work presented in this thesis aimed to contribute to the understanding of Hg 

contamination relative to other metals as outputs of artisanal gold mines. The five chapters 

appended to the thesis address interconnected issues regarding Hg and metals 

contamination of the environment due to artisanal gold mining (Figure 1.1). The main 

objectives of the studies were to:  

a. Assess environmental contamination associated with artisanal gold mining in South 

America through a meta-analysis. 

b. Characterize Hg and other metal concentrations in soil and sediment within gold 

mined areas of Guyana  
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c. Monitor atmospheric Hg using passive samplers and moss bags within gold mined 

areas of Guyana 

d. Contrast Hg/C relationship in environmental media near artisanal gold mining sites 

in Guyana with those observed at the global scale   

e. Evaluate biochar effects on plant growth on waste spoils from artisanal gold mines 

in Guyana   
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Figure 1. 1. Schematic representation of artisanal gold mining environmental 

contamination addressed in chapters appended to this thesis: (II) Environmental 

contamination associated with artisanal gold mining in South America: A meta-analysis; 

(III) Characterizing Hg and other metal concentrations in soil and sediment within gold 

mined areas of Guyana; (IV) Atmospheric Hg monitoring using passive samplers and 

moss bags within gold mined areas of Guyana; (V) Contrasting Hg/C relationship in 

environmental media near artisanal gold mining sites in Guyana with those observed at 

the global scale; and (VI) Evaluation of biochar on plant growth on waste spoils from 

artisanal gold mines in Guyana.  
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2.0 Environmental contamination associated with artisanal gold mining in 

South America: A meta-analysis 

 

2.1 Introduction 

Artisanal gold mining (small and medium scale) is a fundamental sector for most of the 

South American economies, but is also a large source of pollution (Chen et al., 2022; Hou 

et al., 2023). Small scale gold mining practices typically involve small groups of 

individuals from rural and immigrant communities who extract ore deposits in small areas 

(illegal in some cases) using rudimentary tools (diggers, pans, spades, sluice boxes, and 

shovels). Medium scale gold mining practices are more structured with more individuals 

for greater division of labor and semi-mechanized approaches (excavators, heavy engines, 

heavy duty trucks, and gold washing plants) are used to extract larger ore deposits (Timsina 

et al., 2022). Both small and medium scale gold mining result in hydrocarbon spills that 

contaminate soil and sediment, but the environmental pollution is usually worse for small 

scale mining due to its unregulated and informal nature (Rakotondrabe et al., 2018).  

Given the value of gold and its superior application prospects, gold mining is 

widely practiced in many mining-rich countries across South America (Argentina, Bolivia, 

Brazil, Chile, Colombia, Ecuador, Guyana, French Guiana, Peru, Suriname, and 

Venezuela) (Qian et al., 2019). Gold mining is a popular occupation in these countries due 

to its higher earning potential compared with agriculture, forestry, and fishing 

(Wongsasuluk et al., 2021). According to recent data, gold production across South 

America reached a maximum of 441,295 metric tons in 2022 (Jaganmohan, 2024). 

However, the increasing demand for gold has highlighted the environmental risks of its 
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expansion (Barcelos et al., 2020). The methods used to extract gold could dictate the impact 

of gold mining on the environment (Veiga et al., 2022). Studies related to the impact of 

gold mining on the environment have been done in other regions such as North America 

(Asif & Chen, 2016; Cheney et al., 2024), Africa (Edwards et al., 2014; Laker, 2023; 

Mencho, 2022; Mimba et al., 2023; Tibane & Mamba, 2022) and Asia (Soe et al., 2022; 

Zhao & Xing, 2024), but not on a continental scale across South America. Therefore, an 

examination of documented gold mining practices in literature across South America could 

provide insights into the degree of environmental contamination within the region.  

Artisanal gold mining leads to widespread pollution in soil and sediment, but 

concentrations of arsenic (As), cobalt (Co), copper (Cu), cadmium (Cd), lead (Pb), zinc 

(Zn), manganese (Mn), and nickel (Ni) are much higher close to point sources due to their 

existence in particulate rather than gaseous form (Poikolainen et al., 2004). Gold mining 

activities such as excavation and processing of the gold bearing ore are done by sluicing 

and panning (gravity concentration methods) which require the use of water that is later 

discharged into nearby streams and rivers or stored onsite in small ponds. The unregulated 

disposal of tailing materials and wastewater can result in varying levels of contamination 

of soil and sediment (Mimba et al., 2023). Although metals are present in small quantities 

naturally in bedrock and soil, gold mining activities substantially increase the concentration 

of these contaminants of concern (CoC’s) in soil and sediment through direct disposal, 

leaks, spills, and other pathways (Kabir et al., 2012; Poikolainen et al., 2004; Pratte et al., 

2013). The presence of As, Cd, Co, Cu, Mn, Ni, Pb, and Zn at levels above recommended 

quality guidelines for soil and sediment are a concern due to their ability to accumulate in 

food chains and toxicity to most organisms (Poikolainen et al., 2004). These CoC’s have 
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substantial and long lasting effects on the local environment and human health and are 

often viewed as representative toxic metals that are indicative of environmental pollution 

(Kabir et al., 2012). This sort of human health threat coupled with the non-degradable 

nature of these CoC’s results in substantial and extended effects on the environment and 

organisms despite remediation efforts (Kabir et al., 2012; Tian et al., 2015).  

The introduction of mercury (Hg) through the gold-amalgamation process to 

recover free gold from the primary ores further compounds environmental issues related to 

gold mining (Miserendino et al., 2018; Velásquez-López et al., 2010). Mercury is 

encountered on the surface of the Earth in chemical forms such as elemental Hg0, divalent 

inorganic Hg2+, and organometallic methylmercury (MeHg) (Niane et al., 2019). Although 

countries across South America have signed the Minamata Convention on Mercury 

(UNEP, 2013) to safeguard human health and the environment, some countries still utilize 

Hg in small and medium scale gold mining (Canuel et al., 2009). This method of gold 

extraction is applied extensively since it is cheaper than many of the alternative measures, 

is simple and quick, and can be applied independently by one person. In contrast to other 

metals, Hg tends to be emitted in a gaseous form (Hg0) and as a result, Hg deposition tends 

to be less clearly associated with points sources since it can be transported over long 

distances – from the arctic to the tropics (Costa et al., 2012; Durnford et al., 2010; Lacerda 

et al., 2020; Pacyna et al., 2010). During the Hg-gold amalgamation process, large 

quantities of elemental Hg could also be lost directly to soil and sediment based on total 

mass (Guédron et al., 2018). Once deposited, Hg can be found in soil as Hg0 droplets or as 

Hg2+ bound with organic matter (Niane et al., 2019). High levels of Hg can cause severe 

human health problems (neurological, cardiovascular, immunological, and renal disorders) 
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and contaminate ecosystems (disrupt species function and behavior) (Nkuba et al., 2019; 

Santos-Lima et al., 2020; Yan et al., 2019). Mercury from gold mine sites can be 

transported to aquatic ecosystems via soil and riverbank sediment erosion and Hg 

methylation is favored in the anoxic environments of sediment (Niane et al., 2019). 

Methylmercury is the more toxic form of elemental Hg, since it can accumulate in 

organisms and biomagnify in trophic food chains even at low concentrations, posing 

increased health risk to humans (Bravo et al., 2018; Chen et al., 2020).    

Soils and sediments provide essential functions in the terrestrial and marine 

ecosystems given their vital role in ecological stability, agricultural production and 

provision of habitats (Chen et al., 2022). However, contamination of soils and sediments 

by Hg and metals is becoming an increasingly severe environmental problem regionally 

(Chen et al., 2022). With the release of excess amounts of Hg and metals into the 

environment, soil and sediment quality decreases, leading to a reduction in ecological 

stability and food security (Chen et al., 2022). Mining activities are considered one of the 

most significant sources of Hg and metals found in soil and sediment, with various studies 

reporting contamination by Hg and other metals near gold mines (Bempah & Ewusi, 2016; 

Chen et al., 2022; Duan et al., 2018; Hadzi et al., 2019; Odukoya et al., 2022).  

Meta-analysis methods have been used to comprehensively analyze contamination 

near gold mining areas (Chen et al., 2022; De Miguel et al., 2014; Hou et al., 2023; Hu et 

al., 2021; Lavoie et al., 2019). Previous studies have used meta-analysis based on different 

effect size metrics to estimate the health effects of Hg emission from gold mining (Hu et 

al., 2021; Taux et al., 2022). This method is applicable in efficiently addressing 

environmental questions on the impact of artisanal gold mining through a large-scale study. 
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Comprehensive studies on Hg and metals contamination in environmental media near 

artisanal gold mines on a continental scale are yet to be carried out. The main objective of 

this study is to assess the degree of contamination in soil and sediment near artisanal gold 

mines and explain variation by mining practices (small versus medium scale) across South 

America. Small scale gold mines are expected to show higher effects for CoC in soil and 

sediment compared with medium scale gold mines. Contaminants of concern that are 

directly associated with gold ore are expected to have a larger effect than Hg. Because 

atmospheric Hg is mostly gaseous and not part of the ore, it is expected to have a broader 

distribution compared with other metals that are part of the ore and associated with 

particles. This meta-analysis is expected to provide a sound scientific basis for future 

policies to control toxic element pollution and reduce the ecological risks in South America 

and by extension, globally.   

 

2.2 Methods 

2.2.1 Study selection and guiding questions for meta-analysis   

The meta-analysis was based on available data published from 2008 to 2023 to represent 

the last 15 years of scientific studies related to artisanal gold mining in South America. 

Studies were selected from Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, Guyana, 

French Guiana, Peru, Suriname, and Venezuela (Figure 2.1). These countries were selected 

based on available data of environmental contamination associated with artisanal gold 

mining practices and no data was available for Paraguay and Uruguay, hence their 

exclusion from the meta-analysis. This study focused on nine CoC’s that are commonly 

associated with artisanal gold mining, namely, As, Cd, Co, Cu, Hg, Mn, Ni, Pb, and Zn. 
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To objectively identify and process relevant studies for analysis, a comprehensive 

systematic literature search was conducted. Online databases such as Google Scholar, 

Science Direct, Web of Science, Springer, and American Chemical Society were searched 

for peer-reviewed articles using simultaneously the keywords “artisanal gold mining” and 

“environmental impact”. Variants of these terms were included – metal contamination, soil, 

sediment, gold mine, toxic element pollution, and environmental media. Inclusion and 

exclusion of literature was based on the criteria outlined in Figure 2.2. Following the 

literature selection and screening process, 34 articles were selected for a comprehensive 

analysis. The meta-analysis was primarily guided by the question – how does 

contamination of soils and sediments by COC’s vary by artisanal gold mining practices 

across South America?   
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Figure 2. 1. Map of focus countries and location of study sites. 
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Figure 2. 2. Flow chart of literature selection and screening process. 
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2.2.2 Collection of soil and sediment for meta-analysis   

Soil results from these studies were reported by depth integral and mineral soil data at a 

depth of 0 – 20 cm were used in this meta-analysis. At this depth, CoC are usually more 

concentrated and provide better and consistent estimates of the degree of environmental 

contamination associated with artisanal gold mining. Sediment results came from both 

rivers and lakes, since gold mines influenced river sediment in some studies and lake 

sediment in others. Water depth for sediment collection was not mentioned in screened 

studies, but some studies indicated that surface sediments (0 – 10 cm) were collected.     

 

2.2.3 Statistical analysis    

The spatial distribution of studies across focus countries of South America was mapped in 

ArcGIS Pro 2.9.0 (Esri, 2021), utilizing GPS coordinates from each study (Figure 2.1). For 

studies without GPS coordinates, site locations were extracted from Google Earth Pro 

(Google, 2024), based on the specified locations of the study. In the absence of local 

guidelines for soil and sediment quality across South America, guidelines recommended 

by the Canadian Council of Ministers of the Environment (CCME) and Environmental 

Protection Agency (EPA) were used (Table 2.1).    

Studies that reported CoC concentrations in soil and sediment from impacted and 

unimpacted areas close to small and medium scale gold mines were extracted from the 

published data. Hierarchical analysis was first done on all data according to soil and 

sediment and then separated by small and medium scale gold mines. For this study, gold 

mines with informal approach, labor-intensive, and rudimentary techniques were classified 

as small scale, while those with a more organized approach, greater division of labor, and 
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semi-mechanized techniques were classified as medium scale. Estimating the effect size 

(i.e., the magnitude and direction of the experimental effect) for each independent 

experiment is a core principle of meta-analysis (Reid & Watmough, 2014). Effect size 

estimates were pooled for summary purposes by comparing parameter metrics (CoC 

concentrations) from individual studies across South America using random-effects 

models. A conditionally applied argument was included to exclude studies from the random 

effects model when studies that reported CoC were less than three to ensure reliable 

estimation of random effect component and accurately capture heterogeneity. Random-

effects models control nonindependence in ecological meta-analysis by accounting for 

variation within a study and between various studies. The I2 statistic was used to quantify 

heterogeneity among studies (Higgins & Thompson, 2002; Hu et al., 2021; Veroniki et al., 

2016).        

 

2.3 Results 

2.3.1 Results of the search  

Data were extracted from 34 published articles (Table S2.1), which measured 

concentrations for the nine CoC (As, Cd, Co, Cu, Hg, Mn, Ni, Pb, and Zn) in soil and 

sediment. Among these studies, 18 measured CoC in soil and 22 measured CoC in 

sediment.  Here, 136 effect size (r) values were extracted for the CoC from 11 countries 

across South America.   
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2.3.2 Degree of soil and sediment contamination  

Contaminants of concern surpassed guideline values (Table 2.1) in 18 % of reported soil 

results and 40 % of reported sediment results. Some CoC concentrations in soil (As, Co, 

Cu, Hg, Mn, Pb, and Zn) and sediment (As, Cd, Cu, Hg, Mn, Ni, Pb, and Zn) exceeded 

CCME and EPA guidelines. The studies showed a larger exceedance for As (64 %) in soil 

and Cu (100 %) and Hg (71 %) in sediment (Figure 2.3). The exceptions were Cd and Ni, 

which were always below recommended guidelines in soil (Figure 2.3).  

The random effects model for CoC in soils and sediments showed a summary effect 

size of 344.16 and 793.66 respectively, with heterogeneity (I2) among studies (Figure 2.4). 

These positive effect sizes indicate an average increase in concentrations for CoC in soils 

and sediments of areas affected by gold mining compared with unimpacted areas. The 

average increase in effect size in soil was statistically significant (p = 0.02) since the 

confidence interval produced by the random effects model does not include 0 (CI = 54.08, 

634.23). However, the average increase in sediment effect size was not statistically 

significant (p = 0.12) since the confidence interval produced by the random effects model 

included 0 (CI = -207.75, 1795.07) (Figure 2.4). Some CoC exhibited much larger effect 

sizes in soil (e.g., As, Co, Hg, Mn, and Pb) or sediment (e.g., Cd, Cu, Ni, and Zn) and 

sediment results were not always consistent with soils. For example, the effect sizes for As 

and Mn were much larger in soil, while in sediment the effect size for Cu was far greater 

than observed in soils. Generally, CoC such as As, Cu, Mn, Pb, and Zn showed a larger 

effect than Hg in soil and sediment (Figure 2.4). However, these larger effect sizes do not 

necessarily reflect the exceedance values and hence potential environmental risk, since Hg 
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concentrations exceeded sediment guidelines for 71 % of studies, despite a small effect 

size (Figure 2.3).       

 

Table 2. 1. Contaminants of concern recommended guidelines for soil (industrial) and 

sediment (freshwater) quality (CCME, 2024; US EPA, 2000, 2002).  

Element 

Soil  

(dry weight) 

Sediment  

(dry weight) 

As (mg kg-1) 12a 5.9a 

Cd (mg kg-1) 22a 0.6a 

Co (mg kg-1) 300a - 

Cu (mg kg-1) 91a 35.7a 

Hg (ng g-1) 100b 100b 

Mn (mg kg-1) 450b 300b 

Ni (mg kg-1) 89a 20b 

Pb (mg kg-1) 600a 35a 

Zn (mg kg-1) 410a 123a 

- no reported guideline, a CCME guideline, b EPA guideline 
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Figure 2. 3. Contaminants of concern across South America according to CCME and EPA 

guidelines for soil and sediment quality. Values above bars indicate permissible limits – 

Hg measured in ng g-1 and other CoC (As, Cd, Co, Cu, Mn, Ni, Pb, and Zn) measured in 

mg kg-1, *no reported limit, n = number of studies.   
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Figure 2. 4. Summary forest plot of CoC displaying the results of random effects meta-

analysis for (a) soils and (b) sediments across South America. CI = confidence interval; n 

= number of studies. 
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2.3.3 Effect of mine size  

Artisanal gold mining practices as described in each study from surveyed countries in 

South America were grouped according to small and medium scale mines, with 62% of the 

studies related to small scale gold mines while 38% were medium scale gold mines. The 

random effects model for CoC in soils according to small and medium scale gold mines 

showed a summary effect size of 230.09 and 391.26 respectively, with heterogeneity (I2) 

among studies (Figure 2.5). The average increase in effect size in soil was statistically 

significant for small scale (p = 0.02, CI = 36.03, 424.15) and medium scale (p = 0.03, CI = 

37.50, 745.02) (Figure 2.5). The positive effect size for soils indicates an average increase 

in concentrations for CoC at small and medium scale gold mines. These differences as a 

group were also evident among individual CoC effect size in soil at small and medium 

scale gold mines. For example, some CoC in soil have a larger effect at small scale gold 

mines (e.g., Co, Cu, and Ni) while other COC’s have higher effect sizes at medium scale 

gold mines (e.g., As, Cd, Mn, Pb and Zn). The effect size of Hg in soil was almost identical 

at small and medium scale gold mines. Contaminants of concern such as Co, Cu, and Mn 

showed high variability in soils at small scale gold mines, while As, Pb, and Zn were highly 

variable in soils at medium scale gold mines.  

River and lake sediments influenced by small and medium scale gold mines showed 

a summary effect size of 653.89 and 178.06 respectively, with heterogeneity (I2) among 

studies (Figure 2.6). However, the average increase in effect size in sediment at small scale 

(p = 0.09, CI = -100.58, 1408.37) and medium scale (p = 0.06, CI = -8.29, 364.41) were 

not statistically significant but individually there are significant effect sizes (Figure 2.6). 

The positive effect sizes for sediments indicate an average increase in concentrations for 
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CoC at small and medium scale gold mines, with greater effect at the small scale. For 

example, the effect sizes for As, Pb, and Zn in sediment were much larger at the small scale 

compared with medium scale. Overall, the CoC’s in sediments were not as variable as in 

soils, where only Cd showed high variability at small scale gold mines and Cu and Zn were 

highly variable at medium scale gold mines. The effect size of Hg was only significant at 

small scale gold mines.   
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Figure 2. 5. Summary forest plot of soil CoC displaying the results of random effects meta-

analysis for (a) small scale gold mining and (b) medium scale gold mining across South 

America. CI = confidence interval; n = number of studies. 
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Figure 2. 6. Summary forest plot of sediment CoC displaying the results of random effects 

meta-analysis for (a) small scale gold mining and (b) medium scale gold mining across 

South America. CI = confidence interval; n = number of studies.   
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2.4 Discussion  

2.4.1 Contaminants of concern in soils and sediments   

This study shows that there is widespread metal contamination of soil and sediments 

associated with small and medium scale gold mining in South America. The degree of 

impact varies by metal and between soil and sediment and there are differences between 

impacts associated with small scale mining relative to medium scale mining. Additionally, 

the extent of contamination does not necessarily equate to environmental risk as almost 75 

% of studies show Hg exceeds EPA guidelines in sediment yet it shows a very modest 

effect size. This suggests some influence of gold mining activities where Hg is added 

during the gold recovery process, with direct lost into sediment.   

Gold mining generates large amounts of waste during the separation of gold from 

the ore. The remaining materials are disposed of as tailings and contain high levels of As, 

Cd, Cu, Mn, Pb, and Zn, which could contaminate nearby soils and sediments (Barcelos et 

al., 2020; Chen et al., 2023). The variability of metals in soil and sediment may be due to 

different ore minerology, differences in extraction procedures (small versus medium scale), 

waste management differences or differences in mine spoils age across South America. For 

example, the high levels of As and Mn in soil near gold mines could be attributed to the 

rich As and Mn content in mineralized waste rocks after separation of gold from ore, which 

may enter soil through poor and uncontrolled management of mine tailings (Abdul-Wahab 

& Marikar, 2012; Mensah et al., 2020). The leaching of tailing materials into streams and 

the presence of Cu-bearing minerals such as chalcopyrite could explain the high levels in 

sediment (Weleabzgi et al., 2021). The pattern of CoC in sediment differed from soil due 

to heterogeneity among studies used, which indicates variability in patterns of 



32 
 

environmental contamination from gold mining across different study sites. Armah et al. 

(2014) reported that the heterogeneity among studies applies to data collection procedures, 

preparation of metals for analysis, and sample storage, which may influence the magnitude 

and comparability of metal concentrations. The extraction procedures applied by small and 

medium scale mines differ, where medium scale mines extract and process larger ore 

deposits through semi-mechanized approaches by a team of 20+ people compared with 

small scale mines which are more labor intensive and done by one to five people. Such 

extractions disturb large quantities of earth materials that mix with mine spoils and alter 

the quality of soil and sediment at varying degrees. Mine spoil age could also influence 

metals concentrations due to the presence of residual contaminants from previous mining 

activities as well as mining-enhanced weathering and deposition from geogenic sources 

(Mensah et al., 2023). Additionally, metals from exposed waste rock piles and tailings 

could be mobilized in solution and spread to surrounding areas by erosion if waste is not 

properly managed. Once these metals enter adjacent water bodies, interaction with 

sediment is possible (Awotwi et al., 2021; Hammond et al., 2007; Mimba et al., 2023; Seki 

et al., 2022). 

The differences in percentage of studies exceeding quality guidelines for soil and 

sediment suggest varying degrees of environmental contamination across studies. The high 

exceedance of As in soil and Cu and Hg in sediment indicates high environmental risk 

compared with other CoC. This high As exposure in soil could restrict plant growth, soil 

fertility, and disrupt the food chain due to its toxicity and persistence in nature over a long 

period (Gupta et al., 2022). Copper is acutely toxic to biota when present above threshold 

concentration in sediment and directly affects the functionality of primary producers and 
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decomposers in freshwater ecosystems (Beghelli et al., 2016; Gardham et al., 2015). 

Elevated concentrations of Hg in sediments can be transformed into methylmercury, which 

is the more toxic and bioaccumulative form of Hg, through microbial activity (Eckley et 

al., 2021; Wang et al., 2015). Arsenic and Cu showed a larger effect than Hg in soil and 

sediment due to the direct association of these contaminants with gold ore. Mercury is not 

a part of the ore, but is added during the amalgamation process to separate the gold from 

the ore. Fashola et al. (2020) and Carling et al. (2013) reported elevated concentrations that 

exceed recommended guidelines for As and Cu in soil and sediment influenced by artisanal 

gold mining.  

The findings reported in this meta-analysis are similar to what was reported by Hou 

et al. (2023) meta-analysis of contamination in soils near gold mines at a global scale (24 

countries on six continents), where the average levels of potentially toxic elements (As, 

Co, Cu, Hg, Mn, Pb, and Zn) in soils near gold mines exceeded background values and 

presented varying levels of contamination due to gold mining activities. Rajaee et al. (2015) 

integrated assessment of artisanal and small-scale gold mining reported Hg levels lower 

than guideline values in soil, but sediment Hg levels surpassed guideline values in 64 % of 

the studies. 

 

2.4.2 Small versus medium scale gold mining 

Small and medium scale gold mining practices employ different numbers of people, use 

different mining techniques, and the environmental contamination differs. Based on the 

low number of studies (n=34), the overall effect size in soil was higher at medium scale 

gold mines possibly due to the larger volume of ore being processed. Typically, >500 to 
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500,000 tonnes of ore per year could be processed by medium scale gold mines, leading to 

the generation of more waste (Hammond et al., 2007). Such high volumes of mine waste 

often contain various metals (As, Pb, Zn) at elevated concentrations, contaminating soil. 

Although medium scale gold mining is more mechanized and formalized, significant 

environmental contamination is still possible in the absence of proper regulations and waste 

management techniques (Timsina et al., 2022; van Straaten, 2000). The higher effect size 

in sediment at small scale gold mines may be associated with the unregulated and informal 

nature of small-scale mines, which results in unabated export of contaminated mine spoils 

and tailings to streams due to poor waste management techniques and lack of reclamation 

post-mining. Zinc could be leached from mine tailings and migrate with surface runoff 

before adsorption by the matrix components of sediment (Wang et al., 2019). Li et al. 

(2024) reported that surface runoff primarily controlled the release of Zn from mine tailings 

to sediment. Differences in the geology of the waste rocks which constitute small and 

medium scale mines may influence the degree of contamination in soil and sediment. This 

is associated with the weathering processes of these rocks over time that could lead to the 

release of contaminants into nearby soil and sediment where they accumulate and 

negatively affect the ecosystem (Navarro et al., 2008). The differences in mining practices 

could explain the degree of contamination at small and medium-scale gold mines. Small 

and medium scale gold mining practices remove soil and vegetation to access the gold-

bearing ore, generating large volumes of waste with various CoC that are released into the 

surrounding environment. Improper disposal of waste generated from small and medium 

scale gold mines could lead to widespread contamination of soil and sediment in the 

absence of proper regulations (Akoto et al., 2023). Poor management of tailing materials 
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from gold mining could lead to uncontrolled acid mine drainage, which negatively impacts 

the surrounding environment. This acidity is formed through the oxidation of pyrite rich 

gold-bearing ores when it encounters oxygen from the atmosphere in the oxidized zone of 

tailings (Laker, 2023).   

 In contrast to other metals Hg has a gaseous phase (Hg0) so it can travel over long 

distances and cause both local and regional contamination. Therefore, the release of Hg at 

the emission source could be transported far away given the high atmospheric mobility and 

long lifespan. The transformation of Hg to MeHg is also a main concern since it is more 

toxic than inorganic Hg and bioaccumulates and magnifies like no other metal. The low 

effect size of Hg at small and medium scale mines compared with other CoC could be 

associated with the limited use of Hg by some mines and effective recovery techniques 

with the use of properly designed retorts to limit Hg emission. However, the 

bioaccumulation potential and toxicity of Hg render it as problematic even with small 

increases. Increases in Hg effect size in soil and sediment were greater at small scale gold 

mines, indicating higher emission or application due to the absence of a retort (which aids 

in Hg recovery) during the process of gold amalgamation. Compared to other CoC in soil 

and sediment, Hg is not part of the ore but is added during gold extraction and is emitted 

to the atmosphere during burning. Small scale gold mines are normally engaged in open 

flame burning of gold amalgam which result in direct release of large amounts of Hg into 

the atmosphere through volatilization (Green et al., 2019). Gravity separation methods are 

applied as the step to produce concentrates with more than 20% gold (acceptable level of 

purity for the smelting process). However, if the desired gold purity is not met Hg 

amalgamation is done, where Hg forms an alloy (amalgam) with gold, separating it from 
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other minerals (Timsina et al., 2022). Amalgamation with Hg is widely used in small scale 

operations rather than cyanidation because it is cheap, accessible, and simple to apply 

(Fashola et al., 2016). Mercury remains in soil for a relatively long period due to constant 

recycling between the atmosphere and surface environment (Gworek et al., 2020). This 

long lifespan in soil could result in the transport of Hg-bound particles to sediment through 

surface runoff, leading to the formation of methylmercury which is more toxic (De Simone 

et al., 2014; Driscoll et al., 2013; Slemr et al., 2011). González-Carrasco et al. (2011) 

reported that Hg concentrations in the air of Portovelo, Ecuador near gold mining 

processing plants were elevated following amalgam burning. Carranza-Lopez et al. (2019) 

also reported extremely high Hg levels (exceeding international guidelines) in the air 

around mines and gold-processing shops in Colombia. These elevated levels of 

atmospheric Hg above natural background concentration for the global south (> 1 ng m-3) 

(Sprovieri et al., 2016) exposes people to Hg vapors through breathing and pollute soil and 

sediment.   

Small and medium scale gold mining afford many low-skilled workers the 

opportunity to lift themselves out of poverty. However, the operation of this industry with 

minimal to no pollution controls pose major environment and human health challenges 

(Pavilonis et al., 2017). Although policy instruments exist across South America to regulate 

artisanal gold mines (Table S2.2), enforcement is still a challenge given the sporadic and 

remote nature of these gold mines. The isolated occurrence of many small cooperative 

mines and the lack of enforcement and infrastructure, contributes to the development of 

the present critical environmental conditions in South America (Acosta et al., 2011). For 

example, Colombia lacks specific regulations (Table S2.2) to guide the closure and 
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remediation of mines. In the absence of such regulations, the obligation to close and 

remediate mines are outlined in the environmental license and on a case-by-case basis, 

based on the type of mine, mineral and location (Zapata et al., 2017). This could negatively 

affect post mining activities that are intended to safeguard the environment. 

There were some inherent limitations in conducting this meta-analysis of studies 

related to artisanal gold mining environmental contamination across South America. A 

high degree of heterogeneity existed among the studies included due to inconsistencies in 

CoC measurements, exposure levels, study design, and method of analysis. Also, limited 

studies (n=34) related to soil and sediment contamination due to artisanal gold mining were 

available across South America for inclusion in this meta-analysis.  

 

2.5 Conclusion 

A comprehensive analysis of studies on contamination in soils and sediments near artisanal 

gold mines from 2008 to 2023 was conducted. The results highlight the variability of CoC’s 

in soils and sediments based on 34 studies from 11 countries across South America. 

Although effect sizes indicated the extent of contamination, environmental risk was not 

always the same, since many studies showed Hg beyond threshold limits in sediments 

relative to a very small effect size. Gold mining has caused contamination of nearby soil 

and sediment, creating potential ecological risks in the vicinity of the mining area. Rapid 

measures should be taken to remediate contaminated soils, restore the landscape of gold 

mining areas, and carry out environmentally protected gold mining of undisturbed deposits 

to avoid the release of contaminants into the environment which could have lasting effects 

on ecosystems. 
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3.0 Characterizing Hg and other metal concentrations in soil and 

sediment within gold mined areas of Guyana   

 

3.1 Introduction 

Artisanal gold mining plays a key role in the livelihood of rural communities and the 

socioeconomic development of various countries across South America, including Guyana 

(Harlow et al., 2019). In recent decades, consecutive surges in gold price on the global 

market has led to the expansion of gold mining operations in South America (Timsina et 

al., 2022). However, the large amounts of waste generated from gold mining activities 

contaminate the environment and little efforts with respect to reclamation post small and 

medium scale gold mining (López-Blanco et al., 2015). Small and medium scale gold 

mining operations in Guyana involve removal of forest cover, land dredging, and 

separation of low-grade gold-bearing ore with high-pressured water supply. The gold-

bearing ore is collected in a sluice box and gold is recovered through mercury (Hg)-gold 

amalgamation (Howard et al., 2011). Such practices of gold mining introduce contaminants 

(As, Cd, Co, Cu, Mn, Ni, Pb, and Zn) to environmental media and the addition of Hg further 

compounds the issue. The meta-analysis in chapter 2 of this thesis revealed high variability 

of contaminants of concern (As, Cd, Co, Cu, Hg, Mn, Ni, Pb, and Zn) in soils and sediments 

based on 34 studies from 11 countries across South America. Here, the varying 

contamination of soils and sediments were associated with ore minerology, extraction 

procedures (small versus medium scale), seasonality, waste management, and mine spoils 

age. Interestingly, the effect size of contaminants in soil and sediment (greater effect for 

metals) does not necessarily equate to environmental risk, since contaminants could still 
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exceed threshold limits despite a small effect size. The presence of contaminants at elevated 

concentrations pose potential threats to biota and human health. Tankari Dan-Badjo et al. 

(2019) and Xiao et al. (2017) found soils of artisanal gold mining sites were contaminated 

with As, Cd, Cr, Ni, Pb, and Zn above the World Health Organization (WHO) 

recommended limits. The degree of metal contamination however is highly variable and is 

largely due to differences in the composition of the ore (Fontboté et al., 2017). For example, 

Fashola et al. (2016) reported that Cd and Zn occur in the form of sphalerite in gold ore 

while Pb occur in the form of galena when the concentration of sulfide in ore is high. 

Arsenic occur in gold ore as arsenopyrite and pyrite (Chen et al., 2023; Iatan, 2021) and 

elevated levels of As have been reported in several studies across South America since gold 

mine ore-bearing particles serve as a major source of As (Dias et al., 2022; López-Blanco 

et al., 2015; Pavilonis et al., 2017; Fernando Santos-Francés et al., 2017; Tume et al., 2018). 

 Contamination of soils and sediments with Hg associated with artisanal gold mining 

is due to the addition of Hg in the extraction process. In South America, Hg emissions from 

gold mining constitutes ca. 70% of South America total emissions (UN Environment, 

2019). This was supported by the meta-analysis in South America (as reported in chapter 

2 of this thesis) which showed small effect sizes for Hg, but large exceedance of 

Environmental Protection Agency (EPA) guidelines (100 ng g-1) owing to gold mining 

activities and direct loss of Hg during the gold recovery process, especially in sediments. 

In contrast to other metals, emissions of Hg into the atmosphere may be deposited on 

surfaces in proximity to the gold mining site and farther away. Akoto et al. (2023) and 

Danala Danga et al. (2024) reported that there was considerable variability in soil 

contamination for gold mining areas, which ranged from moderate to heavy (2,100 – 
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12,400 ng g-1) contamination with Hg. The higher concentrations of Hg were found in soils 

from the mining area compared with adjacent sites due to direct elemental Hg spills during 

the amalgamation of gold after washing. Similarly, a study in Senegal found soils 

contaminated with elemental Hg concentrations up to 3,900 ng g-1 near artisanal and small-

scale gold mines, which eventually travels to downstream aquatic ecosystems where 

oxidation and methylation takes place (Niane et al., 2019). Such transport or retention of 

Hg is influenced by soil properties. Soil particle size and organic matter (OM) content 

affects the behavior of Hg and metals in soil, where finer particle size and higher OM are 

typically associated with higher concentrations of Hg and metals (Gong et al., 2023; Qin 

et al., 2023). Velásquez Ramírez et al. (2021) found that Hg levels for gold mine spoil soils 

were below the upper permissible limits stipulated by British, Canadian and Peruvian 

environmental quality standards. Here, soil OM, clay content, pH, and vegetation cover 

were important predictors of variations in soil Hg levels.  

Localized impacts of gold mining are not limited to soils and vegetation on mine 

sites. Sediments are also affected and show longer-term loadings. Mercury and metals enter 

aquatic ecosystems through atmospheric deposition, surface runoff, and rock weathering 

(Koskey et al., 2020). The lack of vegetation at gold mining sites may also lead to erosion 

of soils and overburden (Fitri, 2018; Macháček, 2020; Mencho, 2022). Howard et al. 

(2011) reported that sediments in rivers at gold mine sites in Mathew’s Ridge and Port 

Kaituma, Guyana were contaminated by Hg from gold mining activities. Here, sediment 

concentrations showed extremely high variability, ranging from 29 to 1,200 ng g-1 with a 

mean value of 229 ± 223 ng g-1. Metals fixed in sediments can be dissolved into the water 

again through changes in OM, oxidation-reduction potential, and salinity (Han et al., 2017). 
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Such changes in environmental conditions can pose high biological and ecological risks 

due to the reactivation of legacy metals. For example, Rudd et al. (2018) reported that 

methylation of legacy Hg trapped in sediment maintains elevated Hg in biota following 50 

years of Hg discharge in Penobscot Estuary.   

In sediments, the surface to volume ratio, OM, and grain size can influence Hg and 

metals levels, with grain size being the main parameter (Koskey et al., 2020; Maslennikova 

et al., 2012; Xu et al., 2017). Yao et al. (2015) reported that finer fraction of sediments 

contained a higher concentration of heavy metals compared with the coarse fraction. This 

was partly due to the high clay content and the greater surface area per unit of mass of the 

fine particles, thereby increasing this fraction adsorption capacity. However, studies by 

Maslennikova et al. (2012) indicated that coarse fraction of sediments absorbed high levels 

of heavy metals compared with the fine fraction. This was possibly linked to the residence 

time of coarser particles and accumulation conditions, specifically, the reservoir ecological 

state and climatic parameters. The grain size of sediments is also associated with the 

availability of contaminants, where fine fraction of sediments tends to be higher in clay 

content, with higher levels of OM (Koskey et al., 2020). 

The impact of small and medium scale gold mining on soil and sediment, has gained 

momentum over the last few decades, given the potential threats posed to the terrestrial and 

aquatic environment (Rakotondrabe et al., 2018). Small and medium scale gold mining 

operations in Guyana continues to utilize rudimentary tools (diggers, spades, sluice boxes, 

and shovels) and semi-mechanized approaches (excavators, heavy engines, heavy duty 

trucks, and gold washing plants), which has the potential to alter soil and sediment 

chemistry to varying degrees. Alteration of soil chemistry due to Hg and other metals 
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contamination may vary inside and outside mining sites, given the complex nature of 

mining sites. These mining sites are partitioned into: (a) the pit – areas with mixture of 

material remaining after gold has been separated from the ore and high intensity of 

disturbance, (b) overburden – areas overlying the gold ore, including topsoil, which are 

displaced during the mining process, and (c) adjacent sites – areas without deposits of 

material from the mining process (Kalamandeen et al., 2020). To date, no study in Guyana 

has characterized the extent of metal and Hg contamination in soils and sediments. The 

purpose of this study was to assess the contents of contaminants of concern (As, Cd, Co, 

Cu, Hg, Mn, Ni, Pb, and Zn) in soil and sediment of gold mined areas and evaluate 

physiochemical properties that are related to their variability in the environment. It is 

hypothesized that Hg and metals will exhibit different spatial patterns with metals being 

enriched at the mine sites, while Hg will be elevated at sites more distant from the mine 

and more closely associated with OM. 

 

3.2 Methodology 

3.2.1 Study area 

The study area in Guyana was in the mining district of Potaro (5° 18’ 36” N to 5° 18’ 12” 

N and 59° 18’ 16” W to 58° 54’ 14” W). The Potaro mining district (ca. 3.5 million acres 

of land area) is characterized by many small and medium scale gold mines. The Essequibo 

river which is approximately 960 km long passes through the Potaro mining district before 

discharging into the Atlantic ocean (Howard et al., 2011; Pasha et al., 2017). The Essequibo 

and Potaro rivers form the catchment for this mining district. Samples were collected from 

gold mines in Mahdia and Frenchman (Figure 3.1). The Mahdia zone is larger than the 
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Frenchman zone and currently has more gold mining activities. Sampling sites were 

accessed by means of trails and a land cruiser. During the sampling periods, active gold 

mining was evident at the Mahdia location, while the Frenchman location was inactive due 

to excess flooding of pits.   

The study area is characterized by lowland montane forest and dry to moist forests, 

which sits on laterite soil, clay and alluvial soil, lithosols soil and latosols soil. Annual 

precipitation varies from 2,200 to 4,000 mm and mean annual temperature ranges between 

23 to 32 ℃ (GLSC, 2013). In recent years, the study area experienced an upsurge in small 

and medium scale gold mining activities. Based on the mining legislation of Guyana, small 

scale gold mines have a fixed land claim size of 27.5 acres and medium scale gold mines 

have a land claim size that range from 150 to 1,200 acres (Hilson & Vieira, 2007).  
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Figure 3. 1. Map of study area. 

 

3.2.2 Soil sample collection 

Soil samples were collected from two active gold mines in Mahdia (Hopkinson medium 

scale operation) and Frenchman (Obermuller medium scale operation) (Figure 3.1). These 

gold mining operations employed semi-mechanized approaches (excavators and 

bulldozers) and in some cases water was being recycled from tailings facility. Each sample 

location was separated into four zones: distant site (2 – 4 km from source of gold mining 

with vegetation), adjacent site (1 – 2 km from source of gold mining with vegetation), 

overburden, and pit. Surface (0 – 10 cm) soil samples (n = 80) were taken randomly in each 



45 
 

zone (10 samples in each zone). These samples (each weighing ca. 100 g) were collected 

with a small trowel from five sample points at regular 10 m spacing over a period of 4 days 

from 8 to 11 July 2022. When present, vegetation and forest floor was removed to take soil 

samples at forested sites (distant and adjacent). The trowel was cleaned after each sample 

collection to avoid cross-contamination. Soils were placed in labelled Ziploc® bags and 

stored in a cooler for transport to the University of Guyana Agriculture laboratory to be 

oven-dried. Soil samples were air-dried for 10 days at 105℃ in an oven (Thermo Scientific, 

Freas 645) and stored in sealed and labelled Ziploc® bags. These samples were packaged 

into another Ziploc® bag for storage at 4℃ to avoid any contamination until transport to 

Trent University Environmental Geoscience laboratory for analysis. A small amount of Hg 

may also have been lost during the drying procedure as Hojdová et al. (2015) reported that 

the loss of Hg in samples dried at 105℃ was 3 % compared with freeze dried samples.  

 

3.2.3 Sediment sample collection  

Sediment sampling was done in the dry season (July 2022, 2023, 2024) at Mahdia across 

the major stream channel (width of ca. 30 – 50 cm and depth of ca. 15 cm) that drained the 

mining area (Figure 3.2). The stream had pH of 5.81 ± 0.10, turbidity of 104.31 ± 15.74 

NTU, and dissolved oxygen of 7.76 ± 0.05 mg L-1 at the time of sampling. Grab samples 

of sediment (ca. 50 g) were collected with a stainless-steel trowel at depth of 0 – 10 cm to 

capture upper sediment contamination. These samples were collected in triplicates (n = 72) 

from within the mining operation and downstream of the mine in Mahdia over a distance 

of 2 – 4 km. Collected sediments were placed in labelled Ziploc® bags and stored in a 
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cooler for transport to the University of Guyana Agriculture laboratory to be oven-dried 

(105℃, Thermo Scientific, Freas 645).  

 

 

Figure 3. 2. Stream channel passing through Mahdia gold mining area. 
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3.2.4 Soil and sediment chemistry analysis  

Dried soil samples were crushed to homogenize the samples and sieved (2 mm) to remove 

stones and roots. To determine soil pH, a sub-sample of soil (5.0 g) was added to each 50 

ml conical centrifuge tube, followed by 25 ml of 0.01 M CaCl2. The suspension was 

subjected to a shaking process (Shaker Table, Eberbach) for 60 minutes, then allowed to 

sit for another 60 minutes for soil particles to settle prior to measurement with a pH meter 

(Oakton, pH 510 Series). (Muddarisna & Siahaan, 2014).  

 Soil and sediment organic matter (%OM) was measured by loss-on-ignition 

(Equation 1). After oven-drying (24 hours at 105℃) of soil and sediment (5 g) to constant 

weight, organic matter was ignited at 400℃ for 10 hours (Heiri et al., 2001).    

1 2

1

% 100
w

W W
OM

W C

 −
=  

− 
    Equation 1 

Where, W1 = weight pre ignition, W2 = weight post ignition, and Cw = crucible 

weight. 

Total Hg concentration in soil and sediment was measured with a Direct Mercury 

Analyzer (DMA-80) by thermal decomposition, amalgamation, and atomic absorption 

spectrometry. Sub-samples of dried soil and sediment (0.05 g) were heated to 900℃ to 

reduce Hg species to elemental Hg, which was loaded onto an amalgamator. Subsequent 

heating of the amalgamator resulted in the release of Hg vapors into a single bean, fixed 

wavelength atomic absorption spectrophotometer. Quality control of Hg measurements 

was assured by the inclusion of blanks and certified reference materials (EnviroMAT™ 

SS-1) at the start of each experimental run (40 samples) and recovery ≥ 93 % was 

considered acceptable. 
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Contaminants of concern (As, Cd, Co, Cu, Mn, Ni, Pb, and Zn) associated with 

artisanal gold mining as identified in the meta-analysis (chapter 2) were subjected to an 

acid digestion (HNO3) process, which is not a total digest (unlike perchloric acid) to 

measure concentrations in soil and sediment. This acid digestion method was used to 

solubilize and extract metals from soil and sediment matrix for measurement. A sub-sample 

of dried soil and sediment (0.2 g) was added to each 100 ml polypropylene acid resistant 

digestion tube, followed by 2.5 ml of concentrated HNO3. Tubes were swirled gently to 

ensure complete mixing with HNO3 and closed loosely. Tubes were placed in a block-

digester and hot plate (Cole-Parmer®) for 16 hours (8 hours cold and 8 hours hot). 

Following the completion of acid digestion, cooled samples were subjected to a filtration 

process (Fisherbrand® Filter Paper Qualitative P8 Grade). The volume of the filtered 

sample was adjusted to 25 ml with BPURE water and transferred to a 50 ml conical 

centrifuge tube for storage at 4℃. This was followed by the pipetting of 10 ml of digested 

sample into a 15 ml conical centrifuge tube and stored at 4℃ until analysis with inductively 

coupled plasma-optical emission spectrometry (ICP-OES). Blank reagents and digested 

standard reference material (EnviroMAT™ SS-1) were run with each batch of samples to 

ensure quality control and recovery of 80 – 120 % was considered acceptable. 

Particle size analysis of soil and sediment samples was measured with a laser 

scattering particle size distribution analyzer (LA-950V2, Horiba) to determine clay, silt, 

and sand composition. Calgon (Sodium Hexametaphosphate) solution was prepared by 

mixing 30 g of Calgon with 1L of reverse osmosis (RO) water on a stir plate (VWR Stirrer) 

at 800 rpm for 30 minutes. A sub-sample of soil and sediment (2.0 g) remaining after the 

loss-on-ignition process, was added to each 50 ml conical centrifuge tube, followed by 2.5 
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ml of Calgon solution. The suspension was subjected to a shaking process (Shaker Table, 

Eberbach) at low speed for 8 hours. Particle size was determined for each sample by adding 

3 drops of the suspension to the Horiba LA-950V2 and all measurements were taken in 

triplicates. 

 

3.2.5 Surface leaching experiment 

In order to evaluate whether the amount of Hg associated with dissolved organic carbon 

(DOC) could be potentially leached into sediments, soil extraction experiments (Ott, 2021) 

were conducted with surface soil (dried and sieved) collected from each of the four 

locations in Mahdia (5 surface x 4 zones = 20 samples). The leaching experiment used 30 

ml syringes to create leaching columns that mimic surface runoff mechanisms. Each 

syringe with the plunger removed was packed with 0.25g of virgin polyester fill (avoid 

collection of larger soil particles with the leachate) and 10g of soil above. The plunger was 

used to ensure soil was packed to a consistent density within the syringe. Approximately 

40 ml of BPURE water (maintain consistency in extracts) was added to each syringe and 

ca. 25 ml and 15 ml leachate was collected for DOC and total Hg analysis, respectively. 

Samples were filtered (0.45 µm filter) into 20 ml glass vials and covered with parafilm and 

caps until analysis. Dissolved organic carbon in filtered leachate samples was measured 

with a Total Carbon Analyzer (Shimadzu). Blanks and quality assurance solutions (total 

inorganic carbon and total organic carbon standards) were run with each batch of samples 

to ensure quality control.  

Total Hg concentration in leachate samples was measured with a Tekran 2600-

CVAFS Mercury Analysis System by cold vapor atomic fluorescence spectrometry. A sub-
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sample of filtered leachate (15 ml) was added to each 40 ml glass vial, followed by 0.1 ml 

of 0.2 M BrCl and swirled gently to ensure complete mixing. Vials were allowed to sit 

overnight in the dark to form a pale-yellow solution. Calibration standards of 0 pg, 25 pg, 

50 pg, 100 pg, 250 pg, 500 pg, and 1000 pg were prepared with 1 ng ml-1 diluted Hg 

standard. Samples were diluted to desired concentration and 60 µl of 20 % Sn2Cl in 10 % 

HCl was added to each vial (final volume of 25 ml) for analysis. Vials were capped with 

septa caps and shaken before loading the autosampler. Water blank (no reagent), blank 

reagent, and standard reference material (EnviroMAT™ SS-1) were run with each batch 

of samples to ensure quality control and recovery ≥ 95 % was considered acceptable. 

 

3.2.6 Statistical analysis  

Statistical analysis was conducted with R version 4.0.4 (R Core Team, 2021), at an 

acceptable α-level of 0.05. Descriptive statistical analysis was conducted with R statistical 

package to assess range, mean and standard error of soil and sediment physicochemical 

properties (pH, OM, texture). Data was subjected to Shapiro-Wilk normality test to assess 

normal distribution. 

 Spearman correlation heat map was used to determine if soil and sediment Hg and 

metals are related to physicochemical parameters (pH, OM, texture). The conventional 

conversion factor of 0.58 was used to convert soil OM to soil C (Jensen et al., 2018). Linear 

regression analysis was done to assess the effect of OM on soil and sediment Hg and metals 

concentrations. The nonparametric Kruskal-Wallis test was used to compare 

physiochemical properties and Hg/DOC and metals concentrations among sampling zones. 
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When the Kruskal-Wallis indicated significance, Dunn test was used to determine the 

levels of the independent variable that differ from each other level (Zar, 2010).  

 

3.2.6.1 PCA with missing values  

Principal component analysis (PCA) assessed association between physicochemical 

parameters and Hg and metals and exploration of probable clusters in surface soil and 

sediment (Baran et al., 2019). Data from sampled soils and sediments are included, 

however samples with missing values for any parameter were treated with an iterative 

algorithm. This PCA algorithm is based on an imputation method that enables the 

estimation of principal axes and components despite the presence of missing values 

(skipping of missing values) (Osborne et al., 2024). The imputation is executed with the R 

package missMDA, by simultaneously considering the similarities between individuals and 

the relationships between variables (Josse et al., 2011; Josse & Husson, 2016). 

 

3.3 Results  

3.3.1 Physicochemical characteristics of soil and sediment 

Across the sample sites, soils were acidic ranging from 3.56 – 5.28 and pH was 

approximately half a unit lower in the two forest sites (distant and adjacent) (3.86 – 4.36) 

compared with overburden and pit sites (4.47 – 4.64) (Table 3.1). Soil organic matter 

(%OM) content across all sites was highly variable, ranging from 1.35 – 19.43% and soil 

OM content was about 3-fold higher in distant and adjacent sites (8.69 – 17.00%) compared 

with overburden and pit sites (2.53 – 5.28%). The exception was the reference site at 

Frenchman that had lower OM (2.84%) compared with the overburden site (Table 3.1). 
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The OM content of the stream sediment at Mahdia ranged between 4.13 and 17.15% and 

OM was very similar in the mining operation zone (8.52 ± 0.43%) and downstream (7.14 

± 0.41%) (Table 3.2).  

Soil and sediment samples were dominated by the sand fraction across all sampled 

zones and this fraction differed significantly among sampled zones (Table 3.1 and 3.2). 

The mining operation zone, which is primarily overburden materials and mine wastes, 

contained higher clay particles compared with the other sample zones (Table 3.1 and 3.2).  

 

3.3.2 Mercury and metals in surface soils  

High variability in surface soil Hg concentration was evident across the two gold mines, 

with both Mahdia (22.12 – 970 ng g-1) and Frenchman (8.16 – 424 ng g-1) demonstrating 

variability by a factor of approximately 50 (Figure 3.3). Soil Hg concentrations showed no 

obvious patterns associated with distance to gold mining activities. The mean concentration 

of Hg across the sampled gold mine in Mahdia was highest at the adjacent site (614 ± 54 

ng g-1), followed by the distant site (501 ± 26 ng g-1), pit (322 ± 105 ng g-1), and overburden 

(180 ± 50 ng g-1). While at Frenchman, the adjacent site (332 ± 16 ng g-1) showed the 

highest mean concentration of Hg, followed by pit (232 ± 30 ng g-1), overburden (118 ± 21 

ng g-1), and distant site (19 ± 4 ng g-1) (Figure 3.3). 

Most other metals (Co, Cu, Mn, Ni, and Zn) exhibited higher concentrations in the 

overburden and pit zones compared with the two forest sites (Figure 3.4). Soil Pb 

concentrations at the forest site adjacent to the mine were notably elevated and had 

concentrations similar to those measured in the overburden and pit (8.63 ± 0.30 mg kg-1) 

at Mahdia. However, concentrations of all metals except Hg were below levels of concern. 
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Additionally, the minimum detection limits of As and Cd were 0.01 and 0.02 mg kg-1, 

respectively and these metals were not detected in soil across the sampled gold mining sites 

of Mahdia and Frenchman, which contrast to some other studies around gold mines in 

South America. 
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Table 3. 1. Summary statistics of Mahdia and Frenchman goldmine soils. Different letters indicate statistically significant differences (p < 0.05) using Dunn’s test 

between sample zones.   

 Distant Adjacent Overburden Pit 

 pH OM 

(%) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

pH OM 

(%) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

pH OM 

(%) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

pH OM 

(%) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

  Mahdia (n = 40) 

Mean  3.89a 17.00a 13.37ab 7.16a 79.60ab 4.36b 12.27b 11.67a 5.31a 82.65a 4.51b 5.25c 15.88ab 8.00a 75.57ab 4.47b 5.28d 15.34b 6.16a 77.50b 

SE  0.09 0.61 0.33 0.33 0.54 0.16 0.55 0.48 0.23 0.62 0.07 0.66 0.33 0.33 0.66 0.10 0.59 0.17 0.17 0.38 

Min 3.63 13.57 13.04 6.82 78.51 3.92 9.56 8.81 4.10 79.80 4.22 1.35 15.54 7.57 75.00 4.11 3.28 14.48 5.15 75.00 

Max  4.44 19.43 14.04 7.82 80.14 5.28 14.40 13.48 6.72 85.22 4.88 8.12 16.54 8.60 76.89 5.05 8.36 16.00 7.00 78.89 

                 Frenchman (n = 40) 

Mean 4.22a 2.84a - - 99.66a 3.86b 8.69b 2.72a 1.36a 94.25a 4.53c 3.84c 27.56b 11.00b 60.84bc 4.64d 2.53d 11.47b 8.26b 78.86b 

SE 0.06 0.23 - - 0.33 0.10 0.15 0.23 0.15 1.00 0.05 0.34 0.58 0.33 1.00 0.06 0.17 0.67 0.60 0.62 

Min 3.95 1.60 - - 99.00 3.56 7.87 1.69 0.49 86.34 4.31 2.43 26.56 10.64 59.87 4.44 1.43 9.30 6.54 74.29 

Max 4.58 3.73 - - 100.00 4.34 9.35 3.76 2.14 96.55 4.87 5.30 28.70 11.64 62.80 5.01 3.03 17.00 12.22 80.82 

OM – organic matter, SE – standard error, Min – minimum, Max – maximum, - not detected 
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Table 3. 2. Summary statistics of Mahdia goldmine sediments. Different letters indicate statistically significant differences (p < 0.05) using Dunn’s test between sample 

zones.   

 Mining Operation (n = 36)  Downstream (n = 36) 

 OM (%) Clay (%) Silt (%) Sand (%)  OM (%) Clay (%) Silt (%) Sand (%) 

Mean 8.52a 5.46a 2.53a 87.17a  7.14b 4.34a 1.54a 91.77b 

SE 0.43 1.13 0.85 2.00  0.41 0.46 0.16 0.77 

Min 4.13 1.00 0.00 52.55  4.13 1.78 0.87 79.34 

Max 13.12 23.26 18.83 94.48  17.15 10.71 4.31 96.00 

OM – organic matter, SE – standard error, Min – minimum, Max – maximum  
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Figure 3. 3. Barplot of Hg in soil according to zone of sampling across Mahdia and 

Frenchman. Different letters indicate statistically significant differences (p < 0.05) using 

Dunn’s test between sample zones. Broken red line indicates EPA recommended 

guideline for Hg in soil (100 ng g-1). Values in bracket below distant and adjacent sites 

indicate distance from gold mine.     
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Figure 3. 4. Barplot of metals in soil according to zone of sampling across (a) Mahdia and 

(b) Frenchman. Different letters indicate statistically significant differences (p < 0.05) 

using Dunn’s test between sample zones.   
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3.3.3 Mercury and metals in surface sediments  

Surface sediment Hg concentration from the stream in Mahdia was also highly variable 

and ranged from 25.17 – 5305 ng g-1 and the mean concentration of Hg downstream (1398 

± 292 ng g-1) was similar (p > 0.05, Kruskal-Wallis test) to the average concentration 

measured from within the mining operation zone (1233 ± 223 ng g-1) (Figure 3.5).  

Generally, metals (Co, Cu, Mn, Ni, and Zn) were not elevated at the mining 

operation exposure zone relative to downstream sediment and mean concentrations were 

often higher downstream (Figure 3.6). The only exception was Pb that had a higher 

concentration at the mining operation zone compared with downstream. Similar to soil, 

metal concentrations in stream sediment were low compared with several other studies 

impacted by gold mining in South America. Arsenic and Cd concentrations in Mahdia 

stream sediment were also below detection limits (0.01 and 0.02 mg kg-1, respectively). 
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Figure 3. 5. Barplot of Hg in sediment according to zone of sampling across Mahdia. 

Broken red line indicates EPA recommended guideline for Hg in sediment (100 ng g-1). 

Value in bracket below downstream site indicate distance from gold mine.      
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Figure 3. 6. Barplot of metals in sediment according to zone of sampling across Mahdia. 

Different letters indicate statistically significant differences (p < 0.05) using Dunn’s test 

between sample zones.   

    

3.3.4 Relationship among metals and physicochemical properties of soil 

The distribution of Hg in soil was very different to the other metals that were more strongly 

associated with mineral size while Hg was more strongly associated with OM. The PCA 

analyses of surface soil accounted for ca. 90% of the total variance within the first four 

axes of data. PC1 was negatively loaded by Co, Cu, Mn, Ni, Pb, Zn, and pH and accounted 

for 46.49% of the total variance. PC2 accounted for 23.04% of the total variance, with 
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negative loading on Hg, OM (%), clay (%), silt (%) and positive loading on sand (%) 

(Figure 3.7). Metals (Co, Cu, Mn, Ni, Pb, Zn) generally positively correlated with each 

other, soil pH and finer soil fractions (clay and silt), while Hg was more strongly positively 

related to soil OM (Figure 3.8 and 3.9). 

 

 

Figure 3. 7. Multivariate statistical representation of Hg and metals in surface soil 

sampled in Mahdia and Frenchman and loadings on two principal axes (PC1 and PC2), 

with standardized OM (%), clay (%), silt (%), sand (%), and pH values. Arrows show the 

scale and direction of correlation vectors for parameters.  
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Figure 3. 8. Correlations between soil physicochemical parameters and soil Hg and 

metals. 
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Figure 3. 9. Scatter plot and linear regression between soil OM and soil Hg. The gray 

shaded area around the solid regression line (blue) represents the 95% confidence 

interval.   

 

3.3.5 Relationship among metals and physicochemical properties of sediment  

The distribution of Hg in sediment was also very different to metals, where Hg was strongly 

associated with OM. The PCA analyses of Hg and metals in surface sediment accounted 

for ca. 85% of the total variance within the first four axes of data. PC1 was positively 

loaded by Co, Cu, Mn, Ni, and Zn and accounted for 38.82% of the total variance. PC2 

accounted for 24.73% of the total variance and was negatively loaded by OM (%), Hg, and 
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sand (%) and positively loaded by clay (%), silt (%), and Pb (Figure 3.10). Mercury was 

strongly correlated with OM and clay, while metals (Co, Cu, Mn, Ni, Zn) generally 

correlated with each other but also other physiochemical properties (Figure 3.11).  

 

 

 

Figure 3. 10. Multivariate statistical representation of Hg and metals in surface sediment 

sampled in Mahdia and loadings on two principal axes (PC1 and PC2), with standardized 

OM (%), clay (%), silt (%), and sand (%). Arrows show the scale and direction of 

correlation vectors for parameters.  

 



 

65 
 

 

Figure 3. 11. Correlations between sediment physicochemical parameters and sediment 

Hg and metals. 

 

3.3.6 Sediment Hg:OM relationships 

Within the mining area there was a strong positive relationship between Hg and sediment 

OM (Figure 3.12). Downstream from the mining area (2 – 4 km) sediment Hg was highly 

variable but was unrelated to sediment OM (Figure 3.12). Leaching experiments showed 
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that concentrations of Hg released from the overburden, adjacent site and distant site were 

high (Figure 3.13b) and very similar to each other. In contrast, Hg released from the pit 

soil was significantly lower. Conversely, dissolved organic carbon (DOC) leached from 

these soils was much higher at the distant site compared with the 3 other locations, and as 

a result the Hg/DOC ratio from the overburden zone (104 ± 39 ng mg-1)  and adjacent site 

(73 ± 30 ng mg-1) were about 3 to 8 times significantly higher than the pit (21 ± 6 ng mg-

1) and distant site (13 ± 2 ng mg-1) (Figure 3.13).   

 

 

Figure 3. 12. Scatter plot and linear regression between sediment OM and sediment Hg 

according to exposure zone across Mahdia. The gray shaded area around the solid 

regression line (blue) represents the 95% confidence interval.  
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Figure 3. 13. Barplot of (a) DOC, (b) Hg, and (c) Hg to DOC ratio in surface soil runoff 

according to zone of sampling in Mahdia. Different letters indicate statistically significant 

differences (p < 0.05) using Dunn’s test between sample zones. 
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3.4 Discussion   

3.4.1 Mercury and metal concentrations in soil 

Concentrations of metals and Hg in soils at the two mine sites were highly variable and 

exhibited different spatial patterns. Most metals (Co, Cu, Mn, Ni, and Zn) were strongly 

correlated in soils and were generally significantly higher in pits and overburden compared 

with distant and adjacent soils, which had lower pH and higher OM. Metals tend to exhibit 

higher concentrations close to point source since they have different atmospheric behavior 

in particulate form rather than gaseous form (Poikolainen et al., 2004). The one exception 

was Pb, which showed elevated concentration in the forest site adjacent to the mine. 

Notably, the concentrations of these metals fell below the established recommended levels 

outlined by the Environmental Protection Agency (EPA) and Canadian Council of 

Ministers of the Environment (CCME). Metals were associated with mined ores and higher 

clay content that characterizes the mined soils.  

Generally, metals that exhibit strong correlation may have the same origin and 

under specific physicochemical circumstances such as high clay content, similar behaviors 

are evident (Chen et al., 2023; Tang et al., 2021). The association between metals and 

higher clay content could be explained by the strong adsorptive sites created by fine 

particles with larger surface area for metals, which allows soil to immobilize introduced 

metal ions (Adekiya et al., 2024; Deng et al., 2018; Haghighizadeh et al., 2024). Open-pit 

gold mining practices in Guyana removes large amounts of topsoil, overburden, and barren 

rock to get to the ore. Such removal produces large amounts of waste that contain high 

concentrations of Co, Cu, Ni, Pb, and Zn, which disrupts the natural geochemical cycle in 

soil (Fashola et al., 2016; Iatan, 2021). The meta-analysis in chapter 2 showed that metal 
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concentrations in small and medium scale gold mines varied across South America, with 

some studies showing higher concentrations (Dias et al., 2022; López-Blanco et al., 2015; 

Pavilonis et al., 2017; Santos-Francés et al., 2017; Teixeira et al., 2018) compared with 

others (Calabró et al., 2022; Covre et al., 2022; Tume et al., 2018). The levels of metal 

contamination were much lower than generally observed in South America and were 

localized to the extent that surrounding soils were largely unaffected. Enriched metals in 

the gold-bearing ore could be a source of environmental contamination after the gold is 

separated and the remaining materials are discharged as tailings (Barcelos et al., 2020). 

However, the sampled pit had limited tailing materials, which explains the lower range of 

metal concentrations. Metal levels in the overburden were relatively low and this could be 

attributed to the composition of materials here, which is predominantly topsoil stripped and 

removed during the mining process without any ore materials. The presence of Pb in the 

adjacent forest site may be attributed to the combustion of leaded gasoline that is used in 

trucks, generators, and other machinery at the mine site. Trucks traverse the forested 

adjacent sites regularly to transport goods and fuel to the mine site. Therefore, fuel spills 

and combustion of leaded gasoline are likely inputs of Pb in soil at the adjacent sites. 

Olowoyo et al. (2022) found pollution of Pb in soil taken from sites associated with high 

traffic and industrial activities were linked to the combustion of leaded gasoline.  

Mercury exhibits a different spatial pattern to the other metals in soil and in contrast 

to other metals it is most strongly related to OM. This is because Hg is not part of the ore 

but is added during gold extraction and is emitted to the atmosphere during burning. 

Guédron et al. (2013) reported that Hg concentrations in soil were mainly related to 

atmospheric inputs from Hg-gold amalgamation. The presence of atmospheric Hg above 
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natural background levels for the global south (> 1 ng m-3) (Sprovieri et al., 2016) as 

reported in chapter four (atmospheric Hg monitoring using passive samplers and moss bags 

within gold mined areas of Guyana) is predominantly received in soil through atmospheric 

wet or dry deposition and strongly bound to reduced sulfur (S) groups of OM (Biester et 

al., 2012; O’Connor et al., 2019). Soil Hg concentrations at all sites were very high 

(exceeding regional background of the Amazon, 100 ng g-1) (Santos-Francés et al., 2011) 

compared with other studies (Covre et al., 2022; Guédron et al., 2018; Kroonenberg et al., 

2022; Miserendino et al., 2018; Velásquez Ramírez et al., 2021). Even at the distant sites 

Hg was elevated and the higher OM at these sites allowed Hg to accumulate. The meta-

analysis (chapter 2) showed small effect sizes for Hg in soil as much of the Hg emitted 

during the burning of gold can be transported far from the gold mine due to its gaseous 

form. The atmospheric transport of Hg coupled with its affinity for OM introduced through 

litter decomposition may explain elevated levels of Hg at distant sites. De Simone et al. 

(2014) and Slemr et al. (2011) reported that the relatively long lifespan (0.5 to 2 years) of 

gaseous elemental Hg in the atmosphere results in transport from emission sources, 

impacting soil at distant locations. Although soil serves as a Hg sink, other factors such as 

vegetation type influence Hg accumulation in soil (Gruba et al., 2019; Obrist et al., 2018; 

Xue et al., 2019). Mercury reacts with foliage and enters soils and the patchiness of OM to 

some degree explains the high variability in soil Hg. Velásquez Ramírez et al. (2021) 

reported that vegetation cover and soil OM were among the most vital variables 

contributing to variation of Hg levels in soil of alluvial gold mines in the Peruvian Amazon.       
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3.4.2 Mercury and metal concentrations in sediments   

Metals, except for Pb, were not elevated in the stream sediment in the mining zone relative 

to the downstream zone. Additionally, metal concentrations were generally low and were 

not strongly related to physicochemical properties, suggesting that metals were not being 

exported from soils at the mined areas to the stream. Low metal concentrations were 

reported in other studies (Palacios-Torres et al., 2020; Zhao et al., 2021) because the soils 

were not greatly elevated and in contrast to soils, metals in sediments were not related to 

texture. In contrast, Hg was high in both locations and Hg was strongly positively 

correlated with OM and clay, but when separated only the mining zone demonstrated a 

relationship between Hg and OM. This suggests that Hg enters the stream with smaller 

organic rich particles within the mining zone. Sediment Hg loadings reported in this study 

are similar to previous studies of gold mining sites in Guyana, French Guiana, and 

Suriname that utilize Hg amalgamation methods (Howard et al., 2011; Laperche et al., 

2014; Ouboter et al., 2012). The meta-analysis (chapter 2) also confirmed Hg concentration 

in sediment that exceeds EPA guidelines despite a small effect size. Elevated Hg in 

sediment poses high environmental risk since it can be converted to methylmercury in 

sediments through methylation of inorganic Hg by microorganisms under anaerobic 

conditions. Methylmercury is the more toxic form because it biomagnifies along the food 

chain, resulting in greater environmental and human health concerns (Helmrich et al., 2021; 

Wang et al., 2024). In most aquatic systems, Hg is predominantly associated with OM and 

the binding to OM in these natural systems appears to be by reduced sulfur (S) groups at 

concentrations high enough to bind all Hg (Eckley et al., 2021; Grigal, 2003; Koskey et al., 

2020; Lavoie et al., 2019; Pinedo-Hernández et al., 2015; Skyllberg et al., 2000). The 
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findings reported here were also comparable to global studies across Colombia (Pinedo-

Hernández et al., 2015), Ghana (Donkor et al., 2005), India (Chakraborty et al., 2015), 

Ontario (Coquery & Welbourn, 1995), and Brazil (Fragoso et al., 2018) that found 

significant positive relationships between Hg and sediment OM. Mercury concentrations 

reported in Colombia (524 ± 257 ng g-1) and Ghana (265 ± 137 ng g-1) exceeded natural 

background levels (100 ng g-1) due to gold mining activities, which is a cause for concern 

given the high risk of environmental contamination. However, lower Hg concentrations 

were reported in India (65 ± 17 ng g-1), Ontario (64 ± 19 ng g-1), and Brazil (84 ± 9 ng g-

1), indicating limited anthropogenic influence. 

Elevated Hg concentration downstream was consistent with the fact that Hg can be 

transported in the atmosphere due to its volatility in elemental form, which results in 

mobility. Sites farther away from the emission source may have higher soil OM which 

would bind Hg, but the amount of Hg bound to OM changes by location. For example, at 

the overburden and adjacent site Hg/DOC was significantly higher than the pit and distant 

site, reflecting elevated anthropogenic Hg inputs at these locations. The narrow range of 

DOC with elevated Hg concentration is due to direct excavation for gold mining activities 

that alters land cover, thereby removing OM from surface soil (Xue et al., 2019). Soil 

retrieved from gold mines experienced copious amounts of Hg released directly from gold 

amalgamation that tend to overwhelm the natural Hg/DOC relationship. Mercury bound to 

OM could also be transported within the stream and deposited further downstream given 

the direct influence of the overburden zone on the stream that drains the Mahdia mine site. 

As a consequence, the sediment at the downstream sites receives OM from multiple 

sources, each with likely varying Hg/C relationships which contrasts with the mine sites 
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where the relationship is likely more uniform. Also, the spatial distribution of sediment 

downstream (Figure S3.1) could be influenced by other stream channels that promote the 

mixing of contaminated and uncontaminated sediments. Surface runoff of Hg bound to soil 

OM has been suggested as an important input of Hg in sediment (Xue et al., 2019). The 

risk of Hg laden sediments from the mining zone to downstream is increased through runoff 

processes from gold mining sites (Donkor et al., 2005; Velásquez Ramírez et al., 2021).  

Organic matter molecular weight and functional groups type and number affect its 

ability to bind Hg, where high molecular weight OM has fewer binding sites (Chen et al., 

2022). Chakraborty et al. (2015) reported that the type of terrestrial OM and residence time 

in the stream, could modify OM. Mercury levels in Amazonian soils (which Guyana is 

apart) are high compared to temperate zones, primarily due to soil pedogenesis and high 

atmospheric depositions. Therefore, these soils constitute a vital reservoir of naturally 

accumulated Hg with the potential to be mobilized via anthropogenic (gold mining) or 

natural (deforestation) erosion. Such mobilization could lead to increased export of 

terrestrial Hg to aquatic ecosystems (Laperche et al., 2014). Factors such as Hg handling 

and practices during the gold recovery process could influence observed Hg loadings in 

sediments (Howard et al., 2011). The levels of terrestrial Hg (atmospheric deposition and 

concentration in soil) reported in this study could partially explain Hg found in studied 

sediments, given the export mechanism. These findings corroborates with that of 

Velásquez Ramírez et al. (2021) which reported the possible link of elevated Hg levels in 

sediments to the transport of Hg contaminated soil from stripped landscapes where gold 

mining occurs. 
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3.5 Conclusion  

Gold mining has led to high levels of Hg deposition to terrestrial and aquatic ecosystems. 

Metals were not a concern given the low concentrations (below permissible limits) reported 

in the soil and sediment of sampled gold mines. The concentrations of Hg reported in this 

study suggest much higher contamination in soil and sediment that is not localized to the 

mine site. The correlation between Hg and OM in soil and sediment suggests that OM is a 

major factor affecting Hg accumulation. The elevated levels of Hg in sampled gold mines 

above regional background could be linked to the process of gold recovery, where the 

amalgam is burned, followed by wet and dry deposition of Hg from atmosphere which 

interacts with soil and sediment. The overburden and adjacent site Hg/DOC were 

significantly higher than the pit and distant site, indicating elevated anthropogenic Hg 

inputs at these locations and possible leaching to stream sediments. 
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 4.0 Atmospheric Hg monitoring using passive samplers and moss bags 

within gold mined areas of Guyana     

 

4.1 Introduction 

Natural and anthropogenic emissions of mercury (Hg0 and Hg2+) into the environment have 

become a global concern. Most of the observations related to atmospheric Hg are gaseous 

elemental Hg (GEM) or total gaseous Hg, which are operationally defined fractions based 

on methods used. Gaseous elemental Hg (Hg0) constitutes more than 95% of atmospheric 

Hg while the remaining fraction is made up of a mixture of oxidized/reactive gaseous Hg 

and particulate bound Hg species (Floreani et al., 2020; Vardè et al., 2022). The volatile 

nature of Hg0 results in a residence time that falls between 0.5 and 2 years in the 

atmosphere. This extended lifetime of Hg in the atmosphere coupled with its ability of long 

range transport and settling on soil surfaces via dry and wet deposition, pose a major threat 

to ecosystems and human health (Buck et al., 2019; De Simone et al., 2014; Driscoll et al., 

2013; Slemr et al., 2011; Tomiyasu et al., 2020). Therefore, understanding atmospheric 

transport is critical for understanding inputs of Hg to ecosystems. The adoption of the 

Minamata Convention by various country parties (including Guyana) to protect the 

environment and human health from Hg emissions, signals a global commitment to 

addressing concerns related to this toxic pollutant (UNEP, 2013). As a signatory to the 

convention, Guyana is guided by Article 22 of the convention, which requires formal 

assessment through “comparable monitoring data on the presence and movement of 

mercury and mercury compounds in the environment”. The importance of environmental 

monitoring is also highlighted by Article 19 of the convention (UNEP, 2013). Given the 
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strong emphasis placed on monitoring of Hg in the environment, the need exists for more 

research in Guyana to monitor atmospheric Hg emissions from gold mining, which serves 

as the largest emitter of Hg in Guyana.   

The use of large amounts of Hg (ca. 675 – 1000 tonnes per year) in small and 

medium scale gold mining shifted the major emission source of atmospheric Hg from the 

Global North to the Global South (Gerson et al., 2022). However, little is known about the 

levels of atmospheric Hg emissions and accumulation across small and medium scale gold 

mines in Guyana. Guyana still utilizes Hg (10 – 25 tonnes per year) in small and medium 

scale gold mining (Canuel et al., 2009; Esdaile & Chalker, 2018). This method of gold 

extraction is applied extensively since it is cheaper than most of the alternative measures, 

is simple and quick, and can be applied independently by one person. However, most of 

that Hg is emitted to the atmosphere when amalgamation followed by burning is done in 

the absence of a retort (Gibb & O’Leary, 2014; Gyamfi et al., 2021). The retort is a 

condenser apparatus that cools the produced Hg vapor from amalgam heating, recovering 

Hg in its liquid form for reuse (Esdaile & Chalker, 2018). Gerson et al. (2022) reported 

elevated Hg (up to 10.9 ng m-3) in the atmosphere for areas in the Peruvian Amazon 

adjacent (ca. 1 km away) to gold mines and this was attributed to Hg-gold amalgam 

burning.  

The spatial distribution and dispersion of Hg can be influenced by anthropogenic 

emissions of Hg from small and medium scale gold mining activities (Casagrande et al., 

2023). Gold mining activities in Guyana utilize metallic Hg, to separate gold particles from 

ore and other impurities, resulting in a visible Hg-gold amalgam. Periodic burning of the 

amalgam at the mining site occurs approximately every two weeks once enough ore has 
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been processed and these burns last for about 2 hours. This leads to direct evaporation of 

Hg into the atmosphere, dispersing into the environment (Casagrande et al., 2023). Around 

gold mining areas that are subject to such Hg contamination, elevated levels of Hg can be 

found in adjacent forests and nearby vegetation given the leaves large surface area that 

facilitates high adsorption of atmospheric Hg (Casagrande et al., 2023; Gerson et al., 2022). 

These large leaves are present in the upper forest strata such as arboreal, underwood, and 

herbaceous which continually receive atmospheric Hg due to numerous leaf crevices, 

trichomes, and cuticle surface area (Casagrande et al., 2023; Rea et al., 2001). Improved 

understanding of Hg transport and mechanisms of deposition to ecosystems requires 

accurate atmospheric monitoring, since the atmosphere is the main pathway for the 

distribution of Hg throughout different environmental media (Driscoll et al., 2013; 

Naccarato et al., 2021). In this context, atmospheric monitoring networks such as the 

Global Mercury Observation System (GMOS) was developed in the quest to establish a 

global atmospheric Hg measurement network, with several monitoring sites (>40) 

distributed globally. Following the launch of the GMOS, interest continues to grow for 

improved global Hg monitoring through increased spatial resolution of gaseous Hg data, 

particularly in remote locations and in developing countries (such as Guyana) to meet the 

objectives of the Minamata Convention (Naccarato et al., 2021; Pirrone et al., 2013). 

Monitoring of atmospheric Hg within gold mining sites is key to understanding 

local cycling and fate of Hg. Passive air sampling is a low-cost no-power approach to 

monitoring atmospheric Hg (Jeon et al., 2020). Mercury passive air samplers (MerPAS® 

from Tekran) are useful for monitoring of atmospheric Hg within gold mining areas, given 

the ability to provide time-averaged concentrations of Hg over the timescale of days to 
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months (Naccarato et al., 2021). The MerPAS captures GEM by diffusive uptake and 

accumulation onto a sulfur-impregnated activated carbon sorbent within a protective shield 

and utilizes a diffusive barrier to control the sampling rate (Gačnik et al., 2024; Jeon et al., 

2020; Mclagan et al., 2018; McLagan, et al., 2016). Air monitoring could also be 

supplemented with inexpensive active moss biomonitoring. The moss bag technique is 

based on the direct uptake of atmospheric Hg or the oxidation of Hg0 to Hg2+ into the tissue 

of moss (Bargagli, 2016; Lodenius, 1998). The simple and cheap approach to Hg 

biomonitoring with mosses facilitates the identification of hotspots of anthropogenic 

emissions and assessment of spatial changes in patterns of Hg deposition (Bargagli, 2016). 

Mosses are widespread in nature and are used to evaluate regional patterns of atmospheric 

metal deposition, but some uncertainties exist when estimating deposition fluxes and 

concentrations of atmospheric Hg (Bargagli, 2016; Cowden & Aherne, 2019; Zhou et al., 

2017). Therefore, caution must be exercised when estimating atmospheric Hg from moss 

samples, given the time needed for mosses to equilibrate elemental composition with 

changing atmospheric chemistry (Bargagli, 2016). Despite the challenges with moss 

biomonitoring estimates, the impact of different species and elevation of sampling 

locations, the pattern of Hg deposition derived from surveys with moss could provide a 

better measure of net supply of Hg to terrestrial ecosystems compared to data from wet 

deposition measures and model calculations (Schröder et al., 2010).   

Continuous monitoring of atmospheric Hg in remote gold mines of Guyana can be 

expensive. Active moss biomonitoring and passive air sampling offers an efficient, cost-

effective, and simple approach to evaluating patterns in atmospheric Hg deposition within 

gold mines. Brown et al. (2020) assessed Hg pollution from gold shops in Guyana using 
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portable Hg vapor monitor and lumex RA-915M spectrometer, but no study in Guyana has 

assessed Hg emissions from gold mining areas. The purpose of this study was to assess 

atmospheric Hg concentrations around a gold mining area using MerPAS monitoring and 

active moss biomonitoring over a longer term (90 days) and a short-term (2 days) period 

during which a burn occurred. Additionally, the relationship of moss Hg to soil Hg was 

assessed. It is hypothesized that Hg concentration in active moss would be correlated to air 

concentrations obtained from passive samplers, the relationship between moss Hg and Hg 

air concentration would differ owing to Hg loss from moss during periods without burning 

and Hg release, and much higher Hg values measured during the 2 days compared with the 

90 days exposure. It was also expected that soil Hg concentrations will be more closely 

associated with organic matter (OM) than moss Hg concentrations deployed at the same 

location.   

 

4.2 Methodology 

4.2.1 Study area 

Atmospheric monitoring of Hg was done across Mahdia in the mining district of Potaro (5° 

18’ 36” N and 59° 18’ 16” W) in Guyana (Figure 4.1). The Mahdia zone general wind 

direction is from the east and is characterized by many active small and medium scale gold 

mines. Annual precipitation varies from 2,200 to 4,000 mm and mean annual temperature 

ranges between 23 to 32 ℃ (GLSC, 2013). Sampling sites were accessed by means of trails 

and a land cruiser. The study area experienced an upsurge in small and medium scale gold 

mining activities in recent years (Laing et al., 2023).  
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Figure 4. 1. Map of study area. 

 

4.2.2 Preparation of moss bags and passive samplers    

The moss Ptychomitrium spp. (greenest and youngest) was collected from an 

uncontaminated area that is isolated (200 km) from mining areas (6° 51’ 59.4” N and 58° 

16’ 44.4” W). The use of one species of moss throughout aids in overcoming challenges of 

biomonitoring estimates with different species. Following the removal of other plant 

material, samples were triple-washed  with distilled water while shaking to remove 

adhering particles (Lodenius, 2013). Each nylon mesh bag (15 x 10 cm, mesh size 1 mm) 

and Ziploc® bag (field blanks) received ca. 15 g (wet weight) of moss tissue. Pre-
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assembled elemental Hg passive samplers (MerPAS) came from Tekran Instruments 

Corporation (Toronto, Canada) for field application.   

 

4.2.3 Atmospheric Hg sampling   

Moss bags and MerPAS were deployed across the gold mining site in Mahdia (Figure 4.1). 

The sample location was separated into three zones (mining operation, adjacent site (1 – 2 

km from source of gold mining with vegetation), and distant site (2 – 4 km from source of 

gold mining with vegetation). Moss bags (n = 90) and MerPAS (n = 11) were randomly 

deployed (suspended on nearby trees and buildings) in clusters for ca. 90 days (May to 

August 2023, long-term) and two days (July 2024, short-term) in each zone, taking into 

consideration wind direction. The short-term period (two days) of monitoring only focused 

on exposure near the burning station (ca. 150 m radius within mining operation zone) to 

capture emissions during the burning of gold. To better capture peak atmospheric Hg 

concentration during the burning of gold, short-term monitoring was done in the mining 

operation zone, since atmospheric Hg was expected to decline tremendously beyond 1 km 

of the mining operation zone. The mining operation zone received 70 moss bags and 7 

MerPAS and 10 moss bags and 2 MerPAS at the adjacent and distant sites. Moss bags and 

MerPAS (lost one to vandalism) were stored in sealed and labelled Ziploc® bags for 

transport to the laboratory for analysis. Surface (0 – 10 cm) soil samples (ca. 100 g, n = 25) 

were also taken at each moss bag location to gain some insights into possible redisposition 

and cycling of Hg. Moss samples were oven dried (Thermo Scientific, Freas 645) at 40℃ 

for 70 hours and pulverized in a SPEX 8000D Mixer/Mill. Soil samples were oven-dried 

for 10 days at 105℃ (Thermo Scientific, Freas 645), homogenized and sieved (2 mm). 

These samples were packaged into another Ziploc® bag for storage at 4℃ to avoid any 
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contamination until transport to Trent University Environmental Geoscience laboratory for 

analysis. A small amount of Hg may also have been lost during the drying procedure as 

Hojdová et al. (2015) reported that the loss of Hg in samples dried at 105℃ was 3 % 

compared with freeze dried samples. 

 

4.2.4 Analysis for atmospheric Hg concentration  

The concentrations of other metals (As, Cd, Co, Cu, Mn, Ni, Pb, and Zn) in moss were 

measured by inductively coupled plasma-mass spectrometry (ICP-MS) following acid 

digestion (HNO3, not a total digest). Metal concentrations in moss were low (Table S4.1), 

with no significant difference among location, confirming the findings of chapter 3 

(characterizing Hg and other metal concentrations in soil and sediment within gold mined 

areas of Guyana), where metals were not elevated in sampled soils away from the mine. 

Therefore, Hg concentration in moss samples was the focus given the main use of Hg in 

gold amalgamation. Total Hg concentration in moss (retrieved from ca. 90 days exposure) 

and surface soil samples were measured with a Direct Mercury Analyzer (DMA-80) by 

thermal decomposition, amalgamation, and atomic absorption spectrometry. Sub-samples 

of dried moss and soil (0.05 g) were heated to 900℃ to reduce Hg species to elemental Hg, 

which was loaded onto an amalgamator. Subsequent heating of the amalgamator resulted 

in the release of Hg vapors into a single bean, fixed wavelength atomic absorption 

spectrophotometer. Quality control of Hg measurements was assured by the inclusion of 

blanks and apple leaves certified reference materials (NIST 1515) at the start of each 

experimental run (40 samples) and recovery ≥ 93 % was considered acceptable. 
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Soil organic matter (%OM) was measured by loss-on-ignition (Equation 1). After 

oven-drying (24 hours at 105℃) of soil (5 g) to constant weight, organic matter was ignited 

at 400℃ for 10 hours (Heiri et al., 2001).    

1 2

1

% 100
w

W W
OM

W C

 −
=  

− 
    Equation 2 

Where, W1 = weight pre ignition, W2 = weight post ignition, and Cw = crucible 

weight. 

Total Hg concentration in moss samples retrieved from the two days deployment 

was measured with a Tekran 2600-CVAFS Mercury Analysis System by cold vapor atomic 

fluorescence spectrometry because initial runs using the DMA-80 were off-scale. Moss 

samples were subjected to an acid digestion (7 HNO3: 3 H2SO4) process, which is a total 

digest. A sub-sample of dried moss (0.05 g) was added to each 40 ml glass vial, followed 

by 5 ml of digestion acid (HNO3/H2SO4). Vials were swirled gently to ensure complete 

mixing with digestion acid. Vials with a clean marble on top were placed in a block-digester 

and hot plate (Fisherbrand®) for 14 hours hot at 110℃. Following the completion of acid 

digestion, the volume was adjusted to 25 ml with deionized water and allowed to cool. 

Digested samples were stored at room temperature in the dark until analysis. Calibration 

standards of 0 pg, 25 pg, 50 pg, 100 pg, 250 pg, 500 pg, and 1000 pg were prepared with 

1 ng ml-1 diluted Hg standard. Digested samples were diluted to desired concentration and 

60 µl of 20 % Sn2Cl in 10 % HCl was added to each vial (final volume of 25 ml) for 

analysis. Vials were capped with septa caps and shaken before loading the autosampler. 

Water blank (no reagent), blank reagent, and digested apple leaves standard reference 

material (NIST 1515) were run with each batch of samples to ensure quality control and 

recovery ≥ 95 % was considered acceptable. 
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 MerPAS retrieved from the 90 days and two days exposure were measured by 

Tekran Instruments Corporation (Toronto, Canada) according to appropriate trace-clean 

procedures to avoid incidental contamination. The stainless-steel mesh screen containing 

the carbon sorbent was removed from the elemental Hg passive sampling body. MerPAS 

retrieved from the 90 days deployment was measured by thermal combustion according to 

EPA Method 7473 on a Nippon MA-3000 Mercury Analyzer using cold vapor atomic 

absorption spectrometry to measure Hg. MerPAS retrieved from the two days exposure 

was initially set up for thermal combustion according to EPA Method 7473 on a Nippon 

MA-3000 Mercury Analyzer using cold vapor atomic absorption spectrometry to measure 

Hg. However, similar to moss samples, the very high sample concentrations required a wet 

digestion process according to EPA Method 1631 on a Tekran 2600-IVS using cold vapor 

atomic fluorescence spectrometry to measure Hg. Quality control of Hg measurements was 

assured by the calibration of instrument against NIST 3133, calibration against certified 

reference materials NIST 2685C (bituminous coal matrix), inclusion of blanks, and 

recovery ≥ 95 % was considered acceptable. Due to the mass limitations of the analytical 

technique, the MerPAS carbon was divided into multiple sample aliquots and the results 

summed to give the total Hg captured on each MerPAS. The sampled air volume was 

determined based on the deployment interval and the white-bodied elemental Hg passive 

sampling rate of 0.111 m3 day-1. 

 

4.2.5 Statistical analysis  

Statistical analysis was conducted with R version 4.0.4 (R Core Team, 2021), at an 

acceptable α-level of 0.05. Descriptive statistical analysis was conducted with R statistical 
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package to assess Hg concentration range, mean, and standard error. Data was subjected to 

Shapiro-Wilk normality test to assess normal distribution. 

 Exponential models were used to evaluate the relationship significance between 

atmospheric Hg and distance from mining operation. Spearman correlation was used to 

determine if moss Hg concentration is related to gaseous elemental Hg concentration. 

Equations (slopes) of the relationship between gaseous elemental Hg concentration and 

moss Hg concentration over long-term (90 days) and short-term (two days) exposures were 

used to extrapolate Hg relationship between moss and MerPAS based on the assumption 

of multiple burns over an extended period. Bayesian log empirical kriging with ArcGIS 

Pro 2.9.0 (Esri, 2021) was used to geospatially interpolate and map spatial variation of 

atmospheric Hg (derived from active moss biomonitoring) in the mining operation zone, 

which had the required density of samples relative to emission source over long-term (90 

days) and short-term (two days) exposure. The experimental variogram model used to 

generate atmospheric Hg concentration maps was based on log transformed concentration 

data using Bayesian empirical kriging to enhance the visualization of concentrations spatial 

distributions (McLagan et al., 2021). Linear regression analysis was done to assess the 

effect of OM and moss Hg on soil Hg concentration. 

  

4.3 Results 

4.3.1 Active biomonitoring of Hg with moss and MerPAS monitoring   

4.3.1.1 Long-term exposure (90 days) 

Large variability in atmospheric Hg was evident across the sampled gold mine in Mahdia 

during the long-term exposure, with the mining operation zone demonstrating a higher 
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range of concentrations in moss (87.0 – 1963 ng g-1) and MerPAS (41.2 – 144 ng m-3) 

compared with forested sites (adjacent and distant) (Table 4.1). Atmospheric Hg 

concentrations exceed natural background levels for the global south (1 ng m-3) (Sprovieri 

et al., 2016) at all locations and show an obvious pattern of declining Hg with increasing 

distance from mining operation and source of burning (Figure 4.2). Atmospheric Hg was 

strongly associated with distance from emission source and both moss and MerPAS 

showed a precipitous fall in Hg over a small distance of 0 – 1 km away from emission 

source (Figure 4.2a). The mean concentration of Hg in moss was highest at the mining 

operation (444 ± 135 ng g-1), followed by the adjacent site (100 ± 12 ng g-1), and distant 

site (77 ± 4 ng g-1). Similarly, with MerPAS, the mining operation (93 ± 51 ng m-3) showed 

the highest mean concentration of Hg, followed by the adjacent site (3.69 ng m-3, single 

value reported), and distant site (2.25 ± 0.19 ng m-3) (Table 4.1). Notably, Hg concentration 

at the distant site was closer to the global southern hemisphere average background 

concentration of approximately 1 ng m-3. In contrast, the mining zone was 20−71 times 

higher, with concentrations up to 144 ng m-3 averaged over a period of 90 days (long-term) 

(Table 4.1).  

 

4.3.1.2 Short-term exposure (2 days) 

Moss and MerPAS exposed for just two days during a gold amalgamation period (burning 

of gold with Hg) exhibited Hg concentrations that were up to 100 times higher than 

concentrations measured over the long-term period (Table 4.1). Similar to the long-term 

exposure there was large variability in atmospheric Hg, with mean concentrations of 

83,382 ± 14,672 ng g-1 in moss and 56,803 ± 14,759 ng m-3 in MerPAS at the mining 
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operation zone (Table 4.1). Given the precipitous decline in atmospheric Hg beyond 1 km 

of the mining operation zone, the short-term period (two days) of monitoring only focused 

on exposure near the burning station (ca. 150 m radius within mining operation zone) to 

capture emissions during the gold amalgamation process. This short-term exposure also 

showed association between atmospheric Hg and distance from emission source and both 

moss and MerPAS showed a precipitous fall in Hg over a small distance of 0 – 150 m away 

from the burning station (Figure 4.2b). The concentration of Hg with MerPAS was about 

3-fold higher at the burning station site (115,187 ng m-3) compared with the site farther 

away at the fence line of the mining zone (34,251 ng m-3). Similarly, with moss bags, Hg 

concentration was about 2-fold higher at the burning station (259,423 ng g-1) compared 

with the site at the fence line of the mining zone (140,874 ng g-1) (Table 4.1). The high 

atmospheric Hg concentration at the burning station exceeded permissible exposure limits 

recommended by the Occupational Safety and Health Administration (100,000 ng m-3) and 

National Institute for Occupational Safety and Health (50,000 ng m-3).  
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Figure 4. 2. Exponential relationship between atmospheric Hg and distance from Mahdia 

mining operation following (a) long-term (90 days) and (b) short-term (2 days) 

exposures. Blue and red dotted lines indicate natural background levels. 
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Table 4. 1. Total Hg concentrations (range, mean) in MerPAS (ng m-3) and mosses (ng g-

1) from Mahdia over long-term and short-term exposures.  

Location Zone M (moss) / MerPAS Hg (range) Hg (mean ± 

SE) 

Long-term (90 days exposure) 

Mahdia Mining 

Operation 

M (Ptychomitrium 

spp.) 

87.0 – 1963  444 ± 135 

 Adjacent M (Ptychomitrium 

spp.) 

76.8 – 131 100 ± 12 

 Distant M (Ptychomitrium 

spp.) 

62.0 – 83 77 ± 4 

 Mining 

Operation 

MerPAS 41.2 – 144 93 ± 51 

 Adjacent MerPAS 3.69* 3.69* 

 Distant MerPAS 2.06 – 2.43 2.25 ± 0.19 

Short-term (2 days exposure) 

Mahdia Mining 

Operation  

M (Ptychomitrium 

spp.) 

19,306 – 

25,9423  

83,382 ± 

14,672  

 Mining 

Operation  

MerPAS 34,251 – 

115,187 

56,803 ± 

14,759 

*Single value 
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4.3.2 Spatial variability of atmospheric Hg concentration   

4.3.2.1 Long-term exposure (90 days) 

Gaseous elemental mercury (GEM) was significantly positively correlated with Hg in moss 

samples measured during both sampling periods although the slope of the relationship was 

about 3 times higher than short-term exposure (Figure 4.3a). Moss left in the field for 2 

days (during a burn) had about 100x higher Hg concentrations than moss left in the field 

for 90 days, clearly demonstrating that Hg is lost from moss during periods of inactivity 

with respect to burning. If Hg was lost from only moss and not MerPAS the expected 

relationship between moss Hg and GEM obtained from MerPAS would be much lower 

than observed (Figure 4.4). However, the majority of Hg captured by MerPAS is also being 

lost as Hg content of the samplers were approximately 15-fold lower after long-term 

exposure near source (874 ± 485 ng/sample) compared with the two days exposure (12,033 

± 3,146 ng/sample) especially given the fact that multiple burns would have occurred 

during the 90 days exposure (Figure 4.4). While Hg concentrations in moss and MerPAS 

deployed for 90 days are clearly grossly underestimating atmospheric Hg, the strong 

relationship between Hg in moss and MerPAS, moss concentrations was used to predict 

the relative spatial pattern in GEM (ng m-3) at the mining operation zone (normalized to 

1.0 at the burning station where the highest Hg concentration was recorded). The relatively 

high concentration of atmospheric Hg localized to the mining operation zone varied 

spatially, reaching a peak concentration near the station of the Hg-gold amalgamation 

process and dramatically faded away in short distances (100 m or less) relative to the 

emission source (Figure 4.5).  
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4.3.2.2 Short-term exposure (2 days) 

Similar to the long-term exposure, GEM was significantly positively correlated with Hg in 

moss with exceptionally high values measured in both moss and MerPAS (Figure 4.3b). 

Based on this relationship, moss concentrations were used to predict spatial pattern in GEM 

(ng m-3) at the mining operation zone. Although the short-term exposure could provide 

more reliable estimates of atmospheric Hg concentration during burning of gold, some Hg 

loss is still possible because MerPAS were retrieved about 20 hours after the end of the 2-

hour burn so these estimates should also be considered conservative. Atmospheric Hg 

concentration varied spatially around the burning station, reaching a peak concentration of 

116,860 ng m-3 during the burning of gold and dramatically faded away over a short 

distance of 100 m or less (Figure 4.6).  

 

4.3.2.3 Atmospheric Hg and soil Hg interactions 

Despite greatly elevated Hg concentrations in the atmosphere there is no relationship 

between Hg measured in moss and soil Hg measured at the location of moss deployment 

(Figure 4.7). Instead, there was a strong association between soil Hg and OM (Figure 4.8). 
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Figure 4. 3. Scatterplot of correlation between GEM and Hg concentration derived from 

moss bags in Mahdia mining operation following (a) long-term (90 days) and (b) short-

term exposures. The gray shaded area around the solid regression line (blue) represents 

the 95% confidence interval. 
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Figure 4. 4. Extrapolated conservative estimates of atmospheric Hg concentration 

relationship between moss and MerPAS in Mahdia based on long-term (90 days) and 

short-term (two days) exposures.  
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Figure 4. 5. Predicted (moss relative exposure) and geospatially interpolated (Bayesian 

log empirical kriging) atmospheric Hg concentration estimates across sampled mining 

operation (near emission source) in Mahdia following long-term exposure (90 days).  



 

95 
 

 

Figure 4. 6. Predicted (active moss biomonitoring) and geospatially interpolated 

(Bayesian log empirical kriging) atmospheric Hg concentration estimates across sampled 

mining operation (near emission source) in Mahdia following short-term exposure (two 

days).  
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Figure 4. 7. Scatterplot of relationship between moss Hg and soil Hg in Mahdia. 
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Figure 4. 8. Scatter plot and linear regression between soil OM and soil Hg in Mahdia. 

The gray shaded area around the solid regression line (blue) represents the 95% 

confidence interval.   
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4.4 Discussion   

4.4.1 Monitoring of atmospheric Hg concentration  

Atmospheric Hg was high (exceeded natural background levels for the global south, > 1 

ng m-3) (Sprovieri et al., 2016) in the vicinity of artisanal gold mining, but the 90 days 

exposure resulted in moss and MerPAS values that were much lower than the two days 

exposure during a burn, by a factor of a 100. Moreover, the differences in moss Hg and 

MerPAS concentrations between the two periods demonstrate that during periods without 

burning activities (and Hg emissions) much of the Hg sorbed to both moss and passive 

samplers is reemitted back to the atmosphere. Assuming the short-term exposure period is 

providing more reliable data, atmospheric Hg at the site can exceed 115,187 ng m-3. 

Atmospheric Hg concentrations after two days of exposure followed the pattern of high 

values near the station where Hg-gold amalgams are burned and low values farther away. 

Notably, a steep drop in Hg was evident within a 100 m radius. This suggests dilution of 

the plume of contaminated air in a 50 m radius around the burning station due to high 

increases in air volume with distance from the burning area and greater dispersion into the 

atmosphere. Dilution of Hg contaminated air around the burning station is not linear since 

it depends on characteristics of dispersion in the atmosphere. These characteristics include 

turbulence, wind, and other atmospheric processes that disperse emitted Hg horizontally, 

vertically, and temporally (Cichowicz & Dobrzański, 2022). Gray et al. (2015) found that 

elevated atmospheric Hg at contaminated sites could be dispersed by persistent wind over 

a short distance of 300 m.  

Although retorts are used at the sampled gold mine for amalgam heating, Hg 

emissions were still elevated, indicating some defects in the retort design and usage. 
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Esdaile and Chalker (2018) reported that the proper use and design of retorts could reduce 

the emission of Hg by recovering more than 90% of Hg. Even though there were few Hg 

measurements at artisanal gold mining sites to compare with, the extremely high GEM 

concentrations observed in the Mahdia gold-processing area are not unique to this area. 

Elevated GEM concentrations were also reported at mining sites in Indonesia (12,782 ng 

m-3, at gold processing area), Italy (6,700 ng m-3, 100 m radius of emission source), Ghana 

(900 ng m-3, 150 m radius of emission source), USA (64 ng m-3, within 300 m of emission 

source), and Peru (10.9 ng m-3, 1 km away from emission source) (Gerson et al., 2022; 

Gray et al., 2015; McLagan et al., 2019; Nakazawa et al., 2016; Snow et al., 2021). Brown 

et al. (2020) also reported GEM concentrations greater than 300,000 ng m-3 inside gold 

shops in Guyana where amalgams and sponge gold are burned and purchased. This exceeds 

permissible exposure limits recommended by the Occupational Safety and Health 

Administration (100,000 ng m-3) and National Institute for Occupational Safety and Health 

(50,000 ng m-3) over an eight-hour work period. Also, GEM concentrations during Hg-

gold amalgamation in the Mahdia gold mine exceeded these safety limits, which is a human 

health concern (damage to central nervous system). This suggests that people living in the 

mining camp where amalgam burning is taking place can be exposed to extremely high 

GEM concentrations. Therefore, personal protective equipment and proper use and design 

of retorts are needed to reduce exposure risk to Hg use in gold mines.  

 

4.4.2 Moss and MerPAS Hg interactions   

The fact that moss exposed for 90 days has Hg concentrations approximately 100 times 

lower than just two days of exposure demonstrates that during periods free from burning 
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Hg is released from moss to the atmosphere. Therefore, exposure over the longer term 

could surpass 200,000 ng m-3 at the mine site. Contrary to the expectation of greater 

accumulation of Hg in moss over long-term exposure, the two days monitoring showed 

higher Hg concentration. The elevated Hg in moss after two days could be associated with 

the Hg-gold amalgamation at the time of sampling, leading to adherence of Hg to mosses 

spongy structure (Meloni et al., 2025). Mosses physiology and their bioaccumulation of 

Hg may be influenced by environmental variables (temperature, humidity), affecting cell 

walls and membrane permeability and accessibility to cations binding sites for functional 

groups (Ciani et al., 2023). The rapid decline in Hg suggests mixing of clean air masses 

that dilutes atmospheric Hg concentrations (Berg et al., 2008). Giordano et al. (2009) 

indicated that long exposure time for moss (more than 6-week) may result in the release of 

absorbed Hg due to climatic and physiological changes. Bargagli (2016) reported the 

usefulness of moss Hg to estimate atmospheric Hg concentrations, but these estimates are 

not always reliable due to GEM exchanges between moss and air, and the time needed for 

moss to equilibrate elemental composition with changing atmospheric chemistry. Aboal et 

al. (2010) also reported that Hg concentrations in moss tissues do not accurately estimate 

the atmospheric deposition because environmental variables (temperature, radiation, 

precipitation) may modify the uptake kinetics of Hg in moss and alter final concentrations. 

This results in a state of unstable equilibrium between inputs and outputs of Hg in moss. 

The warm climate in Guyana coupled with high temperatures and solar radiation could 

increase vapor pressure and lead to Hg loss at these contaminated areas (McLagan et al., 

2019). During a high degree of solar radiation photochemical oxidants such as O3 could be 

formed and its reaction with elemental Hg leads to oxidation and transformation to Hg2+, 
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which is relatively short-lived in the atmosphere and deposition is more likely locally 

(Fernández et al., 2000). The concentrations of other metals (Co, Cu, Mn, Ni, Pb, and Zn) 

in moss showed no relationship to distance from mining operation, since they have 

different atmospheric behavior in particulate form rather than gaseous form (Poikolainen 

et al., 2004). Therefore, depositions of these metals are usually higher near point source 

compared with Hg which could be transported over long distances due to its high 

atmospheric mobility.     

This study also showed that Hg is lost from the passives because the relationship 

between moss Hg and GEM Hg is much higher than would be expected if Hg was only 

being lost from the moss. Additionally, the Hg content (ng/sampler) of MerPAS exposed 

for just 2 days had a 15-fold higher value than those exposed for 90 days. Using a 

conservative estimate of just 4 burns during the 90-day period, the Hg content in samplers 

would be expected to be 4 times higher suggesting that the majority of Hg sorbed during 

the burn is lost. Also, during the time of burning and collection of MerPAS about 20 hours 

would have elapsed without burning activities. Therefore, Hg loss is possible and renders 

these values as conservative estimates during burning. Such loss of Hg from the passive 

sampling system may occur during transport from sampling site to laboratory and influence 

of air flow on sampling rate, which can vary with environmental conditions and lead to 

loss of Hg to sampler body (Huang & Gustin, 2015; Lyman et al., 2010).  

 

4.4.3 Spatial variability of atmospheric Hg concentration  

During both exposure periods there were significant linear relationships between moss Hg 

concentration and GEM obtained from MerPAS, so moss data were used to provide an 
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assessment of spatial exposure during the two time periods (90 days and 2 days exposure) 

recognizing that the 90-day period represents relative exposure. Other studies (Božič et al., 

2022; Monaci et al., 2022; Sutton et al., 2014) have shown positive relationships between 

moss and passive samplers. Relationships between biota Hg and GEM concentration are 

highly dependent on air temperature, wind fluxes, species of biota, and speciation of Hg 

(Lodenius, 2013). The dependence of biomonitoring on various factors results in the non-

calibration of this method, while passive air samplers are calibrated taking into 

consideration the effect of meteorological parameters (wind speed and temperature) 

(Huang et al., 2014; McLagan et al., 2017, 2018). Gačnik et al. (2024) found that 

biomonitoring and passive monitoring can be used to effectively identify areas with high 

GEM concentrations, thereby increasing observational confidence. Bargagli (2016) 

emphasized the unique opportunities offered by mosses as Hg biomonitors in areas with 

scattered Hg sources such as geothermal fields, mineral deposits or volcanic activity. 

While, Jeon et al. (2020) and McLagan et al. (2016) reported that passive air samplers such 

as MerPAS could provide long-term monitoring of GEM concentrations in developing 

countries (such as Guyana) and remote region, but still cost  $400 – 500 per sample. 

Terrestrial ecosystems functioning includes complex interactions between abiotic and 

biotic components. Therefore, the monitoring of atmospheric Hg with moss can be a useful 

tool, providing that it is done according to established guidelines and protocols and the 

interpretation of results takes into consideration the eco-physiological factors that influence 

the accumulation of Hg (Bargagli, 2016). The combination of active moss biomonitoring 

and MerPAS methods are probably best suited for short-term (<48 hours) studies 

comparing the periods of burning with periods of inactivity rather than longer term 
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deployment that at best will provide estimates of relative exposure. Additionally, it is 

recommended that shorter periods be assessed during gold amalgam burns owing to the 

very episodic nature of Hg release that occurs during a 2-hour period. Ideally these would 

be complimented with active measurements to demonstrate the effectiveness of passive 

samplers that are exposed to rapid and dramatic fluctuations in atmospheric Hg.  

Bayesian log empirical kriging identified hotspots close to emission source (Hg-

gold amalgamation station) within the mining operation zone, where atmospheric Hg 

concentrations reached 116,806 ng m-3 (over a period of two days, Figure 4.6). This 

suggests that localized effects of burning gold amalgam with Hg are strong drivers of Hg 

emission. Atmospheric Hg was higher than McLagan et al. (2021) who reported  elevated 

GEM (10.8 – 37.4 ng m-3) near an emission source (within 200 m radius). Vaselli et al. 

(2013) also found elevated atmospheric Hg concentrations from 200 to >10,000 ng m-3 and 

confirmed the sharp decline in the range of values at short distances (few 100 m away) 

from mining. Pockets of lower concentrations at points 100 to 200 m away from the 

emission source, may be attributed to rapid dilution of atmospheric Hg concentrations by 

clean air masses. Bargagli (2016) reported that the dilution of atmospheric Hg 

concentrations in moss by clean air masses is a common feature in mineralized areas. Here, 

Hg concentrations up to 4000 ng m-3 inside smelting plants dropped to ca. 2 ng m-3 over a 

short distance of approximately 300 m. 

 

4.4.4 Atmospheric Hg and soil Hg interactions  

While atmospheric Hg concentrations decrease rapidly with distance from the burning area 

there was no relationship between soil Hg and moss Hg. Instead, Hg was strongly 
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correlated with soil OM and often soil close to the burning area had very little OM. So, Hg 

contamination extends beyond the mine zone and is greatly affected by its interaction with 

vegetation (which in turn can lead to Hg contamination in sediments as reported in chapter 

3). The low soil OM near the burning area is associated with the destructive nature of gold 

mining that clear cuts existing vegetation, which disrupts the natural biogeochemical 

degradation of plant materials. The results suggests that residence time and retention of Hg 

in soil and leaf litter as discussed in chapters 3 and 5 are more relevant to shaping patterns 

of Hg concentrations than direct interaction with atmospheric deposition (Obrist et al., 

2011). Yu et al. (2014) observed no significant relationship between atmospheric Hg 

deposition and soil Hg concentration due to historical soil formation and disturbance, 

legacy Hg in soils, and the dynamics of soil OM to effectively bind Hg. The close 

relationship between soil OM and Hg is consistent with observations that Hg forms 

complexes with functional groups of OM, particularly those with reduced sulfur (Khwaja 

et al., 2006; Santos-Francés et al., 2011). Velásquez Ramírez et al. (2021) found a strong 

positive relationship between OM and soil Hg for areas impacted by gold mining in Peru. 

The quality and type of OM primarily controls the binding of Hg, where the formation of 

covalent bonds with available active sites of reduced sulfur could be attributed to the 

phenomenon of polarizability. Here, the rule of hard and soft acids and bases predicts that 

soft acids and soft bases interact strongly. This is due to sulfur containing thiol functional 

groups that act as a soft base to strongly bind Hg which is a polarizable soft acid (Mousavi, 

2015; O’Connor et al., 2019; Reis et al., 2015).  
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4.5 Conclusion  

Atmospheric Hg around artisanal gold mines can be very high (exceed natural background 

levels for the global south) but decrease rapidly with distance from the mine site. During 

periods of burning atmospheric Hg can exceed 115,187 ng m-3 and result in moss Hg 

concentrations greater than 259,423 ng g-1. Moss Hg was correlated with GEM estimated 

by MerPAS during both short-term and long-term exposures, although most of the Hg 

sorbed during the short-term is lost during periods of inactivity causing longer term 

estimates to be grossly underestimated. Moss and passive samplers may be useful to 

measure atmospheric Hg but should only be deployed for short periods to minimize loss to 

the atmosphere.  

  

 

 

 

 

 

 

 

 

 

 



 

106 
 

5.0 Contrasting Hg/C relationship in environmental media near artisanal 

gold mining sites in Guyana with those observed at the global scale   

 

5.1 Introduction 

Terrestrial ecosystems are receptors of mercury (Hg) and act as large storage pools for 

atmospheric Hg deposition that accumulates in surface litter and soil (Grigal, 2003; 

Pokharel & Obrist, 2011). The cycles of Hg and carbon (C) are strongly linked at the 

landscape and biogeochemical levels, with several studies globally showing a strong linear 

relationship between Hg and C in terrestrial ecosystems (Grigal, 2003; Olson et al., 2018; 

Różański et al., 2016; Wang et al., 2023; Watmough et al., 2019). Terrestrial vegetation is 

considered the missing sink in the global Hg mass balance and is estimated to absorb more 

than 1,000 tonnes of atmospheric Hg annually (Han et al., 2025). Studies have shown that 

atmospheric Hg is mainly absorbed by leaf stomata and that leaf litter constitutes 50 to 

84% of litter biomass with higher Hg concentrations compared with other plant tissues 

such as root and stem (Ericksen et al., 2003). Therefore, fallen leaves are an important 

contributor to Hg fluxes to soil (Assad et al., 2016; Ericksen et al., 2003).  

Mercury concentrations in decomposing leaf litter is often higher than leaves, 

possibly due to continued absorption of Hg from the atmosphere or transfer from soil (Ma 

et al., 2022). Accumulation of Hg in surface litter alone accounts for 30 to 60% of total 

atmospheric Hg inputs to soil, which is often greater than inputs through direct wet 

deposition (Pokharel & Obrist, 2011). Given the affinity between organic matter (OM) and 

Hg in leaf litter and soil, the mobility and behavior of Hg is also associated with the 

dynamics of C (Grigal, 2003; Pokharel & Obrist, 2011). Litterfall serves as a major source 
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of soil OM, where >50% of net primary production returns to soil through plant litter 

decomposition. Therefore, litter decomposition is an essential step in the C cycle and the 

product of decomposition normally becomes less available, thereby stabilizing soil OM 

and associated contaminants such as Hg (Frouz, 2018; He et al., 2019; Ndungu et al., 2016).    

Soil OM serves as the largest terrestrial C pool that accumulates via continuous 

plant C inputs into soil. Carbon in soil can be transported from terrestrial ecosystems (soil, 

plant materials, and wetlands) to freshwater ecosystems through various flow paths 

(Franco-Cisterna et al., 2024). The quality and quantity of C is an important factor that 

controls sorption with inorganic Hg, which is likely to sink rapidly to the bottom where it 

is buried in sediment (Eckley et al., 2021). The anoxic condition of sediments facilitate the 

biotic methylation of inorganic Hg, leading to the formation of methylmercury which is 

the most toxic form of Hg (de Oliveira et al., 2015; Wang et al., 2024). 

Gold mining practices at the small and medium scale results in the release of high 

concentrations of Hg into the atmosphere (as reported in chapters 2, 3, and 4 of this thesis), 

leading to elevated deposition into adjacent forest canopies (Gerson et al., 2022). While 

Hg movement and C within the biosphere are connected it is unclear how these patterns 

may differ in areas exposed to high levels of Hg compared with regions remote from 

pollution sources. Relationships between Hg and C have not been extrapolated across the 

biosphere, except for a few studies and primarily for freshwater who report a relatively 

consistent value of 0.25 ± 0.20 ng mg-1 in freshwaters (Grigal, 2002; Lavoie et al., 2019; 

Riscassi & Scanlon, 2011). However, the stoichiometry of the Hg/C relationship varies 

spatially in other environmental media such as plant tissues, litter, soil and sediments 

(Grigal, 2003; Gruba et al., 2019).  
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Comparing Hg/C patterns in environmental media surrounding gold mining sites 

with relationships observed globally could provide a greater understanding of Hg 

movement within the biosphere. This study presents the first demonstration of Hg/C 

relationships in the biosphere relative to gold mining sites in Guyana. The purpose of this 

study was to assess how Hg/C relationships in environmental media (foliage, leaf litter, 

soil, water, sediment) near artisanal gold mining sites in Guyana compares with Hg/C 

relationships observed globally synthesized from published studies. It is hypothesized that 

Hg/C ratios observed in environmental media (foliage, leaf litter, soil, water, sediment) 

near gold mining sites in Guyana will be higher compared with clean sites at the global 

scale. 

 

5.2 Methodology 

5.2.1 Gold mining case study   

The gold mining area was in Mahdia (in-situ) (5° 16’ 54” N to 5° 17’ 3” N and 59° 3’ 32” 

W to 59° 5’ 46” W) (Figure 5.1). The mine area is typically separated into the mining zone 

(overburden and pit), adjacent site (1 – 2 km away from gold mine with forest), and distant 

site (2 – 4 km away from gold mine with forest). The in-situ study focused on sample 

collection at the forested site, 2 – 4 km from gold mine. The Mahdia zone general wind 

direction is from the east, annual precipitation varies from 2,200 to 4,000 mm, and mean 

annual temperature ranges between 23 to 32 ℃ (GLSC, 2013). The area with no mining 

(ex-situ) was in a northeastern region of Guyana (Anna Catherina, West Coast Demera) 

that is 197 km away (6° 51.991’ N and 58° 16.7381’ W) from the gold mining area in 

Mahdia (Figure 5.1). Here, the general wind direction is from the northeast, annual 
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precipitation varies from 2,200 to 2,800 mm, and mean annual temperature ranges between 

25 to 28 ℃ (GLSC, 2013).  

 

5.2.2 Field sampling    

To evaluate how Hg and Hg/C relationships vary in soils with distance from the gold mine 

in Mahdia, surface (0 – 10 cm) soil samples (ca. 5 kg) were collected (July 2024) from an 

in-situ forested site (2 – 4 km away from the gold mine) (Figure 5.1). Since wetland sites 

were not present in the Mahdia area, soil extraction experiments were done with surface 

soils to simulate precipitation regimes and evaluate Hg and dissolved organic carbon 

(DOC) that could be potentially leached into sediments (as reported in chapter 3). Sediment 

samples downstream (2 – 4 km away) of the gold mine in Mahdia was at a similar distance 

away from the gold mine as the in-situ forested site, so Hg and C values (as reported in 

chapter 3) were extracted from this location.   
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Figure 5. 1. Location of deployed litterbags. 

 

5.2.3 Preparation of litterbags 

Freshly fallen Cecropia obtuse leaves were collected from the in-situ forested site (same 

as soil collection) and oven dried (Thermo Scientific, Freas 645) at 35℃ to constant 

weight. Each litterbag (20 x 20 cm, mesh size 1 mm) received 15 g (dry weight) of leaf 

litter (Karberg et al., 2008; Scheid et al., 2009). 
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5.2.4 In-situ leaf litter decomposition experiment  

Litterbags (n = 12) were deployed in-situ (same as leaf litter collection site) in Mahdia for 

14 months between June 2023 and July 2024 to determine Hg concentration in leaf litter 

exposed to gold mining. Based on the atmospheric Hg measurements from chapter 4, 

values at the mine site exceeded 115,187 ng m-3 over a 48-hr period during the burning of 

gold amalgam, but longer-term estimates are not available due to loss of Hg from passive 

samplers during periods of inactivity (no burning). The in-situ site received 12 litterbags at 

random points in direct contact with the soil surface and secured with nails driven into the 

soil via the corners of the litterbags (Lecerf et al., 2021; Scheid et al., 2009). Litterbags 

were stored in sealed and labelled Ziploc® bags for transport to the laboratory for analysis. 

These litter samples were constituted as in situ soil + litter. Litterbags were cleaned to 

remove any moss and soil growing on the netting and litter samples were carefully cleaned 

by hand to remove extraneous material. Litter samples and baseline foliage were oven-

dried at 35℃ to constant weight, weighed and ground to powder with an electric coffee 

mill (Black & Decker). These samples were packaged into another Ziploc® bag for storage 

at 4℃ to avoid any contamination until transport to Trent University Environmental 

Geoscience laboratory for analysis. 

 

5.2.5 Ex-situ leaf litter decomposition experiment 

Litterbags (n = 12) were deployed ex-situ for five months between July 2024 and December 

2024 to distinguish soil versus atmosphere as a source of Hg to leaf litter. There was no 

local Hg source at the ex-situ location in Anna Catherina (6° 51.991’ N and 58° 16.7381’ 

W) so atmospheric Hg is expected to be around background levels (1 ng m-3, global south 
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(Sprovieri et al., 2016)). Soil and litter samples collected from the in-situ location were 

separated into two 53 × 33 cm aluminum foil pans for the ex-situ experiment. Each pan 

received replicates of six litter bags, which were constituted as ex situ soil + litter. 

Litterbags were harvested per sample pan in December 2024 and cleaned. Litter samples 

and baseline foliage were oven-dried at 35℃ to constant weight, weighed and ground to 

powder with an electric coffee mill. These samples were packaged into another Ziploc® 

bag for storage at 4℃ to avoid any contamination until transport to Trent University 

Environmental Geoscience laboratory for analysis. 

 

5.2.6 Foliage, leaf litter, and soil analysis 

Carbon (C) content in leaf litter and foliage was measured with a CN analyzer (LECO, 

CN828). Dried sub-samples of foliage and leaf litter (0.08 g) were packed into 502-186 tin 

foil cup and twist sealed to minimize entrapped atmosphere. Each tin foil cup with sample 

was transferred to the appropriate position in the sample carousel to initiate analysis. 

Quality control of C measurements was assured by the inclusion of blanks and apple leaves 

certified reference materials (NIST 1515) at the start of each experimental run (30 samples) 

and recovery ≥ 95 % was considered acceptable.   

Soil organic matter (%OM) was measured by loss-on-ignition (LOI) (Equation 1). 

After oven-drying (24 hours at 105℃) of soil (5 g) to constant weight, OM was ignited at 

400℃ for 10 hours (Heiri et al., 2001). Organic matter content was converted to C using 

the conventional conversion factor of 0.58 (Equation 2) (Jensen et al., 2018). The obtained 

C (%) values were converted to mg g-1 C (1 mg g-1 C = 0.1% C) to ultimately derive Hg/C 

ratios in environmental media (foliage, leaf litter, soil, water, sediment) (Equation 3). 
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Foliage, leaf litter, and surface runoff samples were measured for C, while soil and 

sediment samples and samples from studies that reported OM as LOI were converted based 

on the above stated metrics to determine C content.  

1 2

1

% 100
w

W W
OM

W C

 −
=  

− 
    Equation 3 

Where, W1 = weight pre ignition, W2 = weight post ignition, and Cw = crucible 

weight. 

 

0.58 %C OM=     Equation 4 

Where, 0.58 = conversion factor and %OM = percent organic matter (LOI). 

1

1
/

Hg ng g
Hg C

C mg g

−

−
=   Equation 5 

Where, Hg = mercury concentration and C = carbon content. 

 

Total Hg concentration in foliage, leaf litter, and soil was measured with a Direct 

Mercury Analyzer (DMA-80) by thermal decomposition, amalgamation, and atomic 

absorption spectrometry. Sub-samples of dried foliage, leaf litter, and soil (0.05 g) were 

heated to 900℃ to reduce Hg species to elemental Hg, which was loaded onto an 

amalgamator. Subsequent heating of the amalgamator resulted in the release of Hg vapors 

into a single bean, fixed wavelength atomic absorption spectrophotometer. Quality control 

of Hg measurements was assured by the inclusion of blanks and certified reference 

materials (NIST 1515 and EnviroMAT™ SS-1) at the start of each experimental run (40 

samples) and recovery ≥ 93 % was considered acceptable.  
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Mercury and C values in foliage, leaf litter, mineral soil, surface runoff, and 

sediment for sites near the gold mine in Guyana were used to calculate mean Hg/C ratios 

to examine the movement of Hg through environmental media. For comparison, Hg and C 

values for the same environmental media were extracted from the literature from sites with 

no known local Hg source to calculate Hg/C ratios to track the movement of Hg at the 

global scale.  

 

5.2.7 Data curation for Guyana Hg/C patterns  

Measured C in foliage, leaf litter, and surface runoff (soil leachate), converted soil and 

sediment C values, and associated Hg concentrations were used to calculate Hg/C ratios in 

environmental media near the artisanal gold mine in Guyana. 

 

5.2.8 Data curation for global Hg/C patterns  

Foliage, leaf litter, wetland, mineral soil (0 – 20 cm), river, and sediment (lake and river) 

Hg and C (converted when studies report OM as LOI using equation 2) data were extracted 

from global studies for clean (Chakraborty et al., 2015; Coquery & Welbourn, 1995; 

Fragoso et al., 2018; Gómez-Armesto et al., 2020; Grigal, 2003; Juillerat et al., 2012; 

Lavoie et al., 2019; Luo et al., 2014; Ma et al., 2022; Obrist et al., 2009; Osborne et al., 

2024; Różański et al., 2016; Sanei & Goodarzi, 2006; Watmough et al., 2019; Yang et al., 

2018) and contaminated sites (Chakraborty et al., 2015; Donkor et al., 2005; Gerson et al., 

2022; Guédron et al., 2018; Kongchum et al., 2011; Pinedo-Hernández et al., 2015; Ssenku 

et al., 2023; Tomiyasu et al., 2020). Data for the wetland studies were derived from 126 

peat cores sampled in 16 countries across six continents (Africa, Asia, Europe, North 
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America, Oceania, and South America) (Global Peatland Microbiome Project; Lamit and 

Lilleskov et al. unpublished;  Watmough et al., 2022).  Soil Hg and C (converted when 

studies report OM as LOI using equation 2) data were extracted from global studies for 

clean (Grigal, 2003; Olson et al., 2018; Różański et al., 2016; Wang et al., 2023; Watmough 

et al., 2019) and contaminated (Tomiyasu et al., 2020) sites to examine changes in the slope 

of the Hg/C relationship based on exposure.    

 

5.2.9 Statistical analysis 

Mercury and C in mineral soil and leaf litter were subjected to Shapiro-Wilk normality test 

to assess normal distribution and all statistical analysis was done with R version 4.0.4 at an 

acceptable α-level of 0.05 (R Core Team, 2021). Linear regression analysis was done to 

evaluate the relationship between soil Hg and C at varying distances from emission source 

at a gold mining site in Guyana. Relationships between soil Hg and C at the global scale 

were compared with compiled datasets from the gold mine in Guyana and another gold 

mine influence site in Indonesia. The litter decomposition experimental data was grouped 

according to in situ and ex situ to distinguish soil versus atmosphere as a source of Hg to 

leaf litter. The nonparametric Kruskal-Wallis test was used to compare Hg concentration 

and Hg/C ratio in leaf litter. When the Kruskal-Wallis indicated significance, Dunn test 

was used to determine the levels of the independent variable that differ from each other 

level (Fragoso et al., 2018; Ma et al., 2022; Zar, 2010). Mean Hg/C ratios from 

environmental media (foliage, leaf litter, soil, water, sediment) near the gold mine were 

calculated and compared with mean Hg/C ratios for the same environmental media globally 

to provide insights into Hg movement within the biosphere.   
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5.3 Results  

5.3.1 Hg:C relationships with distance in soil near a artisanal gold mine 

High variability in surface soil Hg concentration was evident across the three zones, with 

the mining operation zone demonstrating a higher range (22.12 – 970 ng g-1) in Hg 

concentration compared with the adjacent (400 – 906 ng g-1) and distant (372 – 614 ng g-

1) sites (Figure 5.2). Soil Hg was linearly related to C, but the Hg/C ratios changed slightly 

and was lower at the distant site (Figure 5.2).  

 

Figure 5. 2. Scatter plot and linear regression between soil C and soil Hg based on 

distance (km) from source of gold mining in Mahdia. Adjacent = 1 – 2 km away from 

gold mine and Distant = 2 – 4 km away from gold mine. The gray shaded area around the 

solid regression line (blue) represents the 95% confidence interval. 
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5.3.2 Contrasting soil Hg:C relationships in Guyana with global relationships 

A strong positive relationship also exists between soil C and Hg and in regions distant from 

point source although Hg/C are much lower (Antarctica = 4.85 ng mg-1, British Colombia 

= 1.03 ng mg-1, Saskatchewan = 0.82 ng mg-1, USA = 0.44 ng mg-1, Norway = 0.50 ng mg-

1, and Sweden = 0.56 ng mg-1) than those observed near the artisanal gold mine in Guyana 

(7 ng mg-1) and other artisanal gold mining sites in Indonesia (63 ng mg-1) (Figure 5.3). 

 

Figure 5. 3. Linear regression between soil C and soil Hg – Guyana vs global studies. The 

area between broken lines indicates no gold mining pollution. 
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5.3.3 Leaf litter decomposition and changes in Hg and Hg/C in-situ and ex-situ 

Prior to the study, leaf litter Hg and Hg/C ratios in the in-situ and ex-situ studies were 

almost identical (Figure 5.4 a-b). However, in the in-situ study Hg increased about 4-fold 

in leaf litter (7235 ± 819 ng g-1) after 14 months of decomposition compared with baseline 

Hg concentration (1625 ± 30 ng g-1) (Figure 5.4a). The change in Hg levels following 

decomposition under in-situ conditions also resulted in an increase in Hg/C ratio (32 ± 3 

ng mg-1) (Figure 5.4b).  

The ex-situ study was conducted using soil collected from the location of the in-

situ study and soil Hg concentration at both sites was very similar ~ 500 ng g-1 (Figure 

5.4c). However, in the ex-situ study Hg decreased about 30-fold in leaf litter (70 ± 9 ng g-

1) after 5 months of decomposition compared with baseline Hg concentration (2084 ± 162 

ng g-1) (Figure 5.4a). This amounts to a 100-fold difference in leaf litter Hg that is 

decomposed in the same soil under different atmospheric Hg exposures. The change in Hg 

levels after 5 months of decomposition under ex-situ conditions resulted in a large decrease 

in the Hg/C ratio (0.25 ± 0.03 ng mg-1) that was also about 100-fold lower than the in-situ 

study (Figure 5.4b). The remaining leaf litter mass under ex-situ condition was 77 % of its 

initial mass after 5 months of decomposition, while in-situ it was 44 % of the initial mass 

after 14 months of decomposition, so the decrease observed ex-situ is not due to differences 

in leaf litter mass loss.  

Mean Hg concentration was elevated in surface runoff (595 ± 37 ng L-1) and 

sediment (365 ± 88 ng g-1) relative to the leaf litter samples in-situ (Table 5.1). Soil water 

extracts (surface runoff) demonstrated a higher Hg/C ratio (13.23 ± 2.47 ng mg-1) compared 

with sediment (7.32 ± 1.07 ng mg-1) (Table 5.1).  
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Figure 5. 4. Concentrations of Hg in leaf litter after (a) in situ (14 months) and ex situ (5 

months) decomposition experiments along with associated Hg/C relationships under (b) 

in situ and ex situ conditions. Corresponding Hg concentration in (c) soil underneath litter 

bags is also shown. Different letters indicate statistically significant differences (p < 0.05) 

using Dunn’s test between each treatment per variable. 
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Table 5. 1. Mean extracted estimates for surface runoff and sediment relative to in-situ 

forested site. 

Variable  Mean ± SE 

Surface runoff (2 – 4 km from gold mine) 

Hg (ng L-1) 595 ± 37 

DOC (mg L-1) 49 ± 6  

Hg/C (ng mg-1) 13.23 ± 2.47 

Downstream sediment (2 – 4 km from gold mine) 

Hg (ng g-1) 365 ± 88 

OM (%) 7.55 ± 0.57 

C (%) 4.38 ± 0.33 

C (mg g-1) 44 ± 3.31 

Hg/C (ng mg-1) 7.32 ± 1.07 

 

5.3.4 Comparison of Hg/C patterns of Guyana sites with global sites   

The Hg:C values in other environmental media (foliage, leaf litter, mineral soil, wetlands, 

waters, and sediment) from global studies were compiled and compared to the study site in 

Guyana and other contaminated sites (Table 5.2). At the global scale, Hg/C ratios in foliage 

(0.14 ± 0.23 ng mg-1) and soil (0.80 ± 0.42 ng mg-1) were lower compared with Hg/C ratios 

in contaminated foliage (9.78 ± 1.56 ng mg-1) and soil from a gold mine in Indonesia (63 

± 7 ng mg-1) (Table 5.2).  

Patterns of Hg/C relationships in various environmental media were similar in 

Guyana and globally synthesized studies, but with much higher Hg/C ratios occurring at 
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contaminated sites compared with clean sites (Figure 5.5). In Guyana, Hg/C in foliage is 

high (9.78 ± 1.56 ng mg-1) and increases in leaf litter by about 3-fold (27.77 ± 2.24 ng mg-

1) reflecting continued accumulation in leaf litter from atmospheric exposure. In mineral 

soil Hg/C ratios decreased (5.10 ± 0.20 ng mg-1) suggesting some Hg loss relative to the 

source leaf litter. Soil water extracts (surface runoff) Hg/C ratio was 13.23 ± 2.47 ng mg-1, 

which reflects interaction between water and contaminated mineral soil and leaf litter 

through overland flow. The Hg/C ratio in sediment was 7.32 ± 1.07 ng mg-1 and similar to 

mineral soil suggesting erosional runoff with particulate Hg/C as a dominant contributor 

to Hg in sediment (Figure 5.5).  

At the global scale, Hg/C in foliage is low (0.14 ± 0.23 ng mg-1) and increases in 

leaf litter by about 6-fold (0.82 ± 0.15 ng mg-1) suggesting continued accumulation in leaf 

litter similar to what is occurring at the Guyana site. The mineral soil Hg/C ratio (0.80 ± 

0.42 ng mg-1) was similar to leaf litter, whereas wetland soils had much lower Hg/C ratios 

(0.24 ± 0.22 ng mg-1), which are almost identical to values reported in a global synthesis 

of Hg/C ratios in river (0.25 ± 0.20 ng mg-1) (Lavoie et al., 2019), suggesting wetlands are 

the major contributor to Hg in freshwaters. Similar to the mine site, the Hg/C ratio in 

sediment (0.46 ± 0.41 ng mg-1) falls between those observed in wetlands and mineral soils 

suggesting some erosional inputs from overland flow mixing of particulate Hg/C in leaf 

litter and mineral soil (Figure 5.5).  
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Table 5. 2. Guyana and global patterns of Hg/C (ng mg-1).  

Hg/C ratios (ng mg-1) Source [Country] 

Guyana and contaminated sites  

Foliage (n=30) 9.78 ± 1.56 This study 

Foliage (n=72, global) 14.32 ± 5.17 (Gerson et al., 2022; Ssenku et 

al., 2023) [Peru, Uganda]  

Leaf litter (n=20) 27.77 ± 2.24 This study 

Leaf litter (n=41, global) 0.42 ± 0.10 (Guédron et al., 2018; Ssenku et 

al., 2023) [French Guiana, 

Uganda] 

Mineral soil (n=10) 5.10 ± 0.20 This study 

Mineral soil (n=19, global) 63 ± 7 (Tomiyasu et al., 2020) 

[Indonesia] 

Surface runoff (n=5)  13.23 ± 2.47 This study 

Sediment (n=21) 7.32 ± 1.07 This study 

Sediment (n=92, global)   8.28 ± 0.78 (Chakraborty et al., 2015; Donkor 

et al., 2005; Kongchum et al., 

2011; Pinedo-Hernández et al., 

2015) [India, Ghana, USA, 

Colombia]   

Global clean sites  

Foliage (n=70) 0.14 ± 0.23 (Ma et al., 2022; Yang et al., 

2018) [China, USA] 
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Hg/C ratios (ng mg-1) Source [Country] 

Leaf litter (n=34) 0.82 ± 0.15 (Gómez-Armesto et al., 2020; 

Juillerat et al., 2012; Ma et al., 

2022) [Spain, Portugal, USA, 

China] 

Wetland (n=126) 0.24 ± 0.22 (Osborne et al., 2024) [global 

study across 16 countries] 

Mineral soil (n=253) 0.80 ± 0.42 (Grigal, 2003; Luo et al., 2014; 

Obrist et al., 2009; Różański et 

al., 2016; Watmough et al., 2019) 

[Seden, Norway, USA, China, 

Poland, Canada] 

River (n=3578) 0.25 ± 0.20 (Lavoie et al., 2019) [global study 

across 14 countries] 

Sediment (n=100) 0.46 ± 0.41 (Chakraborty et al., 2015; 

Coquery & Welbourn, 1995; 

Fragoso et al., 2018; Sanei & 

Goodarzi, 2006) [India, Canada, 

Brazil] 

n=number of samples 



 

124 
 

 

Figure 5. 5. Conceptual model of Hg/C ratio in environmental media at sites near 

artisanal gold mining in Guyana versus global clean sites. Grey boxes indicate Hg/C (ng 

mg-1) in environmental media. Black arrows indicate the pathway of Hg and thickness of 

arrow indicate relative influence. 

 

5.4 Discussion   

5.4.1 Relationship between Hg and C in soil  

Strong relationships between Hg and soil C were evident in Guyana although the slope of 

this relationship decreases slightly up to 4 km from the gold mine. This relationship also 

exists globally, but the slope of the relationship (and Hg/C ratio) are much lower than 

values observed in Guyana and at other gold mine sites in Indonesia. Atmospheric Hg is 
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volatilized through Hg-gold amalgamation and other sources such as deforestation, which 

is captured again by vegetation and incorporated in soil through litterfall and rainfall, where 

soil C binds Hg (Olson et al., 2018; Tomiyasu et al., 2020; Watmough et al., 2019). The 

higher slope of Hg/C observed near gold mining sites in Guyana and Indonesia suggests 

that Hg emissions associated with gold mining activities interact with vegetation and C, 

which is indicative of atmospheric Hg exposure. Close to gold mines, the periodic nature 

of burning gold amalgams likely results in large temporal changes in Hg/C ratios, with 

much higher values during a burn and much lower values occurring during intermittent 

periods. Moss bags placed around the gold mine for example, showed elevated Hg 

(259,423 ng g-1) during a burn and 100 times lower Hg values during intermittent periods 

(chapter 4).  

In Guyana, the semi-mechanized approach (excavators, heavy engines, heavy duty 

trucks and gold washing plants) to medium scale gold mining results in the removal of 

forest cover and forest floor (rich above-ground OM layer) to extract gold. Such extractive 

processes contribute to the loss of soil C, which could explain the low range of soil C in 

this study and available to bind Hg. Despite the uncertainties surrounding the impact of C 

quantity and quality on the transport and availability of Hg for binding in soil (Eckley et 

al., 2021), consistent relationships between soil Hg and C were evident. Humification leads 

to a reorganization of organic compounds during the decomposition of OM, while 

mineralization leads to intense mass loss. Studies have shown that up to 90% of the initial 

mass of fallen leaves is lost through decomposition due to the release of CO2, with another 

50% of the remaining OM being lost through further decomposition under reducing 

conditions, predominately as CH4. During this process, OM also traps and accumulates 
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deposited Hg (Biester et al., 2012; Kuhry & Vitt, 1996; Tomiyasu et al., 2020). The 

relationship between soil C and Hg in this study is consistent with observations that ionic 

Hg is largely complexed to reduced S groups that is abundant in organic molecules, in the 

organic horizon (Cheng et al., 2020; Obrist et al., 2009; Yang et al., 2007; Yu et al., 2014). 

Conditions such as climate, land-use change, and landscape disturbance affects the 

dynamics of soil C, which drives the spatial patterns of Hg concentrations in soil (Yu et al., 

2014). The linear range between soil C and Hg is also a possible indication of the migration 

of Hg with organic compounds (Tomiyasu et al., 2020). Such migration can partially 

explain Hg found at sites farther away from the gold mine. 

 

5.4.2 Leaf litter decomposition and relationship with Hg 

Leaf litter Hg collected from a forested area close to an artisanal gold mine in Guyana 

increases in-situ but decreases ex-situ resulting in a 100-fold difference in Hg and Hg/C 

ratios even though decomposition took place in soil with similar Hg concentrations (~500 

ng g-1). Accumulation of Hg from the atmosphere must be the main contributor to leaf litter 

in-situ due to gold mining activities. The elevated atmospheric Hg concentration (>115,187 

ng m-3 over a 48-hr period during the burning of gold amalgam as documented in chapter 

4) within the gold mining environment is absorbed to the surface of the decaying leaf litter; 

hence increased Hg concentration (Pokharel & Obrist, 2011). In chapter 4, moss data also 

showed elevated Hg (259,423 ng g-1) during a short-term gold amalgam burning period 

(48-hr), but when left for the season with large periods (90 days) of inactivity (no burning) 

Hg values were 100 times lower. Wet and dry deposition of atmospheric Hg to decaying 

leaf litter is an important cause of Hg increase (Demers et al., 2007; Li et al., 2022; Pokharel 
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& Obrist, 2011). Zhou et al. (2018) emphasized the importance of throughfall input 

including gaseous oxidized Hg or particulate bound Hg to enhance increased Hg in 

decomposing litter. Yuan et al. (2020) reported that the porous nature of decomposing leaf 

litter and the rich OM are favorable to the uptake of atmospheric Hg that is oxidized by 

organic S functional groups in humic substances. However, the high levels of gaseous 

elemental Hg emitted at the sampled gold mine in Guyana may saturate available functional 

groups and only a fraction of emitted gaseous elemental Hg may react. Also, the increase 

could be attributed to the rate of nutrient elements loss being much higher than the rate of 

Hg loss during leaf litter decomposition, which leads to Hg being concentrated in the 

decaying leaf litter given the distinct leaf litter mass decrease (Li et al., 2022; Pokharel & 

Obrist, 2011). Studies by Zhou et al. (2018) and Demers et al. (2007) reported increased 

concentrations of Hg and decreased litter mass following one year and two years of leaf 

litter decomposition, respectively. It appears that Hg accumulation in leaf litter might be 

accounted for by absorption from the atmosphere. The accumulation of Hg in leaf litter on 

the forest floor may be a combination of new (atmospheric Hg recently emitted from 

anthropogenic and natural sources), recycled, and old Hg (previously deposited and bound 

to vegetation) (Demers et al., 2007; Hintelmann et al., 2002).  

Under ex-situ conditions atmospheric Hg concentration is expected to be much 

closer to natural background levels for the global south (1 ng m-3) (Sprovieri et al., 2016) 

given the absence of gold mines. The loss of Hg during leaf litter decomposition could be 

explained by microbe and OM induced mineralization of C and gaseous elemental Hg 

volatilization directly from litter surface (Li et al., 2022; Obrist et al., 2010; Pokharel & 

Obrist, 2011). Therefore, with C mineralization loss, Hg losses by emission to the 
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atmosphere are also possible under ex-situ conditions without mining as confirmed by the 

low Hg/C ratio (Zhou et al., 2018). Obrist et al. (2010) reported that C losses during 

decomposition processes may be accompanied by corresponding losses of Hg via gaseous 

evasion and runoff processes. The warm climate in the ex-situ location coupled with high 

temperatures (25 to 28℃) and solar radiation could increase vapor pressure and lead to Hg 

loss (McLagan et al., 2019). In addition, Hg leaching with newly formed DOC through 

surface runoff could also contribute to Hg loss from litter (Li et al., 2022; Wang et al., 

2019). This was supported by the findings of chapter three of this thesis which showed 

decreased Hg/DOC ratios for sites farther away from the emission source (13 ± 2 ng mg-1) 

compared with sites closer to the emission source (104 ± 39 ng mg-1). Tsui et al. (2008) 

also suggested that water chemistry (DOC, pH, suspended solid, dissolved sulfate) and 

terrestrial leaf litter characteristics are vital factors controlling Hg release during the 

decomposition of litter.   

     

5.4.3 Guyana versus global Hg/C patterns in environmental media   

The patterns of Hg/C relationships in various environmental media were similar in Guyana 

and globally synthesized studies, but with much higher values at contaminated sites 

compared with clean sites. Therefore, the cycling of Hg and C are intrinsically linked at 

both contaminated sites and clean sites observed globally. In Guyana and at the global 

scale, Hg/C ratios were lowest in foliage, with increases during decomposition, and surface 

water ratios reflected inputs from dominant flow paths (surface soils and wetlands), while 

sediment sample ratios were closer to mineral soils due to a greater contribution of 

erosional losses.  
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Mercury is absorbed by living and dead OM given the strong sorption capacity 

between C and Hg (Galloway et al., 2024), but this can exchange rapidly between burning 

and non-burning periods of gold amalgam in Guyana. Leaf litter has longer exposure time 

than foliage, allowing continuous Hg accumulation from the atmosphere during burning 

periods which increase Hg/C ratios in litter (Ma et al., 2022). Pan et al. (2023) reported 

higher Hg concentration in litter exposed to industrial zones (50 ng g-1) compared with 

areas less affected by anthropogenic activities (28 ng g-1). Therefore, increased atmospheric 

Hg exposure from contaminated sites could significantly increase the Hg/C ratio in litter. 

Litterfall adds Hg into soil and once buried in soil (no longer exposed to the atmosphere) 

dilution by belowground C inputs from fine roots lower the Hg/C ratio (Demers et al., 

2007; Grigal, 2003; Hall & St Louis, 2004; McCormack et al., 2015). Obrist et al. (2010) 

found that most of the Hg associated with soil C is not lost to the atmosphere during 

respiration, but it is possibly retained in the soils or subjected to other loss pathways such 

as runoff and mobilization. The presence of dead roots and various organic C and N rich 

materials released as rhizodeposition (low molecular mass and polymeric exudates, 

mucilage, and sloughed-off cells) from living roots contributes to higher total C supply and 

greater efficiency in C retention, which may lower Hg/C ratios in soil (Kögel-Knabner, 

2017; Sokol et al., 2019; Sokol & Bradford, 2019). Mercury is transported to surface water 

during rain events predominantly through surface flow paths resulting in a higher Hg/C 

ratio. This transport mechanism is linked to the dominant influence of soil C on the 

enrichment behavior and movement of Hg, leading to a significant portion of soil-bound 

Hg being transferred into surface water (Zheng et al., 2016). Sediment Hg/C ratio was 

closer to soil than surface runoff, indicating erosion and particulate C may be a greater 
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component. Soil erosion during rainfall-runoff events can introduce particulate bound Hg 

into sediment and extend the environmental risk from soils to aquatic ecosystems. During 

soil erosion and overland flow, surface runoff could be enriched by Hg that was deposited 

from the source litter (Navarro et al., 2008). Therefore, when rainwater reaches mineral 

soil, Hg is adsorbed and/or precipitated and move with the soil particles into sediments.  

At the global scale, Hg/C ratios were much lower in environmental media of these 

clean sites compared with contaminated sites, but transfer of Hg through the biosphere 

appears to operate similar to that adjacent to the artisanal gold mine in Guyana. Foliage 

Hg/C ratios were much lower than Guyana possible due to species composition, seasonality 

as well as location. Han et al. (2025) reported elevated Hg concentration for deciduous leaf 

species due to larger leaf area, higher number of stomata, and higher stomatal conductance 

compared with coniferous leaf species. These factors could enhance atmospheric Hg 

absorbance by leaves and dictate associated Hg/C ratios. Seasonal variation could also 

influence Hg/C ratios in foliage, with summer periods showing lower values compared 

with winter-early spring periods (Tabaja et al., 2023). Here, the seasonal changes were 

associated with seasonal variations in tree physiology such as Hg accumulation in leaves 

following stomatal uptake. During winter-early spring periods water is available and there 

is no limitation to photosynthetic activity, so both Hg and CO2 diffuse through opened 

stomata in foliage. However, the low Hg in foliage during the summer is a possible 

indication of declined Hg uptake due to reduced stomatal conductance (minimal 

photosynthetic activity) during these dry conditions (low precipitations) and high 

temperatures (> 25℃) (Tabaja et al., 2023). Foliage from remote locations tends to show 

much lower Hg/C ratios than sites near artisanal gold mines due to the absence of Hg 
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emission source (Du et al., 2019; Ma et al., 2022). Foliage is also recognized as an 

important interceptor of wet and dry deposition of atmospheric Hg. Foliage temporarily 

captures Hg during precipitation and subsequently deposit it as throughfall and litterfall 

(wet deposition), while in the absence of precipitation, dry deposition proceeds with the 

Hg deposited onto the surface of leaves (Choi et al., 2008; Miller et al., 2005). Similar to 

Guyana Hg/C ratio in litter increases presumably also caused by continued adsorption of 

Hg from the atmosphere although some studies (Demers et al., 2007; Ericksen et al., 2003) 

suggest uptake of Hg from soil may be important. The accumulation of Hg in fallen litter 

from soil may be complexed during soil contact or translocated from soil below and likely 

represent old Hg fluxes (Demers et al., 2007). Studies have shown that different leaf litter 

species are subject to different rates of decomposition and distribution pattern of Hg. For 

instance, Hall and St Louis (2004) and Ma et al. (2022) found that deciduous leaf litter 

decomposed faster than coniferous leaf litter, while Demers et al. (2007) reported the 

opposite. This notion could influence Hg/C ratios within litter depending on the rate of Hg 

inputs. Pokharel and Obrist (2011) reported a significant increase in Populus tremuloides 

litter Hg concentration (>24% of original concentration) after 18 months of decomposition 

compared with other leaf litter species which remained close to starting levels. Here, P. 

tremuloides litter showed a lower fraction of Hg loss which is consistent with increased Hg 

concentration in time. Soil Hg/C values were similar to litter but there is a lot of variability 

likely attributable to soil depth, location, OM, and age. Mercury deposited into soil could 

be retained and sequestered due to the strong affinity between Hg and soil C, but evidence 

has shown that Hg concentration declines with soil depth along with declining soil C 

(Obrist et al., 2010). Morosini et al. (2021) reported high Hg concentrations in surface soil 
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(0 – 40 cm) where C content is generally higher, and Hg concentrations declined sharply 

with increasing depth (100 cm). Elevated atmospheric Hg concentrations near emission 

source may lead to an increase in Hg deposition (wet and dry deposition), which has a 

strong influence on distribution patterns of Hg in soil on a regional scale due to the ability 

of soil C to bind with Hg (Ma et al., 2022). Interactions such as physicochemical fractioning 

of OM between the dissolved and adsorbed phases could account for the transport of Hg to 

soils (Demers et al., 2013). The degree of decomposition is also related to C/N ratios in 

soil, where lower C/N ratios are generally indicative of older decomposed fractions (Obrist 

et al., 2009). Ma et al. (2022) reported a significantly negative correlation between Hg/C 

and C/N ratios, suggesting that older and highly decomposed soils contain elevated levels 

of Hg. 

In contrast to Guyana, wetlands are prevalent at the global scale and the mean Hg/C 

ratio measured in 126 peat samples from 16 countries across six continents (Africa, Asia, 

Europe, North America, Oceania, and South America) (Global Peatland Microbiome 

Project; Lamit and Lilleskov et al. unpublished;  Watmough et al., 2022) were almost 

identical to the ratios obtained from an analysis of 3,578 surface water samples from 14 

countries across four continents (Asia, Europe, North America, and South America) 

(Lavoie et al., 2019), suggesting that transport of C associated with Hg from wetlands is 

the primary source of Hg to surface waters globally. Organic rich wetland ecosystems are 

important sources and sinks of Hg and the transport of Hg to river is mainly driven by DOC 

given its affinity for Hg (Adediran et al., 2019; Aksentov & Sattarova, 2020; Grigal, 2003). 

The coarse matrix of mineral material within peatland that is enriched in DOC and 

associated Hg may be more hydrologically mobile for transport to stream channel than Hg 
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retained in podzolized mineral soil (Demers et al., 2013). Similar to Guyana, Hg/C ratios 

in global sediments were higher than surface waters and closer to soil Hg/C ratios 

suggesting that inputs of Hg associated with mineral soil C from erosional processes are 

important contributors to sediment Hg. Selvendiran et al. (2008) reported elevated Hg 

concentration and DOC during high runoff periods due to wetting events, which interact 

with sediment. This pattern reflects DOC control on Hg due to flushing of DOC associated 

with elevated flow regimes. Demers et al. (2013) also reported that the transport of legacy 

Hg from soils to aquatic systems possibly depends upon hydrologic flow paths and 

decomposition dynamics.  

 

5.5 Conclusion  

Organic matter return rate through litterfall depends on various factors that influence the 

process of decomposition and Hg movement through environmental media. A strong 

positive relationship exists between soil C and Hg for regions close and distant from point 

source, with Hg/C ratios being much lower in sites farther away from emission source 

compared with those observed near artisanal gold mines. The results of this study show 

that Hg concentration and Hg/C ratios increased in leaf litter by 100-fold for sites exposed 

to mining (in-situ) compared with sites without mining (ex-situ). Leaf litter with direct soil 

contact may function as a temporary pool for soil Hg, which may be important for risk 

assessments since this can aid the dispersal of contaminants through leaf litter 

translocation. Processes and patterns of Hg/C ratios in various environmental media were 

similar in Guyana and globally synthesized studies, with much higher values at 

contaminated sites compared with clean sites. Here, Hg/C ratios were lowest in foliage, 
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with increases during decomposition, and surface water ratios reflected inputs from 

dominant flow paths (surface soils and wetlands), while sediment sample ratios were closer 

to mineral soils due to a greater contribution of erosional losses. The outcomes of this study 

contribute to a greater understanding of the movement of Hg through environmental media. 

Understanding litter dynamics (decomposition) and the interaction between C and Hg 

provides insights into the reclamation of degraded soil since this determines the supply rate 

of C to soil and the reactivation of nutrient cycling. Further study should focus on the 

source and loss of Hg during the decomposition of leaf litter.  
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6.0 Evaluation of biochar on plant growth on waste spoils from artisanal 

gold mines in Guyana 

 

6.1 Introduction  

Anthropogenic activities such as artisanal gold mining has led to the contamination of soil 

with elements that are potentially toxic, and this has become a global concern due to 

impacts on environmental and human health (Durante-Yánez et al., 2022). Artisanal gold 

mining serves as a source of income for 30 million miners in developing countries 

(inclusive of Guyana), however, gold mining has historically been associated with the large 

production of solid wastes (Akoto & Anning, 2021; Costa et al., 2012; Driscoll et al., 2013; 

Martín et al., 2020). Gold mining, particularly at the small and medium scale results in soil 

degradation and deforestation, production of overburden/development wastes and tailings, 

and release of mercury (Hg) due to rudimentary techniques being employed to amalgamate 

gold ore with Hg (Akoto & Anning, 2021; Aram et al., 2021; Gafur et al., 2018; Ogola et 

al., 2002). In the quest to mitigate these potential threats, gold mining operations and 

regulators continue to pursue greener and efficient technologies coupled with stringent 

regulations and enforcement to replace rudimentary and traditional extraction methods and 

regulations (Akoto & Anning, 2021). Even with these efforts, small and medium scale gold 

mining operations in Guyana are still faced with waste spoils issues, which require 

informed management to effectively reclaim mined out sites.      

The soil chemistry of gold mine spoils tends to undergo alterations due to Hg and 

metal contamination. This alteration is not always consistent since the Hg added to the ore 

may not be present in the overburden. Abandoned gold mines could be left to recover 
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vegetation naturally, but this process is slow due to the inhospitable environment (Chambi-

Legoas et al., 2021). Therefore, reclamation efforts are needed to accelerate the 

revegetation of mined sites. Waste spoils from artisanal gold mines generally have low 

organic matter (OM), that can affect nutrient availability as well as physical props (poor 

cohesion) to facilitate plant growth (Festin et al., 2019; Lewis et al., 2020; Timsina et al., 

2022). These waste spoils have also lost soil layer profile, soil compaction, and suffer from 

a decrease in soil microbial population (Gusmini et al., 2021). In developing countries like 

Guyana, gold mine spoils are not adequately characterized prior to reclamation. In the 

absence of such critical scientific data, Acacia mangium (fast growing woody fabaceous 

species), which has shown invasive characteristics owing to long viability in soil, abundant 

production of seed and dispersal efficiency over large scales (Bento et al., 2012; Cipriani 

et al., 2013; Majid et al., 2012), is predominantly being used for reclamation of mined out 

sites. The low cost phytoreclamation approach to cleaning up metal pollution in soil is an 

alternative to the more expensive chemical and physical processes (Ansari et al., 2009; 

Garbisu & Alkorta, 2001; Majid et al., 2012). However, few studies in Guyana have 

evaluated how soil amendments may be used to improved soil quality and plant 

performance (Moonilall et al., 2020; Persaud et al., 2018; Whyte et al., 2024).  

Soil fertility and reclamation could be enhanced through the application of biochar, 

which is a stable carbon-rich derivative from pyrolysis of plant material (Ahmad et al., 

2014). Chlorocardium rodiei (greenheart) is a readily available wood species in Guyana 

(Kekem et al., 1996) that could be subjected to pyrolysis to produce biochar. This type of 

biochar is locally sourced in Guyana and may enhance nutrient availability (calcium (Ca), 

nitrogen (N), phosphorus (P), potassium (K)) and improve physical properties (porosity 
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and water holding capacity) of soil to support plant growth (Festin et al., 2019). Research 

by Boraah et al. (2023) reported the excellent potential of wood-based biochar for soil 

improvement and rich carbon content of 50-70 %. Such improvements of the soil are linked 

to biochar’s ability to enhance soil OM content and soil moisture (Musei et al., 2024).  

Gold mining sites are commonly partitioned into: (a) the pit – areas with mixture 

of material remaining after gold has been separated from the ore and high intensity of 

disturbance, (b) overburden – areas overlying the gold ore, including topsoil, which are 

displaced during the mining process, and (c) adjacent sites – areas without deposits of 

material from the mining process (Kalamandeen et al., 2020). Soil materials of the 

overburden zone are primarily used for backfilling to commence reclamation; therefore, it 

is important to understand how well these soils could support growth to better inform 

exposure risks analysis. The purpose of this study was to assess the growth performance of 

Poa pratensis (seed germination capacity, seedling height, and root and shoot dry biomass) 

on gold mine spoils compared with nearby vegetated soils. The effect of treatment with 

biochar and without biochar on growth performance of P. pratensis was discussed, given 

the role of biochar (organic amendment) as a growth stimulant. It is hypothesized that P. 

pratensis growth performance will be higher in distant sites and biochar treated sites 

compared with overburden. The findings can potentially aid in the formulation of target 

specific recommendations for the reclamation of mined out sites, given the existing gaps 

in understanding the exposure risks.  
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6.2 Methodology   

6.2.1 Field sampling  

Soil samples were collected (May 2023) from two active gold mines in Mahdia (Hopkinson 

medium scale operation, 5° 16’ 76” N and 59° 5’ 40” W) and Frenchman (Obermuller 

medium scale operation, 4° 57’ 5” N and 58° 48’ 25” W). The Mahdia mine site is larger 

than the Frenchman mine site and currently has more gold mining activities. At each gold 

mine, surface (0 – 10 cm) soil samples (ca. 2 kg) were taken in triplicates from distant site 

(forested with limited anthropogenic activities and 2 – 4 km from the mining process) and 

the overburden zone (soil materials from this zone are used for backfilling to commence 

reclamation) (Figure 6.1). Soils were placed in labelled Ziploc® bags and stored in a cooler 

for transport to the University of Guyana Agriculture laboratory to be oven-dried (10 days 

at 105℃, Thermo Scientific, Freas 645). A small amount of Hg may also have been lost 

during the drying procedure as Hojdová et al. (2015) reported that the loss of Hg in samples 

dried at 105℃ was 3 % compared with freeze dried samples.   
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Figure 6. 1. Location of sample collection. 

 

6.2.2 Biochar preparation and physicochemical properties   

Biochar used for this study was generated from Chlorocardium rodiei (greenheart sawdust) 

that was collected from a local sawmill in Parika (Guyana) (France et al., 2024). The 

biochar was produced using pyrolysis at a temperature of 400℃ for 4 hours in Andrew 

Vreugdenhil Lab. The biochar material is characterized by 68.8 % C; 2.49 % N; and total 

concentrations of 181 mg kg-1 P; 1215 mg kg-1 K; 183 mg kg-1 sodium (Na); 920 mg kg-1 

Ca; 419 mg kg-1 magnesium (Mg); 0.05 mg kg-1 cobalt (Co); 2.23 mg kg-1 copper (Cu); 79 

mg kg-1 manganese (Mn); and 9.61 mg kg-1 zinc (Zn). Metals such as arsenic (As), 
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cadmium (Cd), nickel (Ni), and lead (Pb) were not detected in the biochar material used. 

The minimum detection limits of As, Cd, Ni, and Pb were 0.01, 0.02, 0.04, and 0.02 mg 

kg-1, respectively. Metals were not a concern in biochar given their relatively low 

concentrations, which were all below the recommended threshold limits set by the 

International Biochar Initiative for safe use in soil (International Biochar Initiative, 2015).  

 

6.2.3 Experimental design and growth chamber trial   

A randomized block design with dried, homogenized, and sieved (2 mm) soil samples from 

the overburden zone, the distant site, and soils with organic amendments (biochar + 

overburden and biochar + distant site) were set up in sets of 5 for a total of 40 pot 

experimental units. Biochar was applied to soil at a rate of 2.5 g (10 t ha-1) per pot and 

mixed before being allowed to acclimate for four months (May to August 2024) prior to 

sowing seeds (Guo, 2020). A seed germination test was used to measure P. pratensis 

(Kentucky bluegrass) seed viability prior to sowing seeds. Fifteen seeds were placed into 

a container of water to sit for 15 minutes. Seeds that sink were considered viable, while 

those that float were removed, since they may not sprout.  

Experimental units were randomly arranged to facilitate uniform illumination 

(Durante-Yánez et al., 2022; Guo et al., 2019). Each randomly arranged experimental unit 

(5 cm layer of soil packed in 5 cm diameter plastic pot) received 15 seeds and growth 

performance was monitored over a period of four weeks under laboratory conditions that 

approximate conditions in Guyana (temperature of 25℃ and relative humidity of 50 %), 

with the aid of daily 12-hour artificial lighting and appropriate watering. Every five days 

seedling height was measured (in mm) for each cultivar (n = 75) to assess growth rate on 
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the 5th, 10th, 15th, 20th, 25th, and 30th day from sowing. After a period of four weeks, seed 

germination capacity (% seed germination over an extended period) was assessed 

(Gawryluk et al., 2022; Hong et al., 2009). Dry biomass was assessed by dividing plant 

tissues into shoot and root (Figure 6.2) and taking the dry weight of each tissue after oven-

drying (24 hours at 105℃).  

 

 

Figure 6. 2. Poa pratensis shoot and root anatomy. 

 

6.2.4 Soil chemistry analysis  

Dried soil samples were crushed to homogenize the samples and sieved (2 mm) to remove 

stones and roots. To determine soil pH, a sub-sample of soil (5.0 g) was added to each 50 
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ml conical centrifuge tube, followed by 25 ml of 0.01 M CaCl2. The suspension was 

subjected to a shaking process (Shaker Table, Eberbach) for 60 minutes, then allowed to 

sit for another 60 minutes for soil particles to settle prior to measurement with a pH meter 

(Oakton, pH 510 Series). (Muddarisna & Siahaan, 2014).  

 Soil organic matter (%OM) was measured by loss-on-ignition (Equation 1). After 

oven-drying (24 hours at 105℃) of soil (5 g) to constant weight, organic matter was ignited 

at 400℃ for 10 hours (Heiri et al., 2001).    

1 2

1

% 100
w

W W
OM

W C

 −
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− 
    Equation 6 

Where, W1 = weight pre ignition, W2 = weight post ignition, and Cw = crucible 

weight. 

Total Hg concentration in soil was measured with a Direct Mercury Analyzer 

(DMA-80) by thermal decomposition, amalgamation, and atomic absorption spectrometry. 

Sub-samples of dried soil (0.05 g) were heated to 900℃ to reduce Hg species to elemental 

Hg, which was loaded onto an amalgamator. Subsequent heating of the amalgamator 

resulted in the release of Hg vapors into a single bean, fixed wavelength atomic absorption 

spectrophotometer. Quality control of Hg measurements was assured by the inclusion of 

blanks and certified reference materials (EnviroMAT™ SS-1) at the start of each 

experimental run (40 samples) and recovery ≥ 93 % was considered acceptable. 

The total nutrient (Ca, K, Mg, Na, P) and metal content (As, Cd, Co, Cu, Mn, Ni, 

Pb, Zn) in soil that may influence plant growth were subjected to an acid digestion (HNO3) 

process, which is not a total digest (unlike perchloric acid) to measure concentrations in 

soil. A sub-sample of dried soil (0.2 g) was added to each 100 ml polypropylene acid 

resistant digestion tube, followed by 2.5 ml of concentrated HNO3. Tubes were swirled 
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gently to ensure complete mixing with HNO3 and closed loosely. Tubes were placed in a 

block-digester and hot plate (Cole-Parmer®) for 16 hours (8 hours cold and 8 hours hot). 

Following the completion of acid digestion, cooled samples were subjected to a filtration 

process (Fisherbrand® Filter Paper Qualitative P8 Grade). The volume of the filtered 

sample was adjusted to 25 ml with BPURE water and transferred to a 50 ml conical 

centrifuge tube for storage at 4℃. This was followed by the pipetting of 10 ml of digested 

sample into a 15 ml conical centrifuge tube and stored at 4℃ until analysis with inductively 

coupled plasma-optical emission spectrometry (ICP-OES). Blank reagents and digested 

standard reference material (EnviroMAT™ SS-1) were run with each batch of samples to 

ensure quality control and recovery of 80 – 120 % was considered acceptable. 

Particle size analysis of soil samples was measured with a laser scattering particle 

size distribution analyzer (LA-950V2, Horiba) to determine clay, silt, and sand 

composition. Calgon (Sodium Hexametaphosphate) solution was prepared by mixing 30 g 

of Calgon with 1L of reverse osmosis (RO) water on a stir plate (VWR Stirrer) at 800 rpm 

for 30 minutes. A sub-sample of soil (2.0 g) remaining after the loss-on-ignition process, 

was added to each 50 ml conical centrifuge tube, followed by 2.5 ml of Calgon solution. 

The suspension was subjected to a shaking process (Shaker Table, Eberbach) at low speed 

for 8 hours. Particle size was determined for each sample by adding 3 drops of the soil-

Calgon solution to the Horiba LA-950V2 and all measurements were taken in triplicates. 

The chemistry of the seedlings (<0.2 g per pot) were not analyzed due to limited growth of 

grass at the end of the growth experiment (4 weeks).  
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6.2.5 Statistical analysis 

Statistical analysis was conducted with R version 4.0.4 (R Core Team, 2021), at an 

acceptable α-level of 0.05. Descriptive statistical analysis was conducted with R statistical 

package to assess range, mean, and standard error of soil physicochemical properties (pH, 

OM, texture) and total nutrient (Ca, K, Mg, Na, P), Hg and metal content (Co, Cu, Mn, Ni, 

Pb, Zn) in soil. Data were subjected to Shapiro-Wilk normality test to assess normal 

distribution, and results were expressed as the mean ± standard error of the replicate 

measurements.  

Using data that satisfy the normality assumptions, pH, OM, texture, seed 

germination capacity, seedling height, root and shoot dry biomass, and nutrient, Hg and 

metal content in soil were compared using one-way and two-way repeated measures 

ANOVA to test significant differences among applied treatments. When the ANOVA 

indicated significant treatment effects, mean values were separated using Tukey’s Multiple 

Range Test and emmeans pairwise comparison (Durante-Yánez et al., 2022; Gawryluk et 

al., 2022; Hong et al., 2009; Marrugo-Negrete et al., 2016).  

 

6.3 Results 

6.3.1 Physicochemical characteristics of soil 

Soils at all sites were acidic, ranging from 4.14 to 5.63 and the application of biochar 

significantly decreased soil pH to 4.71, except at the distant site at Mahdia that had the 

lowest pH (4.28) prior to amendment and the biochar increased it to 4.50 (Table 6.1). Soil 

organic matter (% OM) content at all sites ranged from 1.32 to 18 % and the addition of 

biochar significantly increased OM by approximately 8 % resulting in OM levels between 
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10.50 and 23.65 % (Table 6.1). The distant site at Frenchman was almost pure sand, 

whereas the overburden at both locations as well as the distant site at Mahdia had much 

higher quantities of clay and silt (Table 6.1). 
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Table 6. 1. Properties of soil samples from Frenchman and Mahdia. Different letters indicate statistically significant differences 

(p < 0.05) using Tukey’s test between each treatment per variable.  

Treatment 

 

pH 

Mean ± SE 

(Range) 

 

Organic matter (%) 

Mean ± SE 

(Range) 

   

Clay (%) 

Mean ± SE 

(Range) 

Silt (%)  

Mean ± SE 

(Range) 

Sand (%)  

Mean ± SE 

(Range) 

Frenchman 

Distant 

5.12 ± 0.12ab 

(4.99 – 5.31)  

2.00 ± 0.16c 

(1.32 – 2.30) 

- - 

99.66 ± 0.33a 

(99 – 100) 

Overburden 

5.31 ± 0.10b 

(5.00 – 5.55) 

2.38 ± 0.07c 

(2.21 – 2.53) 

27.56 ± 0.58b 

(26.56 – 28.70) 

11.00 ± 0.33b 

(10.64 – 11.64) 

60.84 ± 1.00b 

(59.87 – 62.80) 

Biochar + Distant 

4.70 ± 0.14a 

(4.37 – 5.14) 

10.50 ± 0.23b 

(9.64 – 11.00) 

   

Biochar + Overburden 

4.72 ± 0.14a 

(4.45 – 5.20) 

11.81 ± 0.28a 

(11.00 – 12.42) 

   

Mahdia 
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Treatment 

 

pH 

Mean ± SE 

(Range) 

 

Organic matter (%) 

Mean ± SE 

(Range) 

   

Clay (%) 

Mean ± SE 

(Range) 

Silt (%)  

Mean ± SE 

(Range) 

Sand (%)  

Mean ± SE 

(Range) 

Distant 

4.28 ± 0.05b 

(4.14 – 4.42)  

16.04 ± 0.50d 

(15.15 – 18.00) 

13.37 ± 0.33a 

(13.04 – 14.04) 

7.16 ± 0.33a 

(6.82 – 7.82) 

79.60 ± 0.54a 

(78.51 – 80.14) 

Overburden 

5.37 ± 0.06c 

(5.29 – 5.63) 

5.56 ± 0.06c 

(5.32 – 5.64) 

15.88 ± 0.33a 

(15.54 – 16.54) 

8.00 ± 0.33a 

(7.57 – 8.60) 

75.57 ± 0.66a 

(75.00 – 76.89) 

Biochar + Distant 

4.50 ± 0.07ab 

(4.36 – 4.72) 

23.65 ± 0.32b 

(22.89 – 24.78) 

   

Biochar + Overburden 

4.71 ± 0.06a 

(4.61 – 4.95) 

13.55 ± 0.63a 

(12.07 – 15.25) 

   

- not detected 
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6.3.2 Biochar influence on soil chemistry  

The application of biochar did not significantly increase the concentrations of Ca, Mg, Na, 

and P in any soil, but K increased slightly in the distant site and overburden zone at 

Frenchman following biochar application. Similarly, the addition of biochar to soil at 

Mahdia resulted in slight increases in the concentrations of Ca, Mg, and Na at the distant 

site and overburden, but these were not statistically significant (Table 6.2). Notably, the 

distant site and overburden zone at Mahdia showed significant increases in K with the 

addition of biochar (Table 6.2).   

Concentrations of all metals except Hg were below levels of concern. Mercury 

concentrations in distant and overburden soils were highly variable, with higher range of 

concentrations at Mahdia (95 – 604 ng g-1) compared with Frenchman (6 – 57 ng g-1). The 

application of biochar had no effect on soil Hg at both locations (Table 6.3). Metal 

concentrations in the overburden and distant soils were low but were generally higher in 

overburden compared with distant sites at both locations (Table 6.3). Concentrations of 

most metals (Co, Cu, Mn, Ni, and Zn) decreased significantly with the addition of biochar 

in the overburden zone at Frenchman (Table 6.3). At Mahdia, the concentrations of Co, 

Cu, and Zn decreased slightly in distant and overburden soils, but this was not significant 

(Table 6.3). Additionally, the minimum detection limits of As and Cd were 0.01 and 0.02 

mg kg-1, respectively and these metals were not detected in soil at the distant site and 

overburden zone of Frenchman and Mahdia. Also, Pb (minimum detection limit of 0.02 

mg kg-1) was not detected in the distant site and overburden zone at Mahdia.   
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Table 6. 2. Total concentrations of nutrients in untreated soils and soils treated with 

Biochar. Different letters indicate statistically significant differences (p < 0.05) using 

Tukey’s test between each treatment per variable. 

Treatment 

Element  

Mean ± SE (Range) 

Ca (mg kg-1) K (mg kg-1) Mg (mg kg-1) Na (mg kg-1) P (mg kg-1) 

Frenchman 

Distant  

349 ± 99a 

(131 – 594) 

16.64 ± 5.00a 

(5.75 – 34.00) 

42.22 ± 10.23a 

(15.15 – 68.29) 

50.15 ± 18.43a 

(15.23 – 102) 

15.27 ± 2.81a 

(9.22 – 24.56) 

Overburden 

134 ± 28ab 

(68.29 – 238) 

28.49 ± 3.74ab 

(15.00 – 36.75) 

104 ± 18.30b 

(32.84 – 131) 

124 ± 13.81b 

(82.52 – 165) 

84.05 ± 3.67b 

(75.00 – 92.48) 

Biochar + Distant 

321 ± 38.57ab 

(216 – 430) 

17.12 ± 3.30a 

(9.77 – 27.19) 

27.19 ± 3.87a 

(14.56 – 35.23) 

34.54 ± 9.27a 

(18.08 – 50.17) 

9.65 ± 2.20a 

(2.86 – 16.00) 

Biochar + 

Overburden 

114 ± 16.08b 

(82.71 – 171) 

44.33 ± 7.18b 

(21.77 – 66.27) 

28.88 ± 3.31a 

(19.58 – 35.20) 

85.84 ± 16.50ab 

(34.69 – 134) 

26.54 ± 10.26a 

(11.40 – 67.04) 

Mahdia 

Distant 178 ± 19.24ab 42.78 ± 5.00ac 56.67 ± 8.14ac 168 ± 13.86a 29.73 ± 3.84a 
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(123 – 221) (26.60 – 54.40) (28.09 – 78.19) (123 – 206) (23.52 – 39.77) 

Overburden 

126 ± 12.57b 

(81.73 – 150) 

22.10 ± 2.36a 

(18.86 – 31.48) 

22.03 ± 3.39b 

(13.88 – 28.24) 

87.85 ± 14.88b 

(33.79 – 110) 

98.40 ± 16.88b 

(52.07 – 144) 

Biochar + Distant 

278 ± 64.61a 

(146 – 500) 

89.00 ± 8.88b 

(76.55 – 124) 

78.00 ± 8.87a 

(47.85 – 92.00) 

181 ± 16.47a 

(124 – 225) 

29.75 ± 4.60a 

(15.00 – 42.66) 

Biochar + 

Overburden 

153 ± 15.08ab 

(112 – 197) 

60.07 ± 5.11c 

(49.79 – 74.47) 

38.55 ± 4.70bc 

(26.68 – 51.70) 

130 ± 7.74ab 

(115 – 160) 

87.46 ± 7.80b 

(67.02 – 106) 

 

Table 6. 3. Acid (HNO3) extractable concentrations of Hg and other metals in untreated 

soils and soils treated with Biochar. Different letters indicate statistically significant 

differences (p < 0.05) using Tukey’s test between each treatment per variable. 

Treatment 

Element  

Mean ± SE (Range) 

Hg (ng g-1) 

Co  

(mg kg-1) 

Cu  

(mg kg-1) 

Mn  

(mg kg-1) 

Ni  

(mg kg-1) 

Pb  

(mg kg-1) 

Zn  

(mg kg-1) 

Frenchman 

Distant  

15.33 ± 4.00a 

(6.00 – 26.48) 

0.04 ± 

0.01a 

(0.02 – 

0.06) 

4.30 ± 

0.85a 

(3.33 – 

7.68) 

14.09 ± 

5.07a 

(5.00 – 

28.08) 

0.13 ± 

0.02a 

(0.06 – 

0.19) 

0.06 ± 

0.03a 

(0.04 – 

0.14) 

1.10 ± 

0.21a 

(0.54 – 

1.80) 
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Overburden 

44.25 ± 5.15b 

(30.42 – 56.68) 

10.55 ± 

2.39b 

(1.10 – 

14.00) 

23.76 ± 

2.66b 

(14.10 – 

30.10) 

365 ± 

6.77b 

(353 – 

377) 

7.83 ± 

1.84b 

(0.49 – 

9.89) 

0.63 ± 

0.57a 

(0.02 – 

2.92) 

17.50 ± 

0.48b 

(16.09 – 

18.13) 

Biochar + 

Distant 

14.20 ± 1.58a 

(11.41 – 20.35) 

0.04 ± 

0.01a 

(0.02 – 

0.04) 

2.07 ± 

0.48a 

(0.57 – 

3.41) 

19.76 ± 

2.30a 

(12.04 – 

28.61) 

0.08 ± 

0.02a 

(0.08 – 

0.11) 

0.50 ± 

0.45a 

(0.02 – 

2.31) 

1.33 ± 

0.40a 

(0.00 – 

2.39) 

Biochar + 

Overburden 

72.25 ± 7.22b 

(62.73 – 93.59) 

1.00 ± 

0.14a 

(0.62 – 

1.39) 

13.94 ± 

2.46c 

(8.45 – 

21.80) 

77.00 ± 

20.53c 

(24.00 – 

129) 

0.51 ± 

0.07a 

(0.38 – 

0.77) 

0.43 ± 

0.38a 

(0.22 – 

1.92) 

4.19 ± 

0.86c 

(2.32 – 

7.42) 

Mahdia 

Distant  

453 ± 52.78a 

(316 – 604) 

0.62 ± 

0.14a 

(0.40 – 

1.14) 

12.58 ± 

1.01a 

(11.00 – 

16.54) 

22.17 ± 

2.24a 

(15.42 – 

28.59) 

0.31 ± 

0.11a 

(0.06 – 

0.69) 

- 

5.16 ± 

0.51a 

(3.58 – 

6.72) 

Overburden 

145 ± 15.85b 

(95.61 – 185) 

1.08 ± 

0.14a 

(0.68 – 

1.54) 

25.76 ± 

10.52a 

(9.02 – 

67.29) 

18.86 ± 

2.34a 

(13.11 – 

27.05) 

0.73 ± 

0.11a 

(0.39 – 

1.05) 

- 

5.29 ± 

0.68a 

(3.34 – 

6.49) 

Biochar + 

Distant 

370 ± 57.16ac 

(272 – 574) 

0.50 ± 

0.12a 

10.79 ± 

1.13a 

28.01 ± 

5.25a 

0.43 ± 

0.13a 

- 

4.79 ± 

0.43a 
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(0.27 – 

0.94) 

(8.40 – 

13.84) 

(19.12 – 

48.01) 

(0.17 – 

0.80) 

(3.57 – 

6.29) 

Biochar + 

Overburden 

230 ± 22.22bc 

(183 – 302) 

0.85 ± 

0.10a 

(0.57 – 

1.14) 

11.26 ± 

1.57a 

(8.23 – 

16.78) 

18.13 ± 

1.90a 

(12.42 – 

23.12) 

1.26 ± 

0.64a 

(0.30 – 

3.79) 

- 

4.43 ± 

0.45a 

(3.15 – 

5.71) 

- not detected (Pb minimum detection limit = 0.02 mg kg-1)
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6.3.3 Growth performance of Poa pratensis  

Seed germination capacity was generally higher for distant sites (84 to 99 %) compared 

with overburden (55 to 85 %) (Figure 6.4). Some incremental increases (>4 %) in seed 

germination capacity were evident for treatments with biochar compared with other 

treatments, but this was not statistically significant (p > 0.05, ANOVA) (Figure 6.4).  

The growth of P. pratensis was higher in distant sites compared with overburden at 

both locations, but growth did not improve significantly by the addition of biochar although 

seedling height tended to be higher in the biochar treatments, especially at the distant sites 

(Figure 6.5). Seedlings growing on the distant soil were approximately twice as tall as 

seedlings growing on overburden by the end of the 4-week period (Figure 6.5).   

Root and shoot dry biomass were higher in distant sites compared with overburden 

at both locations, but plant tissue dry biomass did not improve significantly by the addition 

of biochar even though root and shoot dry biomass tended to be higher in the biochar 

treatments, particularly at distant sites (Figure 6.6). Plant tissue dry biomass in distant soils 

were about twice the weight of plant tissue dry biomass in overburden at Frenchman, while 

at Mahdia plant tissue dry biomass was similar in distant soil and overburden (Figure 6.6).    
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Figure 6. 3. Seed germination capacity of P. pratensis according to applied treatment.  
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Figure 6. 4. Impact of number of days from sowing on cumulative seedling height (mm) 

of P. pratensis according to applied treatment. 
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Figure 6. 5. P. pratensis dry biomass per tissue according to applied treatment, total dry 

biomass is the sum of tissues per applied treatment. Different letters indicate statistically 

significant differences (p < 0.05) using Tukey’s test between each treatment per variable.   
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6.4 Discussion    

Soils at the study sites were acidic and the overburden soils had very low OM content, but 

except for Hg, metal concentrations were only slightly higher in overburden compared with 

distant forest sites. The application of biochar significantly decreased soil pH and increased 

soil OM, but plant growth was much lower on overburden soils compared with distant sites 

and was not improved by the addition of biochar. 

 

6.4.1 Soil physicochemical properties 

The application of biochar lowered soil pH, except at the most acidic site, and increased 

soil OM content and these changes alter both metal and nutrient bioavailability (Barrow & 

Hartemink, 2023; Seshadri et al., 2015; Xu et al., 2022). At low pH, metals tend to be 

present as free ionic species or soluble organometals, which are more bioavailable 

(Marrugo-Negrete et al., 2015). Rhizosphere pH could be modified by the release of H+ 

ions by roots, thereby increasing metal dissolution, since H+ ions can displace metal cations 

absorbed on soil particles (Durante-Yánez et al., 2022; Salas-Moreno & Marrugo-Negrete, 

2020). The evident increase in OM for soils with biochar tends to enhance the viability and 

vegetation of plants due to nutrient absorption (Durante-Yánez et al., 2022; Salas-Moreno 

& Marrugo-Negrete, 2020). Organic amendments such as biochar add OM plus nutrients 

to soil, which offers much more opportunities for improving soil biological, chemical, and 

physical properties that are vital for the success of reclamation initiatives (Larney & 

Angers, 2012). The local biochar material could be important for the reclamation of mine 

spoils due to inputs of high organic C content (68.8 % C) which provides an instant energy 

source to boost soil microbial activity and increased OM could improve poor physical 
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conditions of soil resulting from topsoil loss and compaction. Sun et al. (2024) reported 

that the addition of biochar (68.4 % C) produced from mixed feedstock of dominant tree 

species (Quercus myrsinifolia, Pinus massoniana, and Lithocarpus glaber) significantly 

increased soil OM, which promotes plant growth. Increased soil OM leads to increased 

organic acids, resulting in reduced pH and higher cations bioavailability. Therefore, metals 

tend to be less mobile in soil with acidic pH and high OM (Cruzado-Tafur et al., 2021; 

Marrugo-Negrete et al., 2015; Salas-Moreno & Marrugo-Negrete, 2020; Stefanowicz et al., 

2020). Stefanowicz et al. (2020) found that OM rich soils could bind metals in acidic 

conditions, but the capacity for bonding is dependent on the metal. 

Metal concentrations in soil from all sites were low and even though concentrations 

of most metals were higher in overburden they are unlikely to be impacting plant 

performance (seed germination capacity, seeding height, and root and shoot dry biomass). 

The exception was Hg, that was elevated at both distant and overburden soils owing to its 

release to the atmosphere during burning and subsequent interaction with OM (chapters 3 

and 4). The elevated concentration of Hg (exceed background levels of 100 ng g-1 (Santos-

Francés et al., 2011)) in soils is also supported by the findings of chapters 2, 3, 4, and 5, 

which showed high Hg concentrations in soil near artisanal gold mines. Gold mining, 

particularly at the small and medium scale in Guyana has led to the release of Hg into soil 

due to rudimentary techniques being employed to amalgamate gold ore with Hg. Studies 

have shown that the use of organic amendments in the reclamation of mine soil has the 

potential to accelerate the recovery process through the injection of copious amounts of 

OM that can adsorb Hg and reduce its bioavailability and alleviate physical limitations of 

soil (Larney & Angers, 2012; Salazar et al., 2009; Shipitalo & Bonta, 2008).  
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The application of biochar generally decreased metal concentration in overburden 

soils, which suggest dilution as the local biochar was low in metals. There was no evidence 

of differences in nutrients among sites, except K which increased with the addition of 

biochar in distant and overburden soil at Mahdia. The low concentrations of metals in soil 

could be attributed to the limited presence of ore materials and the composition of soils 

used, particularly in the overburden which is mostly topsoil stripped and removed during 

the mining process without any ore materials (as reported in chapter 3). The application of 

biochar could immobilize these metals resulting in reduced concentrations due to biochar 

relatively high cation exchange capacity and large surface area to adsorb and bind metal 

ions found in soil (Kadir Salam, 2023). Ali et al. (2017) found that the addition of bamboo 

biochar to mine contaminated soils immobilized metals such as Cd, Cu, Pb, and Zn due to 

the fixation of charged metals through ion exchange, physical entrapment on the large 

surface of biochar and soil chemistry changes to reduce phytotoxicity. Here, the 

bioavailable concentration of Cd, Cu, Pb, and Zn decreased by 23, 16, 11, and 14 % 

respectively following amendment with bamboo biochar.  

Low OM concentrations in overburden soil along with high clay content suggest 

severe depletion of waste spoils due to the destructive nature of gold mining that strip 

topsoil (rich OM and nutrient layer) to extract gold. One of the distant sites (Frenchman, 

Table 6.1) also had low soil OM, but this soil was almost pure sand and therefore expected 

to have low OM (2.00 ± 0.16 %). The low OM in waste spoils results in limited capacity 

to retain moisture and nutrients even with the addition of local biochar material that 

contains higher concentrations of Ca (920 mg kg-1), Mg (419 mg kg-1), Na (183 mg kg-1), 

and P (181 mg kg-1). Compared with other studies (Sądej et al., 2020; Stefanowicz et al., 
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2020) soil nutrient concentrations in this study was low. Low soil nutrient concentrations 

may also be associated with limited activities of soil microorganisms, resulting in a decline 

in OM decomposition and nutrient cycling (Chibuike & Obiora, 2014; Lehmann et al., 

2011). Syuhada et al. (2016) reported low Ca (< 80 mg kg-1) and Mg (< 70 mg kg-1) 

concentrations in soil treated with biochar (produced from feedstock of oil palm) due to 

insufficient application rate to increase nutrients in degraded soils as well as limited period 

of the study to activate C oxidation, which tends to increase soil nutrients. The notable 

increase in K after the application of biochar may be attributed to the release of available 

K (1215 mg kg-1) in biochar, which was about 30 times higher than the K concentration in 

soil prior to amendment. Liu et al. (2019) reported that the K concentration in raw materials 

is retained in the biochar during pyrolysis, and available K could be released into soil 

following amendment with biochar to supplement storage of K in soil.      

   

6.4.2 Poa pratensis response to biochar  

While there was little difference in P. pratensis germination among the treatments, plant 

growth over the 4-week period was significantly (~ 50%) lower in overburden soils 

compared with distant sites and the application of biochar did not significantly improve 

growth in any soil. As soil metal levels were low and nutrient concentrations were not 

consistently lower in untreated overburden soils it is unlikely that soil chemical factors are 

responsible for the poor growth on overburden soil. The only exception is the possibility 

that N may be limited owing to the low soil OM values, and the tree commonly planted at 

mine sites Acacia mangium, which is a N-fixing tree (Lewis et al., 2022; Nazeri et al., 

2021; Vijayanathan et al., 2011). However, P. pratensis grew just as well at the distant sites 
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of Frenchman and Mahdia, even though Frenchman had OM levels similar to overburden 

a site that also had very low soil OM, indicating that soil nutrient levels are not the major 

factor limiting plant growth on overburden soils.  

The high clay content in overburden soil contributed to the “crusting” of these soils 

and lower water infiltration rate during the 4-week growth chamber study (Figure S6. 1), 

which may have affected plant growth. The high clay content of soil could impede growth 

due to waterlogged conditions and compaction which restricts root development. It was 

expected that the application of biochar would also improve physical properties in 

overburden soil (Carlson et al., 2015). Soils with higher OM content could enhance 

aeriation of soils with high clay content, which reduces the probability of water logging 

and create more favorable conditions for root development and growth (Soinne et al., 

2023). This positive effect of biochar on soil productivity is primarily linked to 

mechanisms such as: (a) biochar porous and spongy structure that enhances nutrient 

retention to facilitate constant supply of nutrients; (b) biochar enable sandy soil retention 

of more positively charged ions (including essential nutrients) and buffers the pH of soil to 

promote nutrient availability; (c) biochar improves soil aggregation, leading to the 

protection of OM from decomposition and promotion of soil organic C accumulation; and 

(d) biochar immobilize toxic elements to minimize potential harm to the environment 

(Ahmad et al., 2014; Ibrahim & Horton, 2021; Jeffery et al., 2011; Lehmann et al., 2011; 

Musei et al., 2024; Spokas et al., 2011).  

However, beneficial responses to biochar are more commonly associated with 

sandy soils, whereas the overburden sites had a high clay/silt content. The high 

permeability of sandy soils results in low soil moisture content and nutrient retention, 
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leading to reduced soil productivity (Musei et al., 2024). Studies by Musei et al. (2024) 

found that biochar application as a sandy soil reclamation technology increased 

aboveground biomass by 67.4 %, soil moisture content by 17.3 %, and soil organic carbon 

by 74.2 %. It appears likely that the biochar rate used in the present study, although similar 

to values reported in other areas (Gusmini et al., 2021; Küçükyumuk et al., 2017; 

Prendergast-Miller et al., 2014; Sun et al., 2024; Zhang et al., 2012) may be insufficient to 

increase soil porosity and that the combined compaction and waterlogging experienced by 

seedlings on overburden soils was the primary factor impeding plant growth. The eroded 

conditions of overburden soil requires additional energy by P. pratensis to counteract stress 

to improve height and tissue dry biomass (Durante-Yánez et al., 2022; Marrugo-Negrete et 

al., 2015, 2016). Root development inhibition and nutrient transport and water imbalance 

impedes growth, damage the structure, decrease biochemical and physiological activities, 

which affects the production of biomass (Durante-Yánez et al., 2022; B. Kumar et al., 2017; 

Wu et al., 2018).  

 

6.5 Conclusion  

The application of biochar significantly decreased soil pH and increased soil OM. 

However, soil nutrients (Ca, K, Mg, Na, and P) were generally low, and did not improve 

significantly with the addition of biochar, except K. Mercury concentration was elevated 

in soil regardless of biochar amendment, while the other metals (Co, Cu, Ni, and Zn) 

exhibited low concentrations that were immobilized by biochar. Plant response was worse 

at overburden sites and did not improve with the addition of biochar, likely because soil 

physical properties (porosity) were not sufficiently improved, and pots were characterized 
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by alternating waterlogging during water additions with intermittent periods were soils 

“baked” becoming more compact and possibly restricting root growth.   

The experiment was carried out for 30 days under growth chamber conditions, 

therefore longer-term studies should be carried out in-situ under various treatment 

application rates, long-term effectiveness measurements, and weather conditions, to 

determine the suitability of soil to support reclamation of mined out areas. As plants 

growing naturally in contaminated soil near an artisanal gold mine could exhibit different 

growth mechanisms, which may lead to better results compared with pot assay. 

Implementing these strategies will aid in improving efforts to mitigate ecological risks 

associated with Hg in the environment and expand the practical application of biochar in 

reclamation of mined out areas.  
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7 General conclusions 

To have a better understanding of environmental contamination associated with artisanal 

gold mining, it is important to assess contaminants of concern in environmental media. 

Artisanal gold mining across South America has contributed to the contamination of nearby 

soil and sediment, leading to potential ecological risks in the vicinity of the mining area. 

Even though the degree of contamination of soils and sediments from sampled studies 

across South America were greater with metals, contamination by Hg is a large concern 

due to its toxicity at low concentrations. Metal concentrations were low (below 

recommended threshold limits) in soil and sediment of sampled gold mines in Guyana 

compared with other studies across South America. However, Hg concentrations were very 

high in soil and sediment and contamination was not localized to the mine site. Organic 

matter in soil and sediment was strongly related to Hg suggesting that OM is a major factor 

affecting Hg accumulation. Soil water extracts revealed high Hg/DOC ratios in overburden 

and adjacent soils, which suggests elevated Hg inputs at these locations and possible 

leaching to stream sediments. The burning of gold amalgam serves as the main source of 

atmospheric Hg in the gold mining area. Atmospheric Hg was very high (exceed natural 

background levels for the global south) around the gold mine but decrease rapidly with 

distance from the mine site. During periods of burning atmospheric Hg can exceed 100,000 

ng m-3 and result in moss Hg concentrations greater than 250,000 ng g-1. Mercury 

concentrations in moss and passive samplers were positively correlated, so these 

monitoring techniques may be useful to measure atmospheric Hg but should only be 

deployed for short periods to minimize Hg loss from both moss and passive samplers. 
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Organic matter return rate through litterfall depends on various factors that 

influence the process of decomposition and Hg movement through environmental media. 

The strong relationships between soil C and Hg held true for regions close and distant from 

point source, with Hg/C ratios being much lower in sites farther away from emission source 

compared with those observed near artisanal gold mines. The patterns of Hg/C ratios in 

various environmental media were similar in Guyana and globally synthesized studies, 

with much higher values at contaminated sites compared with clean sites. Understanding 

litter dynamics (decomposition) and the interaction between C and Hg provides insights 

into the reclamation of degraded soil since this determines the supply rate of C to soil and 

the reactivation of nutrient cycling. A locally produced biochar was applied at a rate of 10 

t ha-1 during a 30-day growth chamber study to improve waste spoils physicochemical 

conditions to better support plant growth, but biochar amendment did not show any 

significant improvement since plant response was worse at overburden sites. This is likely 

due to soil physical properties (porosity) not sufficiently improved, and the “crusty” 

conditions of soil led to more compaction and possible restriction of root growth.   
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8 Future prospects  

The overall aims of the studies were to contribute to a greater understanding of 

environmental contamination associated with artisanal gold mining in Guyana. 

Characterizing Hg and other metal concentrations in surface soil and sediment coupled 

with Hg/DOC ratios could be an important part of local monitoring and evaluation to 

understand the sources and processes leading to changes in Hg and metal input. Further 

study should focus on the source, speciation, and loss of Hg during the decomposition of 

leaf litter. Continued efforts are required to improve gold extraction techniques in Guyana, 

with the aim of reducing Hg emissions. Focusing on these gold mining areas within the 

framework of the Minamata Convention would achieve tremendous benefits. Since the 

Guyana Geology and Mines Commission (agency responsible for the gold mining sector 

in Guyana) has recognized the need for the development of national standards for the 

emission of GEM into the atmosphere, the data presented in this thesis may serve as a 

baseline for determining emissions limits. This may also assist in the generation of national 

air quality standards. A delicate balance is required between profits from gold mining and 

protecting environmental and human health.  

Rapid measures should be taken to remediate contaminated soils, restore the 

landscape of gold mining areas, and carry out environmentally protected gold mining of 

undisturbed deposits to avoid the release of contaminants into the environment which could 

have lasting effects on ecosystems. The influence of biochar on the reclamation of degraded 

soil tends to vary with application rates and field management practices. The results of this 

research can make some novel contributions to understanding soil suitability to support 

reclamation of mined out areas and current knowledge of gold mine reclamation within 
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Guyana. The growth study experiment was carried out for 30 days under growth chamber 

conditions, therefore longer-term studies should be carried out in-situ under various 

treatment application rates, long-term effectiveness measurements, and weather 

conditions, to determine the suitability of soil to support reclamation of mined out areas. 

As plants growing naturally in contaminated soil near an artisanal gold mine could exhibit 

different growth mechanisms, which may lead to better results compared with pot assay. 

Implementing these strategies will aid in improving efforts to mitigate ecological risks 

associated with Hg in the environment and expand the practical application of biochar in 

reclamation of mined out areas. 
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Appendix  

Table S2. 1. Literature search according to environmental media across South America 

for the period 2008 to 2023.  

Study Country Soil  Sediment  

López-Blanco et al. (2015) Ecuador √  

Guédron et al. (2018) French Guiana √  

Calabró et al. (2022) Argentina √  

Tume et al. (2018) Chile √  

Leiva G. & Morales (2013) Chile √  

Santos-Francés et al. (2017) Peru √  

Velásquez Ramírez et al. (2021) Peru √  

Marrugo-Negrete et al. (2021) Colombia √  

Carranza-Lopez et al. (2019) Colombia √  

Kroonenberg et al. (2022) Suriname √  

Pavilonis et al. (2017) Bolivia √  

Acosta et al. (2011) Bolivia √ √ 

Dias et al. (2022) Brazil √  

Covre et al. (2022) Brazil √ √ 

Teixeira et al. (2018) Brazil √ √ 

Miserendino et al. (2018) Brazil √ √ 

Osborne and Watmough (unpublished, 

2023) 

Guyana 

√ √ 

Santos-Francés et al. (2011) Venezuela √ √ 
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Study Country Soil  Sediment  

Carling et al. (2013) Ecuador  √ 

González-Merizalde et al. (2016) Ecuador  √ 

Palacios-Torres et al. (2020) Colombia  √ 

Marrugo-Negrete et al. (2021) Colombia  √ 

Pinedo-Hernández et al. (2015) Colombia  √ 

Moreno-Brush et al. (2020) Peru  √ 

Beal et al. (2013) Peru  √ 

da Penha Rhodes et al. (2018) Brazil  √ 

Mendes et al. (2016) Brazil  √ 

Mulholland et al. (2012) Brazil  √ 

Zhao et al. (2021) Argentina  √ 

Aguilar et al. (2021) Chile  √ 

Oyarzún et al. (2012) Chile  √ 

Laperche et al. (2014) French Guiana  √ 

Hellal et al. (2020) French Guiana  √ 

Howard et al. (2011) Guyana  √ 
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Table S2. 2. Primary policy instruments for the regulation of artisanal gold mines across 

South America.  

Country Policy instrument Purpose Source 

Argentina Glaciers Law 

Catalogues and protects 

glaciers from mining 

activities. 

Walter & 

Wagner 

(2021) 

 Native Forest Law 

Halt deforestation and 

displacement of peasant and 

indigenous communities.  

 National Mining Code 

Outline the rules for mining 

through exploration and 

development.  

Dentons 

(2022) 

 

General Environmental 

Law No. 25,675 

Protection of the 

environment.  

Bolivia 

Law No 535: Mining and 

Metallurgy Law 

Framework regulation for 

mining activities in terms of 

mining rights and mining in 

a responsible, planned, and 

sustainable manner. 

(Law No. 535: 

Mining and 

Metallurgy 

Law, 2014) 

Brazil 

National Environmental 

Protection Act 

Foundation of a strict 

liability standard for 

environmental damages. 

Sousa et al. 

(2011) 



 

202 
 

Country Policy instrument Purpose Source 

 Mining Code 

Utilization of mineral 

resources, definition of 

mineral and mine research, 

rights of miners and 

landowners, priority rights 

and areas available for 

mining. 

 

Law 7.805, Resolution 

no. 178 

Regulates artisanal and 

small-scale gold mining 

through a permit system.  

 

Law 11.685, Decree 

97.632 

Artisanal miners are required 

to reclaim areas degraded. 

 

Decree no. 97.634, 

Resolution IBAMA no.32 

Controls the production, 

importation, and 

commercialization of 

metallic mercury. 

 Decree no. 97.507 

Prohibits the use of mercury 

and cyanide in garimpos 

unless it is permitted by the 

legal authority. 

 

Resolution IBAMA no. 

435 

Determines the use of retorts 

when mercury is authorized 
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Country Policy instrument Purpose Source 

to be used for gold 

amalgamation and requires 

that the minimum efficiency 

of 96% (mercury recovery) 

is achieved. 

Chile 

Mining Code, Mining 

Safety Regulation 

Granting mining concessions 

for exploration and 

exploitation. Regulation of 

mining safety related issues.  

Bertrand-

Galindo et al. 

(2022) 

 

General Environmental 

Framework Law 

Regulates environmental 

matters and responsibilities.  

 

Law No. 20,551 and its 

Regulation 

Regulate the closure of 

mining operations, 

installations, and 

remediation.  

 

Colombia Mining Code 

Regulate the legal 

relationships between the 

state and individuals at all 

stages of mining 

(exploration, construction 

and assembly, exploitation, 

Zapata et al. 

(2017) 



 

204 
 

Country Policy instrument Purpose Source 

processing, transport, and 

marketing of minerals in the 

soil or subsoil). 

 Environmental Law 

Regulates the issuance of 

environmental authorization 

in the form of an 

environmental licence. 

 

Ecuador Mining Law 

Regulates mining activities 

through the exploration and 

exploitation phase.  

Calisto (2019) 

 

Mining Activities Health 

and Safety Regulation  

Ensure the safety and health 

at work in all phases of the 

mining activity and includes 

the general guidelines to 

prevent the labour risks 

under the mining special 

regimes 

 

Mining Activities 

Environmental 

Regulation 

Establishes the requirements 

and 

procedures for the 

application of the 

environmental permits. 
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Country Policy instrument Purpose Source 

Guyana Mining Act 

Make provisions with respect 

to prospecting for and 

mining of metals, minerals, 

and precious stones and 

regulating their conveyance. 

Mining Act 

(1989) 

 

Environmental 

Protection (Amendment) 

Act 

Provide for the management, 

conservation, protection and 

improvement of the 

environment and sustainable 

use of natural resources. 

Environmental 

Protection 

(Amendment) 

Act (2005) 

 

Mining (Amendment) 

Regulation 

Outlines code of practice for 

use of mercury, mine 

effluents, tailings 

management, waste 

management and disposal, 

and mine reclamation and 

closure to provide 

environmental management 

guidance and promote 

related best management 

practices.  

Mining 

(Amendment) 

Regulation 

(2005) 
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Country Policy instrument Purpose Source 

 

Occupational Health and 

Safety Act  

Provide for the registration 

and regulation of industrial 

establishments, for 

occupational safety and 

health of persons at work. 

Occupational 

Safety and 

Health Act 

(1997) 

French 

Guiana 

 Mining Code 

Establishes the size and the 

duration of the mining 

permit depending on the 

phase of mining. 

Scammacca et 

al. (2021) 

 

Departmental Mining 

Plan 

Stipulates where mining can 

and cannot take place.  

Peru General Mining Law 

Dictates mining activities at 

the level of search, 

prospection, 

commercialization, 

exploration, exploitation, 

beneficiation, mining 

transportation and general 

work. 

Palomino 

(2019) 

 

Organic Law for 

Sustainable Development 

of Natural Resources 

Dictates sustainable 

development of mining 

activities.  
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Country Policy instrument Purpose Source 

 Law No. 28090 Regulates mine closure.  

 Law No. 28611 

Regulates the protection of 

the general environment.  

 Law No. 27446 

National environmental 

impact evaluation system. 

 Law No. 29785 

Right to prior consultation of 

indigenous or native peoples.  

 

Supreme Decree No. 

042-2017-EM 

Environmental regulations 

for activities of mining 

exploration.  

 

Supreme Decree No. 

024-2016-EM 

Prevent incidents, 

occupational diseases and 

occupational accidents in 

mining activities. 

Suriname Mining Decree 

Stipulates good practices in 

mining, health and safety of 

workers, protection of 

ecosystems, and local 

content.  

Government 

of Suriname 

(2023) 

 Decree Negative List 

Special license for 

importation of elemental 

mercury. 
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Country Policy instrument Purpose Source 

 

Environmental 

Framework Act 

Determine what substances 

are considered contaminants 

and permissible 

concentrations and establish 

norms for production or 

release of contaminants into 

the environment.  

 

 

Safety Law, Labour 

Inspection Decree, 

Occupational Accidents 

Regulation 

Protecting the safety and 

health of mine workers.  

 

Venezuela  

Decree of Rank, Value 

and Force of the Organic 

Law 

Grant right to explore for and 

mine strategic minerals. 

Fong-Sam 

(2022) 

 

Tax Regime for the 

Development of the 

Orinoco Mining Region 

Diversify the economy of the 

region by allowing mining 

activities, while ensuring 

environmental and 

indigenous communities 

protection. 
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Figure S3. 1. Spatial distribution of sediment downstream of sampled gold mine in 

Mahdia.  
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Table S4. 1. Summary of mean (± SE) and range metal concentrations (mg kg-1) in moss 

at Mahdia. Different letters indicate statistically significant differences (p < 0.05) using 

Dunn’s test between sample zones.   

Metal 

Distant Adjacent Mining Operation 

Mean ± SE Range Mean ± SE Range Mean ± SE Range 

Mahdia (n = 24) 

As - - - - - - 

Cd - - - - - - 

Co 0.19a ± 0.02 0.16 – 0.24 0.21a ± 0.01 0.19 – 0.24 0.25a ± 0.02 0.16 – 0.40 

Cu 11.02a ± 0.48 9.51 – 12.48 11.56a ± 1.49 8.55 – 17.12 9.57a ± 0.63 6.43 – 14.03 

Mn 70.08a ± 3.20 59.76 – 76.80 69.43a ± 6.03 52.00 – 79.71 70.48a ± 4.65 38.23 – 104.01 

Ni 2.15a ± 0.16 1.80 – 2.70  6.73a ± 4.82 1.60 – 26.01 2.19a ± 0.22 1.50 – 4.89 

Pb 4.00a ± 0.29 3.28 – 4.85 4.70a ± 1.12 3.18 – 9.10 4.75a ± 0.62 2.41 – 9.00 

Zn 61.42a ± 4.68 51.87 – 77.41 56.63a ± 4.38 48.55 – 67.43 85.45a ± 13.54 42.44 – 196.48 

SE = standard error, - not detected 
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Figure S6. 1. Soil physical properties based on (a) infiltration rate in treated and untreated 

soil and appearance before and after water application in (b) untreated and (c) treated 

soil.  


