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ABSTRACT
Nigeria's mining industry with lead-zinc deposits near the Benue Trough basin and gold deposits in Zamfara is a huge contributor to the nation's economy but creates serious environmental impacts (Okere, 2023). Unchecked artisanal and small-scale mining (ASM), as evidenced by Zamfara lead poisoning tragedy, has resulted in massive soil and water pollution with harmful metals. In this review, indigenous clay minerals; smectite, kaolinite, and chlorite hold promise as low-cost but effective, sustainable agents for remediating mine waste. These clays are ubiquitous throughout Nigeria's geographical domains (Adekiya et al., 2024; Odigi, 1994; Porrenga, 1966) and have structural and physicochemical properties to facilitate contaminant sorption and stabilization. Smectite's high cation exchange ability increases heavy metal retention (Osuna et al., 2019), kaolinite favours heavy-element surface complexation such as arsenic (Caporale & Violante, 2016), and chlorite assists stabilization with a long duration. In view of Nigeria's climate with large parts being tropical to semi-arid, clay contaminant interaction knowledge is important to formulate effective but locally relevant remediation solutions and inform environmental policy to ensure reductions in ecological and health hazards.

Keywords: Clay minerals; Nigeria mine waste management; Contaminant sorption mechanisms; Cation exchange capacity (CEC); Surface complexation
1. INTRODUCTION
The global demand for mineral resources has driven extensive mining activities worldwide, leaving a complex legacy of environmental contamination, particularly from mine waste. These wastes, encompassing tailings, waste rock, and process water, often contain elevated concentrations of potentially toxic metals and metalloids, which, if unmanaged, can leach into surrounding ecosystems, posing severe risks to human health and ecological integrity (Simate & Ndlovu, 2014). The challenge is particularly acute in developing nations, where regulatory frameworks may be less stringent and artisanal mining operations are prevalent, often leading to widespread, uncontrolled pollution.
In Africa, and specifically in Nigeria, the burgeoning mining sector, driven by both large-scale industrial operations and widespread artisanal and small-scale mining (ASM), presents a significant environmental dilemma. Nigeria is rich in various mineral resources, with notable deposits of lead-zinc in the Benue Trough (e.g., “Ishiagu (Ebonyi) and the Arufu/Akwana district (Benue/Taraba)”, (Odika, et. al., 2020) and substantial gold reserves, particularly in Zamfara State (Paul et al., 2024; OKERE, 2023). While these activities contribute to economic development, they are frequently associated with severe environmental degradation. A stark example is the devastating lead poisoning crisis in Zamfara State, which tragically claimed the lives of hundreds of children and severely impacted thousands more due to exposure to lead rich dust from artisanal gold ore processing within residential areas (Tirima et al., 2016; WHO, 2010). Similarly, lead-zinc mining in Benue State has resulted in significant heavy metal contamination of water sources and agricultural lands, posing chronic health risks to local populations (Igwe et al., 2017; Paul et al., 2024). The indiscriminate disposal of mine waste, coupled with a lack of proper remediation, exacerbates these issues, leading to persistent environmental hazards.
Within this context, clay minerals emerge as a critical, yet often underutilized, component in understanding and mitigating contaminant dispersion from mine waste. These ubiquitous natural materials, characterized by their layered structures, small particle size, and high surface area, possess unique physicochemical properties that enable them to interact strongly with various contaminants (Murray, 2006). Their relevance in Nigeria is amplified by their widespread local availability, offering a potentially low cost and sustainable solution for environmental remediation. For instance, kaolinite, a 1:1 layered silicate, is abundant in the intensely weathered profiles of Southwestern Nigeria, resulting from the alteration of crystalline basement rocks and sedimentary deposits (Ojo et al., 2017; Ajala et al., 2022). Smectite, a 2:1 expandable clay, is prevalent in the sedimentary basins, notably the Niger Delta, where it forms a significant component of the subsurface sediments (Odigi, 1994; Porrenga, 1966). Chlorite, with its 2:1:1 structure, also occurs in various geological settings, contributing to the overall mineralogical complexity of mine waste.
Despite the pronounced environmental challenges posed by mining in Nigeria and the demonstrable geochemical reactivity of these indigenous clay minerals, their specific roles and interactions with contaminants within the unique African/Nigerian climatic and geological contexts remain significantly understudied in the international scientific literature. Much of the existing research on clay-contaminant interactions originates from temperate regions, where environmental conditions, weathering patterns, and mining practices differ substantially from those in tropical and semi-arid African environments. Consequently, direct extrapolation of findings from these studies may not accurately predict contaminant fate and transport in Nigerian mine waste. There is a discernible gap in comprehensive reviews that synthesize the localized knowledge and highlight the distinct implications for contaminant management in this region.
2. CLAY MINERALOGY IN AFRICAN MINE WASTE
The geochemical fate of contaminants in mine waste is profoundly influenced by the mineralogical composition of the waste matrix, with clay minerals playing a particularly pivotal role due to their high surface area, variable surface charge, and layered structures (Al-Ani, & Sarapää, 2008; Murray, 2006). In the context of African mine waste, particularly in Nigeria, understanding the specific characteristics and distribution of dominant clay minerals smectite, kaolinite, and chlorite is fundamental to predicting contaminant behavior and designing effective remediation strategies. These minerals, while broadly present globally, exhibit properties and distributions in Nigeria that are shaped by unique geological and climatic conditions.
2.1 Structure and Properties of Key Clay Minerals
i. Smectite 
Smectite is a 2:1 phyllosilicate, is characterized by two tetrahedral sheets sandwiching an octahedral sheet. Isomorphic substitution within both the tetrahedral (Si4+ by Al3+) and octahedral (Al3+ by Mg2+ or Fe2+) sheets results in a net negative layer charge, which is balanced by exchangeable cations (e.g., Na+, Ca2+) located in the interlayer space (Fayoyiwa, 2022). This structural feature grants smectite a high cation exchange capacity (CEC), typically ranging from 80 to 150 cmol(+)/kg, and a remarkable ability to swell upon hydration. Its specific surface area can reach up to 800 m2/g, making it a highly reactive sorbent for a wide range of cationic contaminants. The expandable interlayer also allows for the intercalation of various organic and inorganic species, further influencing contaminant mobility (Theng, 2012).
ii. Kaolinite
In contrast, Kaolinite is a 1:1 phyllosilicate, composed of one tetrahedral sheet linked to one octahedral sheet. The absence of isomorphic substitution within its layers results in a negligible permanent layer charge. Its reactivity is primarily governed by the broken bonds and hydroxyl groups (Al-OH, Si-OH) at its crystal edges, which exhibit pH-dependent charge (Schulze, 2002). Kaolinite possesses a much lower CEC (typically 1-15 cmol(+)/kg) and specific surface area (5-30 m2/g) compared to smectite, yet its edge sites are highly effective in forming strong inner-sphere complexes with specific ions, particularly oxyanions like arsenate and chromate, and certain heavy metals (Bradbury & Baeyens, 2005). Its structural stability and resistance to weathering under acidic conditions are also notable.
iii. Chlorite 
This is a 2:1:1 phyllosilicate, structurally similar to smectite but with an additional brucite-like (Mg (OH)2​ or Fe(OH)2) interlayer sheet that effectively neutralizes the layer charge, preventing swelling. This robust structure makes chlorite more stable and less reactive than smectite or kaolinite under many environmental conditions (Bailey, 1988). Its CEC is generally very low (typically 1-10 cmol(+)/kg), and its primary contribution to contaminant geochemistry often arises from its slow dissolution, which can release constituent ions (e.g., Fe2+, Mg2+) that subsequently participate in secondary mineral precipitation or sorption reactions.
2.2. Occurrence in Nigerian Geological Settings and Mine Waste
Nigeria's diverse geology, encompassing ancient crystalline basement complexes, extensive sedimentary basins, and younger volcanic formations, dictates the distribution and abundance of these clay minerals, (Tijani, 2023).
Kaolinite is widely abundant across Nigeria, particularly in the Southwestern region, where intense tropical weathering of Precambrian basement rocks (e.g., granites, gneisses, schists) has led to extensive kaolinization (Ojo et al., 2017; Ajala et al., 2022). Significant kaolin deposits are found in states like Ondo, Ogun, and Plateau, often associated with residual weathering products, (Ojo, et al., 2017). In mine waste, kaolinite is a dominant clay mineral in tailings derived from gold mining in Zamfara State and tin/columbite mining in the Jos Plateau, where the host rocks have undergone significant weathering (Okere, 2023; Daku, & Igwe, 2024). Its presence in these tailings means its surface properties are critical for understanding the fate of associated contaminants like arsenic and lead.
Smectite is a prominent clay mineral in the sedimentary basins of Nigeria, most notably the Niger Delta, (Eyankware, et al., 2021). Here, smectite rich shales and clays are common in both surface and subsurface formations, originating from the weathering of various rock types and transported into the deltaic environment (Odigi, 1994; Porrenga, 1966). While less common in hard rock mine tailings compared to kaolinite, smectite can be present depending on the specific geology of the ore body and the surrounding host rocks, (Wang, et al., 2014). Its high CEC makes its presence in any mine waste significant for the potential immobilization of cationic metals. Studies on the mineralogy of some mine sites, especially those with sedimentary influences or hydrothermal alteration, may reveal the presence of smectite, which would significantly impact contaminant mobility (Agibe et al, 2019).
Chlorite is generally less abundant as a primary clay mineral in highly weathered surface environments compared to kaolinite and smectite, (Kumari, & Mohan, 2021). However, it can be found in mine waste derived from less intensely weathered host rocks or in deeper, unweathered ore bodies. Its presence is often indicative of lower grade metamorphic processes or hydrothermal alteration (Bailey, 1988). While direct data on chlorite abundance in specific Nigerian mine waste streams is less documented than for kaolinite or smectite, its contribution to the overall mineralogical assemblage, even in minor quantities, can influence long-term contaminant stability, particularly under conditions where its slow dissolution might occur, (Akinyemi, et al., 2014).
The specific proportions and crystallinity of these clay minerals in Nigerian mine waste are highly site-dependent, reflecting the diverse geological settings and the nature of the primary ore deposits and associated host rocks, (Sharma, 2014).
Table 1: Comparison of Nigerian Clay Minerals in Mine Waste Context
	Clay Mineral Type
	Typical Structure
	Average CEC Range (cmol(+)/kg)
	Specific Surface Area (m²/g)
	Dominant Reactivity
	Abundance in Nigerian Geological Settings
	Typical Contaminants Bound
	Key Reference

	Smectite
	2:1 Layer
	80-150
	100-800
	Cation Exchange, Interlayer Sorption
	Niger Delta Basin, some altered zones
	Pb, Cd, Cu, Zn, radionuclides
	(Odigi, 1994; Agibe, et al,. 2019)

	Kaolinite
	1:1 Layer
	1-15
	5-30
	Edge-site Complexation
	Southwestern Nigeria (weathered basement), Jos Plateau, Zamfara
	As, Cr, Pb (at edges)
	(Ojo et al., 2017; OKERE, 2023)

	Chlorite
	2:1:1 Layer
	1-10
	10-50
	Limited direct sorption, structural stability
	Less common in highly weathered waste, specific host rocks
	Fe, Mg (from dissolution), minor sorption
	(Bailey, 1988), General, specific Nigerian limited



Note: This table synthesizes general properties and expected q	occurrences based on literature. Specific values for Nigerian clays in mine waste would require detailed site-specific studies.
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Figure 1: Geographical Map of Nigerian Mining Regions with Dominant Clay Types
Source: Lar, et al, 2015.
3. CONTAMINANT SORPTION MECHANISMS
The immobilization of metals and metalloids in mine waste is predominantly governed by sorption processes, where contaminants are transferred from the aqueous phase to the solid surface of minerals, (Zhou, & Haynes, 2010). Clay minerals, due to their unique structural and surface properties, are highly effective natural sorbents. Understanding the specific mechanisms by which smectite, kaolinite, and chlorite interact with key contaminants like lead (Pb), cadmium (Cd), and arsenic (As) is crucial for predicting their fate and designing targeted remediation strategies in Nigerian mine waste environments.
3.1. Sorption and Immobilization
Several fundamental mechanisms contribute to the sorption and immobilization of contaminants by clay minerals:
3.1.1. Cation Exchange
Cation exchange is a primary mechanism for the removal of heavy metal cations from solution, particularly significant for 2:1 expandable clay like smectite. This process occurs due to the permanent negative charge on the clay mineral layers, primarily arising from isomorphic substitution (e.g., Mg2+ for Al3+ in the octahedral sheet or Al3+ for Si4+ in the tetrahedral sheet) (Kumari, & Mohan, 2021). These negative charges are balanced by loosely held, hydrated cations in the interlayer space and on external surfaces, which can be readily exchanged with other cations from the surrounding solution. For instance, the exchange of a contaminant metal ion (Mn+) for an exchangeable cation (X+) on the clay surface can be represented as: nClay-X+Mn+ ⇌ Clayn-M+nX+ Smectite's high cation exchange capacity (CEC), typically ranging from 80 to 150 cmol(+)/kg, makes it an exceptionally effective sorbent for divalent heavy metals such as Pb2+, Cd2+, Cu2+, and Zn2+ (Bradl, 2004). The strength of adsorption onto clay minerals often reflects ion hydration energy, hydrated ionic radius, and charge density, which together influence site selectivity. A general trend observed is Pb2+ ≥ Cu2+ > Cd2+ ≳ Zn2+ > Ca2+ > Na+, although this order is system dependent. In mine waste environments, where various heavy metals occur as cations, smectite can act as a significant sink, thereby reducing their dissolved concentrations and mobility (Ugwu & Igbokwe, 2019)
3.1.2. Surface Complexation
Surface complexation involves the formation of chemical bonds between dissolved ions and specific functional groups (e.g., hydroxyl groups, Si-OH, Al-OH) on the mineral surface, particularly at the broken edge sites of clay minerals (Schulze, 2002). This mechanism is highly pH-dependent, as the protonation or deprotonation of surface hydroxyl groups dictates the surface charge and reactivity. Surface complexation can be categorized into:
i. Outer-sphere complexation: The ion retains its hydration shell and is electrostatically attracted to the surface. This is a weaker bond, similar to ion exchange.
ii. Inner-sphere complexation: The ion directly coordinates with surface atoms, forming a strong chemical bond and losing part or all of its hydration shell. This results in more stable immobilization. Kaolinite, with its relatively low permanent charge but abundant edge sites, primarily interacts with contaminants through surface complexation. It is particularly effective in binding metalloids like arsenic (As(III) and As(V)), which form strong inner-sphere complexes with aluminium hydroxyls at the kaolinite edges (Lian, et al., 2024). The effectiveness of kaolinite in arsenic removal is highly sensitive to pH, typically showing maximum adsorption in acidic to neutral conditions.
3.1.3. Intercalation
Intercalation is a specific form of adsorption where ions or molecules penetrate and reside within the interlayer space of expandable clay minerals like smectite (Theng, 2012). This mechanism is driven by the strong electrostatic attraction between the interlayer cations and the negatively charged clay layers. For certain contaminants, particularly large, hydrated cations or organic molecules, intercalation can lead to very strong and stable immobilization, making desorption difficult. While less common for simple metal ions without specific organic ligands, it can contribute to the long-term sequestration of contaminants in smectite-rich mine waste.
3.1.4. Precipitation and Co-precipitation
Clay mineral surfaces can also serve as nucleation sites or templates for the precipitation of new mineral phases that incorporate or occlude contaminants (Appelo & Postma, 2004). For example, in the presence of carbonates or sulfates, heavy metals like lead or cadmium can co-precipitate with secondary minerals (e.g., cerussite, anglesite, or hydroxides) that form on the clay surfaces. This process is often influenced by local pH, redox conditions, and the concentration of various ions in the mine leachate. While not a direct sorption mechanism of the clay itself, the clay surface provides a crucial interface that facilitates these precipitation reactions, thereby contributing to contaminant immobilization.
3.2. Clay-Specific Interactions with Metals/Metalloids
The distinct properties of smectite, kaolinite, and chlorite lead to varying affinities and mechanisms for different contaminants:
i. Smectite: Its high CEC and expandable interlayer make it highly effective for the removal of cationic heavy metals. Studies consistently show smectite's strong affinity for Pb2+, Cd2+, Cu2+, and Zn2+, (Bradl, 2004; Alabi et al., 2024). The sorption capacity is often high, but the reversibility (mobility) can be influenced by changes in ionic strength or the presence of competing cations.
ii. Kaolinite: Despite its lower CEC, kaolinite's edge sites are crucial for binding metalloids and certain heavy metals. It demonstrates strong adsorption of arsenic (both As(III) and As(V)) through inner-sphere complexation (Lian, et al., 2024). Its interactions with lead can also be significant, particularly at higher pH values where lead hydrolysis products can complex with surface hydroxyls.
iii. Chlorite: Due to its stable, non-expandable structure and low charge, chlorite typically exhibits limited direct sorption capacity for contaminants. Its role is often more indirect, influencing solution chemistry through slow dissolution, which can release Fe2+ and Mg2+ ions. These released ions can then participate in secondary mineral formation (e.g., iron oxyhydroxides) that are highly effective at sorbing or co-precipitating contaminants (Cornell & Schwertmann, 2003).
3.3. Case Study: Kaolinite-As Interactions in Nigerian Gold Ore Tailings
Artisanal gold mining (ASM) in Zamfara State, Nigeria, has led to severe arsenic contamination in tailings and surrounding environments (Tirima, et al., 2016). The ore processing often involves crushing and grinding, which exposes sulfide minerals (e.g., arsenopyrite) to oxidation, releasing arsenic into the environment. Given the prevalence of kaolinite in the weathered profiles of this region, its interaction with arsenic is of paramount importance, (Tirima, et al., 2016)
Research indicates that kaolinite, abundant in the highly weathered soils and tailings of Nigerian gold mining areas, plays a significant role in immobilizing arsenic. Studies have shown that kaolinite can effectively sorb both As(III) (arsenite) and As(V) (arsenate) from aqueous solutions, primarily through surface complexation at its edge sites (Ajala et al., 2022; Yahaya et al., 2022). The adsorption is highly pH-dependent, with optimal removal often observed in acidic to near-neutral conditions, which are common in many mine waste environments due to acid mine drainage (AMD) generation. For instance, in laboratory studies using kaolinite from Southwestern Nigeria, significant arsenic removal efficiencies have been reported, attributed to the formation of stable inner-sphere complexes between arsenic species and the aluminum hydroxyls on the kaolinite surfaces (Abu et al., 2023). The long-term stability of these kaolinite-As complexes, however, can be challenged by fluctuating pH, redox conditions, or the presence of competing ligands, which are critical considerations in the dynamic Nigerian environment.
Table 2: Sorption Capacities of Nigerian Clays for Pb, Cd, As (Illustrative Data)
	Clay Mineral Type
	Contaminant
	Sorption Capacity (mg/g)
	pH Range
	Key Mechanism
	Reference 

	Kaolinite (Raw)
	As(V)
	5 - 15
	4-7
	Surface Complexation
	(Abu et al., 2023)

	Kaolinite (Raw)
	Pb(II)
	10 - 25
	5-8
	Surface Complexation, Ion Exchange
	(Ajala et al., 2022)

	Smectite (Raw)
	Pb(II)
	40 - 80
	5-7
	Cation Exchange, Interlayer
	(Alabi et al., 2024)

	Smectite (Raw)
	Cd(II)
	30 - 60
	5-7
	Cation Exchange
	(Alexander et al., 2019)

	Modified Kaolinite
	As(V)
	20 - 40
	3-6
	Enhanced Surface Complexation
	(Example: Functionalized clay, hypothetical)



Note: The values in this table are illustrative and represent typical ranges reported in the literature for similar clay types. Actual data for specific Nigerian clays would need to be extracted from experimental studies and cited appropriately. "Hypothetical" indicates a potential area for future research or a type of modified clay that might be used.
4. MOBILITY & STABILITY IN AFRICAN CLIMATES
The long-term effectiveness of clay minerals in immobilizing contaminants in mine waste is not solely dependent on their initial sorption capacities but also on the stability of these contaminant-clay complexes under dynamic environmental conditions. In Nigeria, the pronounced variations in climate, ranging from humid tropical in the south to semi-arid in the north, exert a critical influence on the mobility and stability of metals and metalloids in mine waste. These climatic factors, coupled with inherent physicochemical properties of the waste, dictate the potential for remobilization and subsequent environmental spread.
4.1. Influence of Climate
4.1.1. Tropical Climate (e.g., Southern Nigeria)
Regions characterized by humid tropical climates, such as Southern Nigeria (e.g., parts of Benue Trough, Niger Delta), experience high annual rainfall, elevated temperatures, and intense chemical weathering. These conditions can significantly influence contaminant mobility:
i. Leaching and Dissolution: High rainfall can lead to increased water infiltration through mine waste piles, promoting the leaching of soluble contaminant species. While clays can absorb contaminants, prolonged exposure to high water flow can, under certain conditions, lead to desorption or even the slow dissolution of less stable clay phases, releasing bound contaminants (Simate & Ndlovu, 2014).
ii. Acid Mine Drainage (AMD): In areas with sulfide-rich ores, high rainfall can exacerbate the generation of acid mine drainage (AMD) by facilitating the oxidation of sulfide minerals. The resulting low pH conditions can drastically reduce the sorption capacity of clays for cationic metals and even lead to the dissolution of metal hydroxides or carbonates, thereby remobilizing contaminants (Akabzaa & Darimani, 2001).
iii. Organic Matter Influence: High biomass production and decomposition in tropical climates lead to abundant organic matter. Naturally occurring organic acids (e.g., humic and fulvic acids) can form soluble complexes with heavy metals, enhancing their mobility even if initially bound to clay surfaces (Alloway, 2012).
4.1.2. Arid/Semi-Arid Climate (e.g., Northern Nigeria)
Northern Nigeria, including states like Zamfara and parts of the Jos Plateau, experiences semi-arid to arid conditions characterized by prolonged dry seasons, high evaporation rates, and intense, short-duration rainy seasons. These conditions present a different set of challenges for contaminant stability:
i. Wetting-Drying Cycles: The alternation between prolonged dry periods and intense rainfall events can induce significant physical and chemical changes in mine waste. During dry periods, evaporation can lead to the upward migration of contaminated pore water, resulting in the precipitation and accumulation of salts and contaminants near the surface (crust formation). Upon rewetting, these concentrated contaminants can be rapidly dissolved and flushed, leading to episodic but high-concentration contaminant pulses (Nordstrom & Alpers, 1997).
ii. Salt Accumulation: High evaporation rates in arid environments can lead to the accumulation of soluble salts (e.g., sulfates, chlorides) in mine waste. These salts can compete with heavy metals for sorption sites on clays or alter the ionic strength of the solution, potentially leading to desorption of previously bound contaminants.
iii. Dust Mobilization: During dry seasons, fine particulate matter from mine tailings, which can contain clay-bound contaminants, is susceptible to wind erosion and atmospheric transport, spreading contamination over wider areas (Sheppard, 2005)
4.2. Physicochemical Factors
Beyond climate, several intrinsic physicochemical factors within the mine waste itself critically influence contaminant mobility and stability:
i. pH and Redox Potential: These are arguably the most critical parameters. Fluctuations in pH can drastically alter the surface charge of clay minerals and the speciation of contaminants. For instance, a decrease in pH (e.g., due to AMD) can protonate clay surfaces, reducing their negative charge and leading to the desorption of cationic metals. Conversely, an increase in pH can favor the precipitation of metal hydroxides or carbonates on clay surfaces. Redox potential governs the oxidation states of redox-sensitive contaminants like arsenic and chromium, which in turn affects their solubility and affinity for clay surfaces (Stumm & Morgan, 2013).
ii. Competing Ions: The presence of high concentrations of other cations (e.g., Ca2+, Mg2+, Fe2+, Al3+) in mine waters can compete with target heavy metals for available sorption sites on clay minerals, leading to the displacement and remobilization of previously bound contaminants. This is particularly relevant for cation exchange mechanisms on smectite.
iii. Organic Ligands: While organic matter can sometimes enhance sorption, certain naturally occurring or anthropogenic organic ligands can form stable, soluble complexes with metals, increasing their mobility in the aqueous phase and potentially desorbing them from clay surfaces (Alloway, 2012).
4.3. Long-Term Stability of Clay-Contaminant Complexes
The long-term stability of contaminants bound to clay minerals in Nigerian mine waste is a significant concern. While initial sorption may be effective, the dynamic nature of environmental conditions (e.g., prolonged rainfall, extreme dry periods, changes in land use) can challenge these bonds. The transformation of clay minerals themselves over geological timescales, though slow, can also lead to the gradual release of sequestered contaminants. Therefore, understanding the reversibility of sorption and the conditions that promote desorption is as important as understanding [image: ]the initial binding.












Figure 2: A geologic map of the study area (modified from (a,b) generalized maps showing the location (the purple square) of the Ropp Complex, (c) a geological map showing lithology of the study area and sampling sites.
Source: Yunusa et al, 2024
4.4. Case Study: Smectite-Cu Mobility in Jos Plateau Copper Mines
While the Jos Plateau is historically known for tin and columbite mining, some areas also contain copper mineralization. If copper mining or associated waste exists, smectite's role in copper mobility becomes pertinent. Smectite, if present in the mine waste on the Jos Plateau, would initially exhibit a strong capacity for copper (Cu2+) sorption due to its high CEC (Alabi et al., 2024). However, the mobility and long-term stability of smectite-bound copper in this region would be influenced by the prevailing semi-arid climate and specific site conditions.
During the prolonged dry season characteristic of the Jos Plateau, evaporation could lead to the upward migration of copper-laden pore water within smectite-rich tailings. This process might result in the precipitation of copper salts or the formation of concentrated copper phases at the surface. When the intense rainy season commences, these concentrated copper species could be rapidly dissolved and flushed, potentially leading to significant episodic copper releases into surface waters (Emetumah, & Okoye, 2022). Furthermore, if the mine waste generates acidic conditions (AMD), the decrease in pH could reduce the negative charge on smectite surfaces and protonate its hydroxyl groups, leading to the desorption of Cu2+ (Bradl, 2004). The presence of competing ions (e.g., Ca2+, Mg2+) from the dissolution of other minerals in the waste could also displace sorbed copper, increasing its mobility. Therefore, while smectite offers a high initial sorption capacity for copper, the dynamic climatic and geochemical conditions on the Jos Plateau necessitate careful consideration of potential remobilization pathways for effective long-term management.
5. NIGERIAN FIELD APPLICATIONS
The theoretical understanding of clay-contaminant interactions, particularly for smectite, kaolinite, and chlorite, finds its practical relevance in the development and implementation of effective remediation strategies for mine waste. Given the abundance of these clay minerals across Nigeria, their utilization in field applications offers a promising, cost-effective, and sustainable pathway for mitigating environmental contamination. While comprehensive, large-scale applications specifically targeting hard rock mine waste in Nigeria are still emerging, principles from related fields and pilot studies provide valuable insights into their potential, (Adeniyi et al., 2023).
5.1. Review of Pilot Studies and Potential Applications
Existing literature, largely from the pilot and lab scale, highlights the potential of Nigerian clays for contaminant immobilization, whether in their natural form or after simple modifications designed to increase their sorption potential. Field applications include the direct amendment of polluted soils and mine waste dumps in which indigenous kaolinite or smectite immobilizes metals like lead in areas affected by small-scale mining (Ajala et al., 2020, 2022; Paul et al., 2024). Clays can also be used in permeable reactive barriers for the cleanup of waters such as in groundwater, used in liners and covers in waste dumps for mine waste reduction by leachate production or as adsorbents in water treatment applications. While the use of full-scale applications in Nigeria remains limited, the evidenced flexibilty of the clays positions them as desirable in-place materials for the sustainability of mine waste management (Odigi, 1994; Alexander et al., 2019; Abu et al., 2023).
5.2. Challenges of Field Application in Nigeria
Implementing these applications in Nigeria faces several practical challenges:
i. Logistical Constraints: Access to remote mining sites, especially artisanal ones, can be difficult, hindering the transport of materials and equipment.
ii. Cost-Effectiveness for ASM: For informal artisanal mining, the economic viability of sophisticated clay-based remediation techniques can be a barrier. Simple, low-cost methods utilizing readily available materials are often preferred.
iii. Technical Expertise: A shortage of trained personnel for site characterization, design, implementation, and long-term monitoring of clay-based remediation systems can impede progress.
iv. Regulatory Enforcement: The lack of strict enforcement of environmental regulations in some mining areas allows for continued uncontrolled disposal, negating remediation efforts.
v. Community Engagement: Successful implementation requires active engagement and cooperation from local communities, particularly in areas dominated by artisanal mining.

Table 3: Pilot Studies Using Local Clays for Mine Waste Remediation (Illustrative Examples)
	Study Location (Nigerian/African)
	Mine Type/Contaminant Source
	Clay Mineral Used (Raw/Modified)
	Target Contaminants
	Remediation Method
	Key Results (e.g., % removal, immobilization efficiency)
	Challenges/Limitations
	Reference 

	Zamfara State (Hypothetical Pilot)
	Gold Ore Tailings (As, Pb)
	Raw Kaolinite (local source)
	As, Pb
	Direct Soil Amendment
	~60-75% reduction in leachable As/Pb in lab; field trial showed 30% reduction in plant uptake
	High clay dosage needed; long-term stability unconfirmed; community acceptance
	(Based on hypothetical field trial)

	Benue Trough (Hypothetical Pilot)
	Lead-Zinc Mine Drainage (Pb, Zn)
	Smectite (local source)
	Pb, Zn
	Permeable Reactive Barrier (PRB)
	>80% Pb removal, ~50% Zn removal in column studies; field PRB showed 70% reduction in groundwater Pb
	Clogging issues; limited flow rate; high initial cost
	(Based on hypothetical field trial)

	Niger Delta (Oilfield Analogy)
	Hydrocarbon Contamination
	Local Smectite (bentonite)
	Hydrocarbons, heavy metals
	Engineered Clay Liner/Containment
	Effective containment of pollutants; low permeability
	Installation complexity; integrity over time
	(General engineering principle, specific local studies needed)



Note: This table contains illustrative examples. Actual data for "Nigerian Field Applications" would require specific published pilot studies or field trials from Nigeria. If direct mine waste applications are scarce, analogous applications from other contaminated sites in Nigeria (e.g., oil spills) or similar African mining contexts could be included with appropriate caveats.
6. CHALLENGES & OPPORTUNITIES
Despite the clear potential of clay minerals in mitigating mine waste contamination, their widespread and effective application in Nigeria faces a multifaceted array of challenges. These obstacles span policy, technical, and socio-economic domains, demanding integrated solutions. Simultaneously, these challenges present unique opportunities for innovation, capacity building, and the development of sustainable, context-specific approaches.
6.1. Policy Gaps
A significant impediment to the systematic utilization of clay minerals in mine waste management in Nigeria is the presence of discernible policy gaps.
i. Lack of Clay-Mineral-Specific Standards: Current Nigerian mining and environmental regulations, while addressing general waste management, often lack specific guidelines or performance standards for the use of clay minerals in remediation. For instance, there may be no explicit criteria for the required cation exchange capacity (CEC), hydraulic conductivity, or long-term stability of clay liners or reactive barriers. This absence hinders the standardized design, implementation, and evaluation of clay-based solutions, making it difficult for regulatory bodies to enforce their proper use or for project developers to ensure compliance (Olujobi, & Irumekhai, 2024)
ii. Enforcement Issues: Even where general environmental regulations exist, their enforcement, particularly in the pervasive artisanal and small-scale mining (ASM) sector, remains a significant challenge. The informal nature of many operations, coupled with limited regulatory oversight and resources, means that best practices for mine waste management, including the use of local clays, are often neglected (Macháček, 2019). This perpetuates environmental degradation and undermines efforts towards sustainable mining.
iii. Data Deficiencies: Policy formulation is often hampered by a lack of comprehensive, publicly accessible baseline data on the mineralogical composition of mine wastes across different Nigerian regions. Without detailed characterization of the clay mineralogy at specific sites, it is difficult to develop tailored, effective, and legally defensible remediation strategies.
6.2. Technical Challenges
Nigerian clay-based treatment is also complicated by various technicalities limiting its scale-up for effective implementation. The nature of natural clay deposits is highly heterogeneous in terms of composition and purity and in physicochemical properties, necessitating rigorous site-specific characterization that escalates costs and technical intricacies (Ajala et al., 2022). Scaling up from the research laboratory to field applications also presents technical challenges like achieving effective compaction, hydraulic conductivity control and long-term structural integrity, often requiring a level of expertise not readily available locally. Additionally, the long-term effectiveness of the barrier remains questionable under Nigeria's wetting-drying cycles and variable geochemical regimes and hence requires mandatory and resource-demanding monitoring.
6.3. Socio-Economic Challenges
Socio-economic aspects are also similarly significant in terms of impacting the efficacy of mine waste remediation activities in Nigeria. Inability of government funding and lack of private investments in capital projects render many sites untreated. The efficacy of effective remediation also is dependent upon the support and acceptance of communities, particularly in areas highly characterized by artisanal and small-scale mining (ASM), whose amicable resolution of conflicts revolving around use of lands, equitable payments, and participation by the various parties are essential for sustainability (Macháček, 2019). Additionally, the integration of artisanal miners presents a significant barrier in the strategies having to achieve environmental effectiveness and economic sustainability by way of requiring formalization campaigns, safer processing methods, and integration into larger supply chains.
6.4. Opportunities
Despite these challenges, the unique context of Nigeria presents significant opportunities for advancing clay-based remediation.
i. Local Resource Utilization: The abundant and widespread availability of kaolinite, smectite, and other clay minerals across Nigeria represents a substantial natural asset. Utilizing these local resources for remediation can significantly reduce material costs and transportation logistics, making solutions more economically viable and environmentally friendly (Ojo et al., 2017).
ii. Innovation in Clay Modification: There is a vast opportunity for research and development into simple, cost effective methods for modifying indigenous Nigerian clays to enhance their contaminant removal capacities. Techniques such as acid activation, thermal treatment, or the incorporation of iron oxides can significantly improve sorption efficiency for specific contaminants, tailoring the clays for specific mine waste challenges (Alexander et al., 2019).
iii. Capacity Building: The growing awareness of environmental issues in Nigeria creates an opportunity for investing in human capital. Training local scientists, engineers, and technicians in clay mineralogy, environmental geochemistry, and remediation technologies can build the expertise necessary for sustainable solutions.
iv. Policy Development and Enforcement: The existing policy gaps present an opportunity to develop tailored, clay-mineral-informed environmental policies and regulations for the Nigerian mining sector. This includes setting specific standards for clay based barriers and encouraging their use in environmental impact assessments (EIAs) and mine closure plans. Stronger enforcement mechanisms, potentially through community-based monitoring, can ensure compliance.
v. Interdisciplinary Collaboration: Addressing the complex challenges of mine waste requires collaboration among geologists, environmental scientists, engineers, policymakers, economists, and local communities. Nigeria's academic and research institutions can play a leading role in fostering such interdisciplinary partnerships.
Our results collectively can help inform the development of specially-designed remediation measures and aid the development of policy structures supported by evidence within Nigeria to ensure systematic integration into the nation's practices concerning waste management for mines.
7. FUTURE DIRECTIONS
The preceding analysis underscores the critical role of clay minerals in managing mine waste contamination in Nigeria and highlights significant knowledge gaps and implementation challenges. To advance sustainable mine waste management in the country, future research and strategic initiatives must focus on several key directions, emphasizing a Nigeria-centric approach that leverages local resources and addresses specific environmental contexts.
7.1. Targeted Research
Future research should prioritize in-depth, site-specific investigations to enhance the fundamental understanding of clay contaminant interactions under Nigerian conditions:
i. Comprehensive Clay Mineralogical Characterization: There is a pressing need for detailed mineralogical and geochemical characterization of clay minerals across diverse Nigerian mine waste sites, including both active and abandoned operations. This should extend beyond bulk analysis to include detailed studies of clay surface properties, crystallinity, and the presence of mixed-layer clays, which can significantly influence reactivity. Advanced analytical techniques such as X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Spectroscopy (EDS), and Transmission Electron Microscopy (TEM) are crucial for this.
ii. Long-Term Stability Studies: Experimental studies are needed to assess the long-term stability of clay contaminant complexes under fluctuating Nigerian climatic conditions, including prolonged wetting-drying cycles, varying pH, and redox potentials. Accelerated weathering tests and field-scale lysimeter experiments can provide insights into contaminant remobilization over extended periods, which is vital for designing durable remediation solutions.
iii. Bio-Geochemical Interactions: The influence of microbial communities on clay contaminant interactions in Nigerian mine waste is largely unexplored. Future research should investigate how microbial processes (e.g., sulfate reduction, iron oxidation, organic matter degradation) can alter the geochemical environment at the clay-water interface, thereby affecting contaminant speciation, mobility, and immobilization. This interdisciplinary research can lead to novel bioremediation strategies integrated with clay-based systems.
iv. Contaminant Speciation and Bioavailability: More research is required on the speciation of metals and metalloids in Nigerian mine waste and how this relates to their bioavailability and toxicity. Understanding the specific chemical forms of contaminants (e.g., free ions, complexed species, precipitated phases) is crucial for accurate risk assessment and for designing remediation methods that effectively reduce exposure pathways.
7.2. Technological Advancement
Innovation in clay-based remediation tailored to Nigeria is crucial for advancing sustainable mine waste management. Research should prioritize cost-effective modification techniques that enhance the performance of indigenous clays, such as using locally available reagents for activation or incorporating iron-rich materials to improve adsorption capacity (Abu et al., 2023). For the artisanal mining sector, low-tech and community-friendly solutions such as packed clay filtration columns for contaminated water or clay-amended soil covers for small tailings sites offer practical pathways with minimal equipment needs. Equally important is the development of affordable and robust monitoring systems capable of tracking parameters like pH, redox conditions, and contaminant concentrations, ensuring the long-term effectiveness of clay-based remediation even in remote areas.
8. CONCLUSION
The pervasive challenge of mine waste contamination in Nigeria, exemplified by severe lead poisoning incidents in Zamfara and widespread heavy metal pollution in regions like Benue, necessitates urgent, sustainable, and context-specific remediation solutions. This comprehensive review has underscored the critical, yet often underutilized, potential of indigenous clay minerals (smectite, kaolinite, and chlorite) as pivotal components in mitigating the environmental and health impacts associated with these mining activities.
We have demonstrated that these abundant natural materials possess distinct structural and physicochemical properties that govern their interactions with diverse contaminants. Smectite, with its high cation exchange capacity and expandable interlayer, serves as a powerful sink for cationic heavy metals like lead and cadmium. Kaolinite, despite its lower charge, exhibits crucial reactivity at its edge sites, making it highly effective for the surface complexation and immobilization of metalloids such as arsenic. While chlorite's direct sorption capacity may be limited, its structural stability and indirect geochemical contributions play a role in long-term contaminant stability. Crucially, the review highlighted how Nigeria's varied tropical and semi-arid climates profoundly influence contaminant mobility and the long-term integrity of clay-contaminant complexes, demanding tailored approaches to remediation design.
Despite the theoretical promise and some nascent pilot applications, the widespread implementation of clay-based remediation in Nigeria faces significant hurdles, including policy gaps, technical complexities related to clay variability and large-scale engineering, and socio-economic constraints. However, these challenges simultaneously present unparalleled opportunities. The vast local availability of suitable clay resources offers a cost-effective and environmentally sound pathway to remediation. Opportunities abound for targeted research into clay modification, the development of low-tech, community-implementable solutions, and robust capacity building within Nigeria's scientific and engineering communities.
Ultimately, addressing the legacy and ongoing challenges of mine waste in Nigeria demands a concerted, interdisciplinary effort. There is an urgent call for Nigeria-centric research and funding to systematically characterize local clay resources, understand their long-term performance under specific climatic conditions, and develop innovative, scalable remediation technologies. Integrating these scientific advancements into robust national policies and ensuring their effective enforcement, particularly within the artisanal mining sector, is paramount. By embracing the potential of its indigenous clay minerals, Nigeria can forge a path towards more sustainable mining practices, protect its vulnerable communities, and safeguard its invaluable natural environment, potentially serving as a model for other African nations grappling with similar environmental legacies.
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