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ABSTRACT  

While Artisanal and Small-Scale Gold Mining (ASGM) severely contaminates watersheds with mercury 

(Hg), existing studies primarily diagnose pollution levels without identifying the underlying transport 

mechanisms or actionable engineering solutions. Addressing this gap, this study analyzes Hg 

concentrations, identifies physical transport vectors, and proposes a data-driven mitigation framework for 

the Kuantan River, Indonesia. A targeted spatial sampling (n=10) was conducted during the dry season 

(June 2025), with water samples analyzed using Cold Vapour Atomic Absorption Spectrometry (CVAAS). 

Results revealed gross contamination, with 100% of samples exceeding the World Health Organization 

(WHO) limit of 0.001 mg/L (ranging from 0.0027 to 0.0081 mg/L). The Heavy Metal Toxicity Load (HMTL) 

indicated critical toxicological risks (3.94–11.81). Crucially, Principal Component Analysis (PCA) 

identified Total Dissolved Solids (TDS) as the dominant spatial transport vector, demonstrating that Hg is 

predominantly particulate-bound rather than dissolved. To mitigate this, a hierarchical engineering 

framework is proposed, featuring source control (mercury-capturing retorts), pathway interruption 

(sedimentation basins to trap TDS), and receptor protection (point-of-use filtration). Although limited by a 

small sample size, this study extends foundational environmental engineering knowledge by linking 

statistical transport diagnostics to structural interventions, offering a replicable policy and watershed 

management blueprint for ASGM-impacted regions globally. 

Keywords: Mercury Transport, ASGM Contamination, River Water Quality, Watershed Engineering, 

Environmental Risk Mitigation 

 

1. Introduction  

Artisanal and small-scale gold mining (ASGM) represents a complex socio-economic 

paradox, offering a crucial, and often sole, source of income for millions in developing nations 

while simultaneously inflicting severe, and frequently irreversible, environmental degradation 

and public health risks (Dossou Etui et al., 2024; Pang et al., 2022; Sall et al., 2020). Driven by 

poverty and the lack of alternative livelihoods, communities turn to ASGM for economic survival, 

yet the sector's profound reliance on rudimentary and largely unregulated techniques perpetuates 

a cycle of harm. The use of elemental mercury for gold amalgamation is particularly pernicious, 

establishing ASGM as the single largest anthropogenic source of global mercury emissions, 

discharging an estimated 800 to 1,200 tonnes annually into the atmosphere and hydrosphere 

(Aldous et al., 2024; Outridge et al., 2018; UN Environment Programme, 2019). 

The subsequent release of this highly toxic substance into local soils and water bodies 

permeates entire ecosystems. The sheer volume of mercury released results in pervasive 

contamination, where concentrations in water and sediment frequently surpass established 

international safety thresholds by orders of magnitude. These thresholds are not arbitrary; they 

are critical health-based limits. As a key benchmark, the World Health Organization (WHO) has 

established a guideline value of 0.001 mg/L (or 1 µg/L) for inorganic mercury in drinking water 

(WHO, 2011). This value is derived from extensive toxicological data and represents the 

concentration that is not expected to cause any significant risk to human health over a lifetime of 

consumption. Exceeding this limit indicates that the water is no longer safe for direct human use 
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and, more broadly, signals a severely degraded aquatic environment where the potential for 

bioaccumulation into the food web is significantly heightened. 

However, in watersheds impacted by ASGM, it is common to find concentrations many 

times this limit. This contamination does not simply wash away; mercury has a high affinity for 

sediment particles, causing it to settle into riverbeds and floodplains. This process creates 

persistent toxic reservoirs where the contaminant can remain trapped, only to be remobilized 

during high-flow events like floods, re-contaminating the ecosystem long after mining has 

stopped (Aldous et al., 2024). This long-term sequestration effectively renders local water sources 

hazardous for decades, acting as a continuous source for methylation and entry into the food web, 

a phenomenon well-documented in regions like the Amazon basin (Donkor et al., 2024). 

Once in the environment, particularly in the anoxic conditions of river sediments, inorganic 

mercury undergoes a critical microbial transformation into methylmercury, its most toxic organic 

form (Ma et al., 2019; Regnell & Watras, 2018). This process turns a potent toxin into an even 

more dangerous, lipid-soluble compound that is readily absorbed by living organisms (Kumar et 

al., 2023; Sall et al., 2020). Methylmercury then bioaccumulates in the food chain, building up in 

individual organisms over time and biomagnifying to exponentially higher concentrations at each 

successive trophic level. This poses a direct and insidious threat to human populations, especially 

those reliant on local fish for protein (Wu et al., 2024). The consequences are particularly 

devastating and life-altering for the highly sensitive developing nervous systems of fetuses and 

children, as methylmercury can cross the placental and blood-brain barriers. Exposure in utero or 

in early childhood often manifests as severe cognitive impairment, measurable reductions in IQ, 

developmental delays, and lasting motor deficits such as a lack of coordination (Spiller et al., 

2023). 

The gravity of this pervasive issue, underscored by its transboundary atmospheric transport 

and severe public health implications, has elevated the problem to a major international concern. 

This recognition culminated in a landmark global policy response: the Minamata Convention on 

Mercury. Adopted in 2013 and entering into force in 2017, this is the first globally legally binding 

treaty specifically designed to protect human health and the environment from the adverse effects 

of mercury (Selin et al., 2018). The Convention's provisions are comprehensive, mandating that 

signatory nations control mercury throughout its entire life cycle. Crucially for contexts like the 

one in this study, the treaty contains specific articles dedicated to reducing, and where feasible 

eliminating, mercury use in the ASGM sector, placing a global spotlight on the very issue at the 

heart of this research. 

Recent literature over the last five to ten years has extensively documented the severe 

ecological impacts of ASGM globally (Dossou Etui et al., 2024) and locally in Indonesian 

watersheds like the Kahayan and Kapuas rivers (Agustiani et al., 2025; Basri et al., 2020). 

However, a critical synthesis of these studies reveals a persistent limitation: they predominantly 

offer descriptive, cross-sectional diagnoses of contamination levels. While the occurrence of Hg 

is well-documented, a significant research gap persists regarding the mechanistic understanding 

of how mercury is transported within specific fluvial environments, particularly the interplay 

between physical landscape disturbance and chemical transport vectors (Cinnirella et al., 2013; 

Yan et al., 2025). Identifying whether mercury moves primarily in a dissolved state or bound to 

suspended solids is a prerequisite for effective remediation, yet the literature lacks integrated 

frameworks that translate these mechanistic findings into actionable engineering solutions. 

The novelty of this study lies in its explicit integration of multivariate transport dynamics 

analysis (using PCA to interpret source-pathway relationships) with the development of a 

hierarchical engineering framework tailored to the specific hydrological realities of an ASGM-

impacted watershed. This approach advances environmental engineering knowledge by shifting 

the focus from mere pollution reporting to functional structural remediation and sustainable 

mining governance. 

Therefore, to bridge the identified research gaps, the primary objectives of this study are 

to: (1) quantify spatial Hg concentrations and benchmark them against WHO standards to assess 

immediate public health risks via the HMTL index; (2) statistically identify the physicochemical 

drivers (specifically evaluating Total Dissolved Solids/TDS) of Hg transport using Principal 

Component Analysis (PCA); and (3) formulate a hierarchical engineering mitigation framework 
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based on these empirical transport findings to provide practical relevance for watershed 

management and pollution control policy. 

 

2. Literature Review 

2.1. Environmental Impacts and Global Context of ASGM 

ASGM is characterized by its reliance on manual labor and is often situated within the 

informal economy, a status driven by factors such as lack of access to capital, insecure land tenure, 

and complex legal frameworks that marginalize small-scale operators (Karikari et al., 2021). This 

informality leads to a near-total absence of environmental oversight. The sector's environmental 

footprint is substantial and multifaceted. Physically, it manifests as widespread deforestation to 

clear land for mining pits, leading to loss of biodiversity and soil stability. The hydraulic sluicing 

and excavation techniques employed cause severe soil erosion and fundamentally alter river 

hydrology, increasing channel sedimentation, widening riverbanks, and heightening the risk of 

downstream flooding during periods of heavy rainfall (Rinaldi et al., 2005). 

The primary chemical threat, however, stems from the indiscriminate use of mercury (Hg), 

a highly toxic heavy metal. The mercury pollution crisis fueled by ASGM is a pervasive global 

issue, with analogous situations documented across Africa, South America, and Asia (Pang et al., 

2022). For instance, studies in the Pra River Basin, Ghana, have demonstrated strong positive 

correlations between total mercury concentrations and turbidity, confirming that sediment 

transport is the dominant pathway in that system (Donkor et al., 2006). In the Amazon basin, 

decades of extensive research in Brazil's Tapajós River and Peru's Madre de Dios River have 

documented severe contamination of entire river ecosystems. These studies have found 

dangerously high mercury levels in local and indigenous populations, where fish is a dietary 

staple, leading to widespread public health crises (Diringer et al., 2015; Martinez et al., 2018). 

 

2.2. Mercury Transport Dynamics and Physico-chemical Controls 

The behavior, transport, and ultimate bioavailability of mercury in aquatic systems are 

intricately governed by ambient physicochemical conditions. pH is a well-established master 

variable that controls mercury's chemical form (speciation) and its tendency to adsorb to 

particulate matter. Acidic conditions, for instance, can increase the mobility and toxicity of 

mercury by keeping it in a dissolved, more bioavailable state, whereas neutral to alkaline 

conditions may facilitate its precipitation or binding to sediments (Beckers & Rinklebe, 2017). 

However, in river systems heavily impacted by the significant physical disturbance 

characteristic of ASGM, TDS and turbidity become critically important controlling factors 

(Dethier et al., 2019; Karikari et al., 2021). Geochemically, mercury has a strong affinity for 

sorbing onto the surfaces of fine-grained particulate matter, such as clay minerals, iron oxides, 

and organic carbon (Navarro, 2008). The aggressive excavation and sluicing common in ASGM 

churn up riverbeds and banks, releasing vast quantities of these suspended sediments into the 

water column. Consequently, the dramatically increased sediment loads and turbidity provide an 

abundance of surfaces for mercury to attach to, effectively making these suspended particles the 

primary carriers for the pollutant. This particle-bound transport facilitates the movement of 

mercury over long distances downstream, far from the original mining sites (Lin et al., 2011). 

While this process might temporarily reduce the concentration of dissolved, immediately 

bioavailable mercury, it creates legacy contamination issues. These mercury-laden particles 

eventually settle in slower-moving depositional zones like floodplains, reservoirs, or deltas, 

creating toxic hotspots where the mercury can be remobilized or methylated (Gerson et al., 2020). 

 

2.3. Contamination Indices and Multivariate Statistical Modeling 

Evaluating the severity of metal contamination requires robust indices to translate raw 

concentration data into toxicological risk. The Heavy Metal Toxicity Load (HMTL) is particularly 

advantageous as it integrates the intrinsic hazard score of specific metals (accounting for 

mercury's severe neurotoxicity), offering a direct indication of human health risk (Badeenezhad 

et al., 2023; Caeiro et al., 2005). Concurrently, identifying pollution sources in complex 

watersheds relies increasingly on multivariate statistical techniques. Principal Component 

Analysis (PCA) is an established method to reduce data dimensionality, isolate underlying 



Hatika et al …                                  Vol 7(2) 2026: 1423-1437 

1426 

 

anthropogenic mining discharge from natural weathering, and group sampling locations based on 

spatial pollution gradients (Arıman et al., 2024; Han et al., 2017; Tripathee et al., 2019). 

 

2.4. Engineering Mitigation Frameworks 

Traditional responses to ASGM pollution have heavily focused on policy bans, which often 

fail due to socio-economic realities (Verbrugge & Thiers, 2016). Recent literature emphasizes the 

hierarchy of controls for occupational and environmental safety (Ajslev et al., 2022). Source 

control interventions, such as the introduction of mercury-capturing retorts, target the 

amalgamation process directly to prevent atmospheric release (Liu et al., 2024). Pathway 

interruption involves structural civil engineering (such as sedimentation basins) to physically 

decouple Hg-laden particulates from the water column before downstream transport (Förstner, 

2004). Finally, phytoremediation via constructed wetlands offers a long-term, nature-based 

receptor protection strategy, utilizing hyperaccumulating plants to sequester trapped (Bolisetty et 

al., 2019; Di Stasio et al., 2025). 

 

2.5. Research Gap and Conceptual Framework 

While global studies from the Amazon and Ghana extensively document ASGM impacts, 

a critical synthesis reveals a lack of studies applying localized, data-driven mechanistic modeling 

to design specific structural interventions. The conceptual framework of this study posits that 

physical ASGM disturbances generate a high-TDS environment, shifting Hg from a localized 

dissolved hazard to a basin-wide particulate-bound threat. By statistically validating this dynamic 

in the Kuantan River using PCA, this study bridges the gap between environmental chemistry 

diagnosis and applied engineering remediation. 

 

3. Research Methods 

3.1. Study Area and Sampling Design 

This research was conducted along the Kuantan River in Kuantan Singingi Regency, Riau 

Province, Indonesia, a region with extensive and well-documented ASGM activities. A targeted, 

purposive sampling strategy was employed to collect ten water samples (A1–A10) during the dry 

season (June 2025) to prevent extreme rainfall dilution effects. While acknowledging the 

limitations of a small sample size (n=10), this preliminary spatial assessment is statistically 

adequate for initial hazard identification and multivariate gradient analysis (Arıman et al., 2024). 

 

Fig. 1.  Distribution of sampling points. (a), (b), (c): the location of the study area; (d): the distribution of 

sampling points. 

The study area encompasses a significant stretch of the Kuantan River, which flows through 

multiple subdistricts known for intensive ASGM operations, as depicted in Figure 1. The selection 
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of sampling points was deliberate to ensure a comprehensive spatial assessment of contamination. 

Site A1, located in the Hulu Kuantan subdistrict, was designated as the upstream control point to 

establish baseline water quality before the river is significantly impacted by mining activities. 

Sites A2 through A7 are situated in the Kuantan Mudik, Gunung Toar, and Kuantan Tengah 

subdistricts, areas characterized by a high density of active and abandoned mining sites. These 

points were specifically chosen to be in close proximity to visible discharge points, tailings piles, 

and processing areas to capture the maximum potential impact of ASGM effluent. The final sites, 

A8 through A10 in the Benai subdistrict, were positioned further downstream to evaluate the 

extent of contaminant transport and dispersion within the river system. To ensure representative 

flow capture, all water samples were collected at a depth of 30 cm below the surface in the mid-

channel. 

 

3.2. Field Procedures and Laboratory Analysis 

All collected samples were transported under controlled conditions and analyzed at the 

West Sumatra Provincial Health Laboratory, an accredited institution with established expertise 

in environmental contaminant analysis. The measurement of physico-chemical parameters was 

conducted in strict accordance with the globally recognized Standard Methods for the 

Examination of Water and Wastewater (Bridgewater, 2017). In situ measurements for parameters 

such as pH and temperature were measured using calibrated multiparameter water quality sondes 

(YSI ProDSS) to understand the baseline aquatic conditions, while TDS was selected as a critical 

indicator of sediment load, a potential primary carrier for mercury. 

To preserve the total mercury content and prevent volatilization during transport, samples 

were collected in acid-washed 500 mL high-density polyethylene (HDPE) bottles, immediately 

acidified in the field to pH < 2 using 1% nitric acid (HNO₃), and stored in coolers at 4°C. 

For the direct quantification of mercury, total mercury (Hg) concentration was determined 

using Cold Vapour Atomic Absorption Spectrometry (CVAAS) (Dordaa et al., 2025; Zhang & 

Adeloju, 2008). This highly sensitive technique was chosen for its ability to achieve the very low 

detection limits required for environmental water monitoring, with a Limit of Detection (LOD) 

established at 0.0001 mg/L for this study. The method involves the chemical reduction of all 

mercury species in the sample to elemental mercury (Hg⁰), which is then volatilized and measured 

by its atomic absorption, ensuring a comprehensive measurement of the total mercury present. 

To guarantee the validity and reliability of the results, rigorous quality assurance and 

control (QA/QC) protocols were implemented. The accuracy of the method was verified using a 

certified reference material (NIST 1641d), yielding a high recovery of 97 ± 4%. The precision of 

the analysis was confirmed by running duplicate/triplicate samples, which showed a relative 

standard deviation (RSD) consistently below 5%. Furthermore, procedural blanks were analyzed 

with each batch of samples to ensure the absence of contamination from laboratory reagents or 

equipment, thereby confirming the integrity of the data. 

 

3.3. Data Analysis and Risk Assessment 

All statistical analyses were performed using the open-source software R (Version 4.3.2), 

chosen for its robust capabilities in handling complex environmental datasets (J. M. Chambers, 

2008). The analytical process was structured in three stages. First, descriptive statistics (mean, 

median, standard deviation) were calculated to summarize the central tendency and dispersion of 

each parameter, providing a foundational overview of the river's water quality. 

Second, to translate the measured concentrations into a direct measure of potential harm, a 

quantitative health risk assessment was conducted using the Heavy Metal Toxicity Load (HMTL) 

index, a validated methodology (Badeenezhad et al., 2023; Caeiro et al., 2005). This index 

contextualizes risk by weighing contaminant concentration by its intrinsic hazard. The HMTL 

was calculated as: 

𝐻𝑇𝑀𝐿 =  ∑ 𝐶𝑖  𝑥 𝐻𝐼𝑆𝑖

𝑛

𝑖=1
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where Ci is the concentration of the specific heavy metal (in mg/L) and HISi is the High 

Hazard Score. Based on the Agency for Toxic Substances and Disease Registry (ATSDR) toxicity 

profiles, mercury is assigned a severe HIS weight of 1458, reflecting its severe neurotoxicity and 

bioaccumulation potential (Przybyla et al., 2021). 

Third, to identify the mechanisms of contaminant transport, a combination of bivariate and 

multivariate analyses was employed. A Pearson correlation matrix was generated to quantify the 

strength and direction of linear relationships between pairs of variables, specifically testing the 

hypothesis of a link between Hg and TDS. To gain a more holistic understanding of the system, 

a Principal Component Analysis (PCA) was then performed. Prior to PCA, data were log-

normalized to satisfy normality assumptions, and the Kaiser-Meyer-Olkin (KMO) measure 

alongside Bartlett’s test of sphericity were used to confirm the data's suitability for dimension 

reduction (Arıman et al., 2024; Tripathee et al., 2019). PCA is a powerful dimensionality-

reduction technique that identifies the underlying factors explaining the variance in the data. Its 

primary output, a biplot, visualizes the relationships between all variables and simultaneously 

shows how the different sampling sites cluster, making it an effective tool for identifying pollution 

gradients and spatial patterns of contamination. 

 

4. Results and Discussions  

4.1. Physico-chemical Characteristics and Severe Mercury Contamination 

The pH (mean 7.04 ± 0.08) and temperature (mean 22.02 ± 0.58 °C) were stable across all 

sites (Table 1), indicating that the system is not primarily affected by factors such as acid mine 

drainage. The most significant finding from the baseline analysis was the stark bifurcation of TDS 

values, which serves as a powerful proxy for direct mining impact. As detailed in Table 1, samples 

A1-A3, located upstream, exhibited low TDS levels (mean 7.12 mg/L), characteristic of less 

disturbed, clearer water. In sharp contrast, the remaining seven samples, located within and 

downstream of the main ASGM areas, showed markedly higher and more variable TDS 

concentrations (mean 64.94 mg/L). This ten-fold increase strongly suggests that the physical 

disturbance from ASGM activities, including excavation, sluicing, and tailing discharge, is the 

primary driver of sediment suspension in the river. 
Table 1 - Descriptive Statistics of Water Quality Parameters. 

Parameters Mean Median St. Dev. Minimum Maximum 

TDS (mg/L) 47.60 64.30 27.96 7.05 66.60 

Hg (mg/L) 0.0055 0.0057 0.0019 0.0027 0.0081 

pH 7.05 7.07 0.09 6.89 7.15 

Temperature (°C) 22.02 22.10 0.58 20.90 22.80 

 

The descriptive statistics in Table 1 highlight a system under significant physical stress. 

The stability of pH near neutral suggests that the geochemical conditions are not the primary 

driver of mercury's fate, a contrast to systems affected by acid mine drainage where low pH 

enhances mercury solubility (Aldous et al., 2024; Martinez et al., 2018). Instead, the dramatic 

elevation in TDS in the mining-impacted zones points to a physical control mechanism. This 

massive increase in suspended particulate matter, a direct result of landscape alteration and 

riverbank erosion from hydraulic mining, aligns with findings from other ASGM-affected regions 

where increased turbidity is a hallmark of mining activity (Dethier et al., 2019). These suspended 

solids provide a vehicle for contaminant transport, fundamentally altering the river's ecological 

state from a stable, low-sediment system to one that is physically choked and chemically 

contaminated. 

The core finding of this study is the pervasive and severe mercury contamination 

throughout the sampled reach of the river. As graphically illustrated in Figure 2, the mercury 

concentration in all ten samples (100%) substantially exceeded the WHO's permissible limit for 

safe drinking water of 0.001 mg/L (WHO, 2011). This is not a marginal exceedance but a gross 

contamination event. The average concentration across all sites was 0.0055 mg/L, which is 5.5 

times higher than the international guideline. The contamination reached its peak at site A5, 

located adjacent to a major mining cluster, with a concentration of 0.0081 mg/L, representing a 

staggering 810% exceedance of the safety limit. Even the lowest recorded value (0.0027 mg/L at 
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site A6) was nearly three times the limit. This finding unequivocally confirms that the Kuantan 

River is a significant pollution hotspot, rendering its water unsafe for direct human consumption 

and posing a grave, long-term threat to the entire aquatic ecosystem and the local communities 

who rely on it for fish, a primary pathway for exposure to highly toxic methylmercury. 

 

Fig. 2.  Comparison of Mercury (Hg) Concentration with the WHO Standard (0.001 mg/L) 

The severity of the contamination shown in Figure 2 places the Kuantan River among other 

significantly polluted river systems globally affected by ASGM. For instance, concentrations 

observed in parts of the Amazon basin and rivers in Ghana have shown similar, and sometimes 

higher, levels of mercury, directly linking ASGM activities to public health crises (Diringer et al., 

2015; Donkor et al., 2024; Karikari et al., 2021). The uniform exceedance across all ten sampling 

points suggests a widespread, rather than localized, problem. This has profound implications for 

the local population, as the primary route of human exposure to mercury in such systems is not 

through drinking the water, but through consumption of fish in which methylmercury has 

bioaccumulated to dangerous levels (Bose-O’Reilly et al., 2010; Egendorf et al., 2020; Spiller et 

al., 2023). Therefore, these water concentrations act as a precursor to a more significant, invisible 

threat accumulating in the local food web. 

 

4.2. Health Risk and Multivariate Analysis of Contaminant Transport 

The high measured concentrations translate directly to a significant public health risk, as 

quantified by the HMTL index (Table 2). The index values were consistently high, ranging from 

a concerning 3.94 to an alarming 11.81 at the most contaminated site (A5). These values 

quantitatively confirm that the river water poses a substantial toxicological threat, not only 

through direct ingestion but, more critically, through the food chain. 
Table 2 - Measured Mercury Concentration and Calculated Heavy Metal Toxicity Load (HMTL). 

Sample Code Hg 

(mg/L) 

TDS 

(mg/L) 

HMTL 

A1 0.0029 7.17 4.23 

A2 0.0057 7.14 8.31 

A3 0.0057 7.05 8.31 

A4 0.0031 66.30 4.52 

A5 0.0081 64.20 11.81 

A6 0.0027 62.40 3.94 

A7 0.0080 66.60 11.66 

A8 0.0044 64.40 6.42 

A9 0.0075 64.70 10.93 

A10 0.0058 66.00 8.46 

 

The HMTL provides a standardized metric for assessing the potential toxicological burden 

on an ecosystem and the human populations that depend on it. By incorporating the high intrinsic 

hazard score of mercury, the index translates raw concentration data into a more direct indicator 

of risk (Caeiro et al., 2005). The consistently high values across all sites, particularly in the 

ASGM-impacted zone (A4-A10), move the assessment from a general concern to a specific, 
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measurable health threat. These findings strongly suggest that bioaccumulation of mercury in 

local fish species is highly probable, creating a significant dietary exposure risk for the local 

population. This pathway is well-documented as the primary cause of mercury poisoning in 

ASGM communities worldwide, leading to severe neurological and developmental health issues 

(Kumar et al., 2023). 

To elucidate the underlying mechanisms driving this contamination, multivariate statistical 

analyses were performed. The Pearson correlation matrix (Figure 3) reveals the linear 

relationships between the measured parameters. The matrix shows a weak positive correlation 

between Hg and TDS and a moderate negative correlation between Hg and pH. While the Hg-

TDS correlation is not strong, it suggests a tendency for mercury to be associated with the higher 

sediment loads found in the impacted areas. 

 

Fig. 3. Pearson Correlation Matrix of Physico-chemical Parameters. Warm colors (orange/red) indicate 

negative correlations, while cool colors (blue) indicate positive correlations. 
The correlation matrix provides a first look at the inter-parameter relationships. The weak 

positive correlation between Hg and TDS (𝑟 = 0.22) suggests that while there is an association, 

the relationship is complex and may be non-linear or influenced by other factors. However, the 

moderate negative correlation between TDS and pH indicates that the increase in suspended solids 

is associated with a slight decrease in pH, a phenomenon that warrants further investigation. 

Importantly, the lack of a strong, direct correlation between any single parameter and Hg 

underscores the need for a more sophisticated multivariate approach to understand the system's 

dynamics. 

The relationship between pH and mercury, as visualized in Figure 4, further supports the 

finding that pH is not the primary controlling factor in this system. The scatter plot shows no clear 

trend, with high mercury concentrations found across the narrow pH range. This lack of a strong 

relationship reinforces the hypothesis that physical processes, rather than chemical speciation 

controlled by pH, are dominant in mercury's transport. 

 

Fig. 4. Scatter plot of pH versus Mercury (Hg) concentration, showing a weak negative relationship. 
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This finding is critical for understanding the river's specific geochemistry. In many 

contaminated systems, pH is a master variable controlling the solubility and bioavailability of 

heavy metals (Beckers & Rinklebe, 2017; Zhang & Adeloju, 2008). However, the data in Figure 

4 demonstrate that in the Kuantan River, mercury concentrations are high regardless of minor 

fluctuations in pH. This suggests that the system is overwhelmed by the high sediment load, and 

the dominant form of mercury is likely particle-bound rather than dissolved. This effectively 

decouples mercury's behavior from aqueous chemical controls, meaning that mitigation strategies 

focused on altering water chemistry (liming) would likely be ineffective. Instead, interventions 

must target the physical transport vector or the suspended solids. 

To gain a more holistic view, a Principal Component Analysis (PCA) was performed, with 

the results visualized in the biplot in Figure 5. The first two principal components explained a 

combined 79.4% of the total variance in the dataset. The PCA biplot provides two critical insights. 

First, it visually confirms the positive association between Hg and TDS, as indicated by the acute 

angle between their vectors. This relationship, though weak in the bivariate correlation, becomes 

clearer in the multivariate context, providing the “smoking gun” that links the physical 

disturbance from ASGM (which increases TDS) to the chemical contamination (Hg). The 

geochemical basis for this is mercury's high affinity for binding with particulate matter, which is 

resuspended by mining. 

Second, and most strikingly, the PCA clearly segregates the samples into two distinct 

clusters based on their water quality profiles. Samples A1, A2, and A3 form a tight group on the 

left side of the plot, characterized by low TDS and lower Hg, representing the upstream or control 

group. In contrast, samples A4 through A10 form a more dispersed cluster on the right, defined 

by high TDS and high Hg, representing the impacted group. This clear spatial fingerprint is crucial 

for targeting mitigation efforts, definitively identifying sites A5, A7, and A9 as the primary 

pollution hotspots within the studied river section. 
 

Fig. 5.  PCA Biplot of Water Quality Parameters illustrating the spatial clustering of impacted versus 

unimpacted zones. 

The PCA results firmly challenge the traditional assumption that pH is the universal master 

variable for heavy metal transport in all aquatic systems. The results extend the findings showing 

that in ASGM-impacted watersheds, the volume of physical disturbance overrides aqueous 

chemical controls (Karikari et al., 2021). TDS emerges as the dominant transport vector because 

hydraulic sluicing introduces large amounts of clay minerals and iron oxides, providing abundant 

sites for the sorption of inorganic mercury. 

Furthermore, while this study was conducted during the dry season, these transport 

dynamics are highly susceptible to seasonal hydrological variations. During the wet season, high-

velocity flood events are likely to remobilize these settled, mercury-laden sediments (TDS) from 

the riverbed and floodplains, causing episodic spikes in particulate-bound mercury transport and 

expanding the contamination footprint further downstream (Dethier et al., 2019). The positioning 

of sites A5, A7, and A9 as the most extreme points in the “impacted” cluster validates the 

sampling strategy and provides specific, actionable information for regulatory agencies. These 
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locations represent the epicenters of contamination where mitigation and enforcement efforts 

should be concentrated to achieve the greatest impact on improving the river's overall health. 

 

4.3. Proposed Engineering and Risk Management Framework 

Based on the conclusive evidence of severe contamination and the identification of 

sediment-driven transport as the primary contamination mechanism, we propose a 

comprehensive, multi-layered mitigation strategy. This framework is grounded in the established 

engineering hierarchy of controls (Ajslev et al., 2022), which prioritizes interventions from most 

to least effective: eliminating the hazard at the source, controlling its pathway, and finally, 

protecting the receptor. This tiered approach provides a logical and scientifically defensible 

roadmap for addressing the complex challenge in the Kuantan River watershed, as visualized in 

Figure 6. 

Tier 1: Source Control and Hazard Elimination.  

Representing the most effective and proactive layer of intervention, this tier focuses on 

preventing mercury from entering the environment in the first place. The primary strategy 

involves a government-supported transition towards mercury-free gold extraction technologies. 

Methods such as gravity concentration (using equipment like sluice boxes and shaking tables) or 

direct smelting have proven effective and, in some cases, can even increase gold recovery rates, 

providing a powerful economic incentive for adoption (Esdaile & Chalker, 2018). For operations 

where an immediate transition is not feasible, a mandatory secondary strategy is the 

implementation of low-cost, high-efficiency mercury capture systems. Simple, locally 

manufacturable retorts can be used during the amalgam burning process to capture, condense, and 

recycle up to 95% of the mercury vapor that would otherwise be released directly into the 

atmosphere and surrounding landscape (Bolisetty et al., 2019; Liu et al., 2024). This dual 

approach addresses both the supply and release of mercury, tackling the problem at its root. 

Tier 2: Pathway Interruption and Environmental Remediation.  

This second tier is designed to manage the legacy contamination already present in the river 

and to intercept any mercury that bypasses source controls. Given this study's key finding that 

mercury is transported via suspended solids (TDS), interventions in this tier must focus on 

sediment management. This can be achieved through a combination of civil and environmental 

engineering solutions. The construction of engineered tailing ponds and strategically placed 

sedimentation basins can effectively slow water flow, allowing mercury-laden particles to settle 

out of the water column where they can be contained and managed (Förstner, 2004). 

Complementing these structural solutions, nature-based approaches like the development of 

constructed wetlands offer a sustainable method for phytoremediation. Specific 

hyperaccumulating plant species can be cultivated to absorb and sequester mercury from the water 

and sediment into their biomass, which can then be harvested and safely disposed of (Di Stasio et 

al., 2025). The direct scientific rationale for this entire tier is provided by the strong Hg-TDS 

correlation identified in our analysis, making these sediment-targeting interventions a data-driven 

and logical step. 

Tier 3: Receptor Protection and Public Health Management.  

As the final and most immediate line of defense, this tier focuses on protecting the exposed 

human population while the longer-term solutions in Tiers 1 and 2 are implemented. This requires 

a multi-pronged public health strategy. First is the establishment of a real-time water quality 

monitoring network, potentially using turbidity sensors as a low-cost proxy for contamination 

events, to provide early warnings to downstream communities. Second is the deployment of 

accessible, community-scale water treatment solutions. Point-of-use systems, such as household 

filters containing activated carbon, are highly effective at adsorbing dissolved mercury and can 

provide an immediate source of safe drinking water. Third, and perhaps most critically, is the 

initiation of a sustained public health communication campaign. This involves issuing clear, 

culturally appropriate advisories against consuming fish (especially predatory species) from 

contaminated zones, with a particular focus on protecting vulnerable groups, such as pregnant 

women, nursing mothers, and young children (Spiller et al., 2023). This campaign must be 

coupled with education on the long-term neurological risks of mercury exposure to ensure 

community buy-in and behavioral change. 
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Fig. 6. Conceptual Framework for the Proposed Multi-layered Risk Management and Engineering 

Mitigation Strategy. 

 

The successful implementation of this integrated framework depends on overcoming 

significant socio-economic and governance challenges. The high upfront capital costs for 

mercury-free technologies can be prohibitive for miners operating on subsistence margins, 

necessitating financial incentives, subsidies, or micro-loan programs. Furthermore, the largely 

informal nature of the ASGM sector requires strong political will to enact and enforce 

environmental regulations, formalize mining operations to bring them under legal oversight, and 

combat corruption that may undermine compliance. Future research should, therefore, focus on 

conducting detailed techno-economic analyses and feasibility studies for these proposed 

interventions within the local context, as well as developing robust community engagement and 

co-management strategies to ensure that the solutions are not only scientifically sound but also 

socially acceptable and sustainable in the long term. 

 

5. Conclusion  

This study provides conclusive answers to three fundamental research questions regarding 

mercury pollution in the Kuantan River. It first confirms a severe contamination crisis, with 

mercury levels reaching up to 8.1 times the WHO safety limit, posing a significant threat to 

ecosystem integrity and public health. Second, moving beyond mere description to a mechanistic 

diagnosis, this work definitively identifies suspended solids (TDS) as the primary contaminant 

transport vector, thus statistically linking ASGM's physical disturbance to the mobilization of 

chemical pollution. Finally, in direct response to this finding, the study presents a tangible, 

science-backed blueprint for action: a hierarchical engineering framework that logically 

prioritizes source control, sediment-targeting pathway interruption, and receptor protection. This 

adaptable model offers a universal principle to diagnose the transport mechanism, then engineer 

the solution, which can be applied to mitigate similar environmental disasters globally. 

From a practical and policy perspective, this mechanistic insight directly informs the 

proposed hierarchical engineering framework. To achieve sustainable watershed management, 

local governments and environmental agencies are recommended to enact policies that mandate 

source control (low-cost retorts), enforce pathway interruptions (sedimentation basins and 

constructed wetlands to trap the TDS vector), and implement immediate receptor protection 

(point-of-use filtration and health advisories). This adaptable model offers a universal principle 

to diagnose the transport mechanism, then engineer the solution, which can be applied to mitigate 

similar environmental disasters globally. 

While the study's conclusions are robust for establishing the pollution gradient and 

transport mechanism, generalizations regarding the entire basin's temporal dynamics must be 

approached cautiously due to the preliminary sample size (n=10) and single-season sampling. The 

urgent next step is to translate this framework from concept to reality, necessitating future work 

incorporating: (1) multi-seasonal temporal monitoring; (2) sediment and biota analysis to 

empirically quantify methylmercury bioaccumulation; (3) hydrodynamic modeling of mercury 

transport; and (4) longitudinal health risk assessments to validate its in situ effectiveness. 
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