
 
 

 

Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/) 
41 

Baba Nwunuji Hikon & 
Garbunga Gary Yebpella 

TEIEE 2(1) 2024 

 

REVIEW ARTICLE OPEN ACCESS 

https://doi.org/10.62622/TEIEE.024.2.1.41-49 ISSN 2956-9761 

 

BIOAVAILABILITY OF METALS IN THE BIOSPHERE 
 

Baba Nwunuji Hikon*, Garbunga Gary Yebpella 
Department of Chemical Sciences, Federal University Wukari, P.M.B. 1020 Katsina-Ala Road Wukari, Taraba State, Nigeria 

*Corresponding email: babahikon@fuwukari.edu.ng 

Received: 03.02.2024; Accepted: 11.03.2024; Available online: 30.03.2024 Published: 30.03.2024 
 

Cite this article: Hikon, B. N., & Yebpella, G. G. (2024). Bioavailability of Metals in the Biosphere. Trends in Ecological and Indoor Environment 
Engineering, 2(1), 41–49. 

 

In some areas, soil, sediment, water, and organic materials may exhibit elevated concentrations of various metals. Under certain conditions, these metals 

can take on most bioavailable forms. To assess the impacts and potential risks associated with elevated element concentrations, understanding the 
fraction of whole elements in water, sediment, and soil which are bioavailable is very important. The study aims to examine these conditions to 

accurately assess potential environmental impacts. For the study, searches were carried out using the keywords "bioavailability", "metal" and 

"environment" in various combinations in English. The search was limited to articles published open access in NCBI or PubMed, Scopus, and Google 
Scholar. The language of the manuscript was not restricted. The complex interactions of these diverse factors highlight the difficulty of assessing and 

understanding the bioavailability of metals in different environmental matrices. The study identified key factors affecting the bioavailability of the 

metal. These factors can change over time and among different microorganisms, plants, and animals. Research involving field and laboratory studies 
conducted at specific locations in soil, sediment, and flora using selective chemical extraction techniques is critical to a detailed understanding of the 

complex ecological processes associated with the bioavailability of metals to organisms. 
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INTRODUCTION 

Bioavailability refers to the portion of a metal in a certain 

environmental component that, during a specific timeframe, is 

either accessible or can be rendered accessible for absorption by 

microorganisms in the organism. Numerous researchers 

acknowledge the crucial metal' role speciation in determining 

the toxic metals bioavailability. Nevertheless, the definite metals 

types that are decisive for ultimately causing harm to organisms 

remains unclear. Typically, the toxic effects of heavy metals are 

attributed to the free metal ion. But, the Biotic Ligand Model 

revealed that other metal ions significantly affects the uptake of 

metals by organisms (Paquin et al., 2002). Moreover, in cases 

where the metal ions penetration into environmental 

components toward the abiotic faces play a major role in 

controlling metal uptake, loosely bound metal complexes may 

play a role in facilitating metal absorption. Consequently, in 

most instances, the 'bioavailable' species are observed to contain 

of the available cations (Slaveykova & Wilkinson, 2002) or 

loosely bound metal species (Mylon et al., 2003).  

The ecological fate of some metals such as copper, cadmium, 

chromium, mercury, nickel, manganese, and lead, along with 

metalloids like arsenic, antimony, and selenium, is a 

significant concern. This is especially true near abandoned 

dumps, mines, tailings ponds and reservoirs, as well as in 

populated areas and areas with active industrial facilities. Soil, 

water, sediment, and organic materials of urbanized and 

industrialized areas may exhibit elevated concentrations of 

these elements, often stemming from historical mining or 

industrial activities which result to the realization of other 

bioavailable species of the metals (Christopher & Rosen, 2009). 

To gain a comprehensive understanding of elemental 

abundances, it is essential to acquire data from the lands and 

watersheds surrounding these sites. Background values, 

influenced largely due to underlying bedrock and water-rock 

interface that is established which provide context and 

perspective to elemental concentrations. This approach aids in 

assessing the potential environmental impact and 

understanding whether observed concentrations are within 

expected or concerning ranges. To assess the properties and 

impending threats linked to heightened metals level arising as 

a result of mineral weathering or mining work, it is crucial to 

know the quantitative content of bioavailable elements in soil, 

water, and sediments. It is the quality "bioavailability" that is a 

key factor in understanding the environmental impact, since it 

represents that part of the metals that is available for inclusion in 

the biota (bioaccumulation) (Brit, 2015). 

Notably, total metal content per unit volume may not align with 

metal bioavailability. It is so well known that sulphide minerals, 

when enclosed in quartz or other chemically inert minerals, can 

result in significant overall metal concentrations in settled 

sediments and ground cover. However, the elements are not 

accessible for assimilation into either plants or animals leading 

to potentially low environmental effects (Davis et al., 1994). 

Consequently, the overall environmental impact of mining rocks 

containing such minerals might be significantly less than mining 

deposits with more chemically active minerals in less quantity. 

Associations with sulphide minerals can be formed by metals 

from mining activities in an aquatic environments with a 

predominance of chemically reducing states. Whether available 

in the ore deposit or generated as a result of bacterial sulphate 

conversion in oxidized tailings most sulphide metal minerals 

remain relatively immobile in chemically reducing environments.  

Given the ever-increasing anthropogenic pressure on the 

environments. The reason of the research was based on in-depth 

analysis of the bioavailability of metals to better understand the 

risks to the population and identify gaps in this area for further 

research. 

MATERIALS AND METHODS 

The current review study uses 20 years of peer-reviewed papers 

published between January 2004 and December 2023. The 

search was carried out using the keywords "bioavailability", 

"metal" and "environment" in various combinations in English. 

The search was limited to articles published in the public 

domain. The language of the manuscript was not restricted. The 

publication or study was not limited to a specific geographic 

location. Searches were conducted in NCBI or PubMed, Scopus 

and Google Scholar. The methodology was based on 

recommendations (Page et al., 2020). 
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At the first stage, manuscript abstracts were examined. The 
purpose of this stage was to exclude erroneous manuscripts 
that are not related to the topic under study. 

Articles were in demand that were aimed at studying the 
phenomenon of bioavailability of metals common in various 
environmental environments, namely: 

– identifying the features of this phenomenon; 

– study of factors promoting and inhibiting the bioavailability 
of metals; 

– improved understanding of metal uptake by organisms in 
different environments; 

– study of bioavailability by selective chemical extraction. 

Only studies that addressed at least one of the areas listed 
above were selected. Next, the selected manuscripts were 
subjected to detailed reading and critical assessment of their 
informativeness for the stated purpose of the current study. 
Methods of analysis and synthesis were used to systematize 
the information identified, methods of logical thinking and 
comparison were used to understand risks and identify gaps. 
Cross-references were also taken into account if they provided 
useful information in accordance with the objectives of the 
current study. 

It is expected that the results of the current study will help 
interested scientists discover new directions of research and 
progress in this field of knowledge, and will also help 
practitioners and decision makers act with greater caution, 
taking into account all the risks to humanity. 

RESULTS AND DISCUSSIONS 

In total, the search identified 1369 literature references matched 

from January 2004 to December 2023. The distribution of the 

number by database was as follows: NCBI or PubMed –  

315 papers, Scopus – 741 and Google Scholar – 313. The 

distribution of publications by year in different databases is 

presented in Figure 1. 

 

Figure 1. Number of scientific articles on the query topic from 

January 2004 to December 2023 for Scopus,  

Google Scholar, NCBI or PubMed 

As a result of the search, 521 literature sources were rejected as 

duplicates; 259 scientific studies were rejected as not relevant to 

the query topic and only 589 articles had their full text reviewed 

(Figure 2). 

 

Figure 2. Systematic selection of sources according to the study purpose 

After peer review of the full text, 52 studies were identified as 

having insufficient evidence, 38 studies had findings that were 

unclear, and 29 studies had inaccurate data. For these reasons, 

these sources were also excluded. Thus, 486 studies were most 

suitable for identifying information in accordance with the 

purpose of the current study. 

Bioavailability  

The bioavailability of a metal is directly associated with its 

species or form. In this context, bioavailability is understood 

like metal' ability (or of a elementary type) to be assimilated 

by an organism and impact its stages of development (Singh & 

Prasad, 2023). This term encompasses both harmful toxins and 

essential nutrients, signifying substances that can be 

detrimental or beneficial and necessary. The bioavailability of 

pollutants is an important scientific reference that helps in 

environmental risk assessment (Jin et al., 2023). Crucially, for 

a substance to be considered bioavailable, it must upset the 

lifespan of an organism (Nnaji et al., 2023). If a metal is taken 

into an organism but does not significantly impact it, it is not 

deemed bioavailable.  

Certain bacteria and fungi have developed resistance 

mechanisms that allow them to continue to exist at elevated 

metal levels by complexing metal ions with proteins to generate 

insoluble metal sulphides, which actually reduces metal 

absorption. Direct or in situ measurement of metal speciation is a 

complex process. Frequently, laboratories attempt to simulate 

natural environments to create an approximation. However, as 

metal phases are in persistent change, determination of metallic 

content per unit volume in the environment is possible only from 

a snapshot at a certain moment. The environment is variable over 

time, and species undergo constant changes under the influence of 

environmental factors. For example, a study (Zhao et al., 2021) 

found through fractional analysis that potential bioavailability in 

surface soils declines in the direction Cd > As > Cu > Ni > Zn > 

Cr > Pb > Hg. Sorption methods play a significant part in 

determining metals bioavailability. Sorption encompasses 

various processes that remove a metal ion from a solution, 
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including absorption, adsorption, diffusion into a solid, and 

precipitation. The reverse process, where metals dissolve back 

into a solution, is known as desorption. Understanding these 

processes is crucial for comprehending the dynamic interplay of 

metal bioavailability in the environment (Robert et al., 2005; 

Cai et al., 2021; Dietrich et al., 2021). 

The United State Environmental Protection Agency (USEPA) 

identifies certain metals as of primary concern in 

bioavailability studies: Arsenic, Antimony, Aluminium, 

Beryllium, Copper, Chromium, Cadmium, Lead, Nickel, 

Selenium, Mercury. These metals are of great concern as a 

result of their contact with organisms which may lead to high 

risks. Studying the bioavailability of these metals is crucial for 

understanding their environmental impact and potential 

implications for ecosystems and human health (McKinney & 

Rogers, 1992; Abbas et al., 2023). Metals exhibit dispersion in 

soil, water, and air, and geoscientists primarily interested in 

metals dissolved in natural surface and ground waters, diffused 

in soil and sediments, and suspended as particles in surface 

waters. Mineralogy control the availability and movement of 

metals during precipitation, but other associations may be 

observed for bioavailable fractions (Cánovas et al., 2023). In 

addition, metals present in the pore fluid in sediments are also 

of interest (Figure 3) (Mitra et al., 2022). 

 

Figure 3. Interrelationships of human activities, metals, and 

the environment (Mitra et al., 2022, Creative Commons 

Attribution License International CC-BY 4.0) 

Moreover, metals can be released into the atmospheric space 

through natural geochemical processes, various anthropogenic 

activities (in particular, lead containing gasoline and coal 

combustion, smelting), and bacterial activities. These 

atmospheric metallic instability are of crucial considerations 

in the comprehensive research of such metal quality as 

bioavailability. Bioaccumulation of metals by naturally 

occurring organisms of various classes in surface waters and 

terrestrial environments is likely to have a negative impact on 

human health. In every environment, such as air, sediments 

and natural waters, bioavailability is a multifaceted function 

that is predisposed through numerous causes. Whatever the 

factors, they take into account the total content of metals per 

unit volume and their physicochemical forms (speciation). In 

addition, factors also take into account the content of 

suspended particles, redox potential, pH, heat/cold, 

mineralogy, carbon-based matter content of solid and 

dissolved solids, water velocity, volume and its availability 

over time, which is especially important for arid and semi-arid 

regions. Additionally, factors such as windblown and recovery 

metals by precipitation from the atmosphere (with the regularity 

being more significant than quantity) should be taken into 

account (Miranda et al., 2021). More factors discussed are 

interconnected and exhibit seasonal and temporal variations 

(Cánovas et al., 2023). Research has even found that such factors 

also include chloride complexes, which has a direct consequence 

on metals bioavailability, although the process itself and its 

effectiveness depend on a number of features, such as type of flora 

or the species, initial concentrations, nature of habitat 

(Dołęgowska et al., 2022). Also, the concentrations of bioavailable 

metals depend significantly on the types of chemical extractants 

(Wang et al., 2021). Altering one factor may have cascading 

effects on several others. Furthermore, the influence of generally 

poorly understood biological factors appears to be significant in 

the bioaccumulation of metals, posing challenges for accurately 

predicting metal bioavailability. The intricate interplay of these 

diverse factors underscores the complexity of assessing and 

understanding the bioavailability of metals in various 

environmental matrices. Understanding the metals 

bioavailability in natural surface waters and soil involves 

considering several major controls and employing specific 

analytical methods. Redox potential, organic matter content, pH, 

temperature can be highlighted as key factors and actions to 

comprehend bioavailability (Guarino et al., 2022). 

An accurate assessment of the elements bioavailability and 

mobility can be obtained after understanding soil acidity, organic 

matter, sulphur, and carbonate content. Soil scientists 

specializing in agriculture have dedicated over a century to 

investigation of nutrient chemistry which are present in the soil. 

Various soil testing procedures have been established to 

determine the occurrence and availability of fundamental 

elements crucial for high-quality plant growth (Hu et al., 2015; 

Ding et al., 2017; Wanget et al., 2021). Among these elements, 

potassium, phosphorus, and nitrogen, together with assessments 

of acidity index and salinity, stand out as the utmost frequently 

determined elemental properties (Peck & Soltanpour, 1990). The 

study of the physical-chemical aspects of nutrient availability in 

soil is a topic addressed by Corey (1990), shedding light on the 

complex interactions that influence the accessibility of nutrients 

to plants. In addition, the studies provide comprehensive review 

of soil testing correlations, offering insights into the interactions 

of different soil characteristics and the concentration of essential 

nutrients (Dahnke & Olson, 1990; Havlin, 2020; Liu et al., 2021). 

These studies and correlations play a pivotal role in guiding 

agricultural practices, ensuring optimal conditions for plant 

growth, and maximizing crop yield (Guan et al., 2023). 

Conditions promoting bioavailability in soil 

Metals enter the food chain through agricultural products 

through absorption by plants (González-Valoys et al., 2021; 

Hu et al., 2015; Guérin et al., 2022). However, key stages for a 

successful uptake are: 

– elements supply to the plant root from the soil; 

– elements penetration through the membrane of root epidermal 

cells; 

– elements transport to the xylem from epidermal cells, which is 

required for transporting an elements' solution to shoots; 

– possible movement from the leaves of plants to storage tissues 

that are suitable for consumption (fruits, seeds, roots) in the 

phloem transport system. 

Once metals have passed through these stages and accumulated in 

plants, they become available to the local population and 

herbivores immediately or through the food pyramid. The entry of 

food pyramid elements is often limited by the movement from the 

soil to the plant root (Hussain et al., 2021; Vasile et al., 2021;  

Chen et al., 2022). This crucial step stands heavily influenced by 

the elements levels in earth orifice mixture that, in turn, are 

measured by several confined ground properties, including acidity 

index, water content, humidity, redox potential, and other criteria. 
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Climate makes a significant contribution to the formation of 

soil types, and these two factors, climate and soil type, largely 

dictate the mobility and availability of elements, including 

metals and metalloids (Nedrich & Burton, 2017; Koptsik & 

Koptsik, 2022). Arid climates, such as those in the western 

United States, tend to a low content of organic matter and high 

carbonate and salt abundances. These steps generally contain 

the metals under investigation, contributing to their presence 

in the soil. In humid climates, like those in the eastern United 

States, high organic matter content dictates the need to assess 

the hazards of organic matter-associated metals and the 

residence time of such metals. With time, as abundant of the 

organic component oxidizes, adsorbed metals may be free or 

become accessible. In equatorial climates, the build-up of 

aluminium and manganese, as well as of iron oxide minerals 

in the soil, contributes to limiting the movement and 

availability of metals and metalloids (Idowu, 2022). 

The rate of metal uptake also depends on the relative 

abundance and availability of certain elements, and on plant 

types. The absorption of minor elements such as arsenic and 

cadmium can be significantly reduced if the bioavailability of 

essential nutrients such as phosphorus and calcium, respectively, 

is sufficient, due to their chemical proximity. Researchers have 

identified complicated interactions between elements and the 

objects of their accumulation, if bioavailability depends on the 

amount or ratio of several elements (Gong et al., 2020). Such 

cases may include copper toxicity, which is associated with low 

levels of zinc, iron, molybdenum and sulphate (Chaney, 1988). 

This scientific literature is rich in studies describing the 

anthropogenic contributions of industrial and mining industries 

to the elements' presence in the natural components, as well as 

their impact on bioavailability to biological entities (Ippolito et al., 

2017; García-Lorenzo et al., 2019; Gauthier-Manuel et al., 

2021). Options for examples may vary depending on the toxic 

metals' presence on soil close and distant from anthropogenic 

sources of contamination (Pouyat & McDonnell, 1991), on the 

generation of acid mine drainage (Filipek et al., 1987) on metal 

absorption by vertebrate organisms during laboratory tests 

(Brown et al., 1995), and on metal absorption by vertebrate 

animals near industrial enterprises (Storm et al., 1994).  

Metal distribution in sediments and surface waters 

In aquatic environments, after being discharged but before 

being taken up by biological objects, metals undergo 

partitioning between phases: liquid and solid. In each of the 

phases, under the influence of the strength of metal-ligand bonds 

and the concentration of ligands, further distribution between 

ligands occurs. Metals can be distributed into six fractions in 

solid phases, that is, in particles of natural water bodies, in 

sediments and in soils: (a) dissolved – metals that are present in 

a dissolved form in the water; (b) exchangeable – metals that are 

readily exchangeable with other ions in the environment; 

(c) carbonate – metals associated with carbonate minerals; 

(d) iron-manganese oxide – metals associated to Fe-Mn 

oxides; (e) organic – metals bound to organic component; 

(f) crystalline – metals present in crystalline structures. 

Sequential partial extraction procedures reveal how different 

metals partition within these phases. The apportioning 

processes are significantly influenced by disparities on 

environmental factors such as acidity, redox state, organic 

content, and other conditions. This complex interplay of 

factors affects the metals distribution in а liquid environments 

and is decisive in determining their bioavailability and 

potential impact on ecosystems. Studies by Elder (1989) and 

Salomons (1995) have contributed to our understanding of 

these partitioning dynamics in aquatic systems.  

The carbonate fraction can precipitate and accumulate in the 

ground cover. This fraction consists of metals chemically 

associated with carbonate minerals contained in soil and 

sedimentary rocks. Metals adsorbed on coatings or on particles 

of Fe-Mn oxides constitute the iron and manganese oxide 

fraction. The crystalline fraction includes metals found in 

crystalline arrangement of metals that are usually inaccessible to 

biota. The organic fraction includes metals associated with 

different organic matter forms (Sarkar, 2021). 

Hydrogen ion activity, commonly expressed as acidity index, 

stands out as arguably the most influential and significant 

criterion in the speciation of metals, in their potential 

bioavailability in aqueous solutions, transfer into living 

organisms, solubility from mineral surfaces. The acidity 

indicator plays a pivotal role in the processes of assimilation, 

removal and transition into metal hydroxide solution. In natural 

water conditions, most metal hydroxide minerals exhibit 

extremely low solubility. As the acidity indicator decreases, the 

hydroxide ion activity increases, leading to an increase in the 

solubility of metal hydroxide minerals. Consequently, metals 

that go into solution will potentially be more available for 

absorption by organisms and involved in biological cycles as the 

acidity level decreases. In an ionic structure, often pose a greater 

danger to aquatic organisms due to their high toxicity, highlighting 

the crucial role of pH in determining the environmental impact of 

metals in aquatic ecosystems (Salomons, 1995).  

Adsorption, the process wherein dissolved metals bind to solid 

particle surfaces, particularly organic matter, aluminium oxide 

minerals, iron oxide mineral, manganese oxide minerals, clay, is 

highly dependent on the acidity indicator. Additionally, the active 

surfaces' availability and the dissolved metal component in the 

environment also play crucial roles in the adsorption process. The 

pH of the environment influences the charge on these surfaces and, 

consequently, the affinity of metals for adsorption. The interaction 

between pH, particulate surfaces, and dissolved metal content is 

integral to understanding the fate and bioavailability of metals in 

marine schemes (Elhaj Baddar et al., 2023; Liao et al., 2023; 

Stauberet al., 2023). Metals exhibit varying tendencies to be 

adsorbed for various values of acidity indicator, and the sorption 

ability of oxide surfaces typically changes from nearly 0% to 

close to 100% approximately in the range of 2 pH units. For 

different metals, the adsorption edge, which represents the pH 

range in which a rapid change in sorption capacity occurs, 

differs. This feature promotes the precipitation of various metals 

over a wide range of acidity index' values (Rieuwerts, 1998). 

As a consequence, mixing metal-rich, acidic water through 

higher pH value, metal-poor water can lead to the spreading and 

parting of metals. Altered metals are adhered onto several media 

transversely a variety of pH values. Cadmium and zinc normally 

take adsorption limits at higher pH matched to iron and copper 

resulting in much mobile and possibly to be more broadly 

detached. Adsorption limits also differ with the levels of the 

complexing agent; thus, higher levels of the complexing agent 

upsurge the pH of the adsorption limit. The interplay between 

different cations in aquatic environments is indeed complex 

and crucial for understanding metal adsorption dynamics 

(Bourg, 1988). The competition between major cations like 

magnesium (Mg2+) and calcium (Ca2+) with other metal cations 

for adsorption sites significantly influences the fate and mobility 

of metals in such environments. Let’s delve deeper into these 

interactions and their implications (Salomons, 1995).  

The size of particles and the resultant total surface area 

accessible for adsorption are vital features in adsorption 

practises that can influence metal bioavailability (Luoma, 1983). 

Minor units with large surface-area-to-mass ratios allow for 

further adsorption likened to an equal mass of large units with 
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small surface-area-to-mass ratios. Decreased adsorption can 

increase metal bioavailability by uplifting levels of dissolved 

elements in the nearby water. 

The size of particles released during mining activities hinge on 

the exact mining and beneficiation methods employed. Finely 

milled ore has the latent to discharge abundant lesser particles. 

These lesser particles can be more broadly disseminated by 

water and wind and can also serve as sites of improved 

adsorption. Subsequently, the environmental influence of mine 

tailings discharge into fine-grained sediment, such as silty 

clays normally originate in many playas, may be significantly 

lesser than that of tailings discharged into sand or coarse-

grained sediment with lesser surface area and adsorption 

capability. Understanding the particle size distribution is 

crucial for assessing and mitigating the environmental impact 

of mining activities (Phelelani, 2007).  

Temperature plays a significant role in metal speciation as 
utmost chemical response degrees are extremely subtle to 
temperature variations (Elder, 1989). A temperature rise of 
10 ℃ can dual biochemical response degrees, which are often 
the dynamic force for kinetically slow responses in Earth's 
surface conditions, enhancing the trend of a co-ordination to 
reach stability. Temperature can influence the extents of metal 
assimilation by organisms because biological route degrees, as 
mentioned earlier, classically paired at every 10 ℃ 
temperature increase (Luoma, 1983; Prosi, 1989). The high 
temperature may disturb both the inflow and efflux degrees of 
metals, leading to variations in net bioaccumulation. 
Understanding the temperature dependence of these processes 
is crucial for assessing the impact of temperature changes on 
metal cycling in aquatic environments (Luoma, 1983).  

Today, organic carbon-rich soil, stuck interstitial solutions 
frequently generate a sturdily sinking (anoxic) condition. The 
low redox potential in the surroundings would be able to 
facilitate sulphate decrease and the removal of sulphide 
minerals. Throughout diagenesis, an important quota of the 
non-silicate-bound portion of possibly lethal metals such as 
arsenic, cadmium, copper, mercury, lead, and zinc can 
experience co-precipitation using pyrite, making unsolvable 
sulphides thereby rendering them unattainable to biota. 
Seasonal variations in flow rates or storms that introduce 
oxygenated (sea) water can trigger rapid reactions in this 
anoxic sediment, leading to the release of substantial 
proportions of these metals. The processes of pyritization and 
de-pyritization likely play a crucial role in controlling the 
bioavailability of many trace metals, particularly in marine 
environments (Morse, 1994). 

Metal uptake paths into aquatic organisms 

Metal absorption of metals by plants and apportioning in the 
soil are pooled in the marine system. Two major pathways or 
absorption routes are accessible for metal assimilation in bond- 
and (or) detritus-feeding marine species: (i) incorporation of 
metal-enriched dregs and deferred particles during nurturing, 
and (ii) uptake from solution. Subsequently, information on 
geochemical responses of metals in water and dregs are 
essential to comprehend panels on metal bioavailability in 
regular water. Inappropriately, numerous organic influences 
regulating metal bioaccumulation in marine organisms are 
ambiguous; this point strictly bounds our attentive of metal 
bioavailability (Luoma, 1983).  

Study on bioavailability propose that marine organisms 
proficiently assimilate free metal ions, precisely metal 
hydroxides, from solution. Likewise, surface-dwelling animals 
show a complex effectiveness in enthralling metals from 
solutions associated to straight digestion of particulate matter. 
Accordingly, geological and ecological situations that upsurge 

dissolved metal loads, such as lesser pH, lead to larger metal 
bioavailability. Unintended influences, such as higher particle or 
sediment size, can also contribute to improved metal 
bioavailability by reducing adsorption and elevating dissolved 
metal contents. Although metal assimilation from ingested 
particulate matter is crucial, especially considering the high 
metal concentrations in this form, the availability of metals in 
solution vestiges an important influence in bioaccumulation 
(Luoma, 1983).  

The effectiveness of bioaccumulation through dregs absorption 
is influenced by the geochemical possessions of the sediment. 
Luoma (1983) illustrates the difference in cadmium assimilation 
from sediment iron content. In sediment rich in iron oxides, 
cadmium uptake was not observed, while a notable portion of 
total cadmium uptake occurred when clams ingested iron-poor 
sediment. This point out the significance of sediment alignment 
in inducing the bioaccumulation of metals by marine organisms. 

Transfer of heavy metals from soil to plants 

Bioavailability of heavy metals is a practise that depends on a 
mixture of chemical, biological and environmental factors 
(Guala et al., 2010). The heavy metals build-up in plants extremely 
depends on the accessibility in the soil (Annan et al., 2013). The 
greater the extent of the heavy metals in the soil, the greater 
the predisposition of build-up in plants matters (Vaikosen & 
Alade, 2011). Heavy metals are not normally impassive even 
after the conduct of waste and thus upsurge risk of soil 
pollution, border with plants and roots, and consequently to the 
food chain when eaten by animals and humans. Plants absorb 
metals from soil and water, they mainly accumulate in the 
roots, and then some quotas are transfer to parts of plant. Plant 
can stop heavy metals through preoccupation and build-up by 
roots, adsorption onto rots, or precipitation within rhizosphere 
(Yoon et al., 2006). 

Geochemical and ecological procedures that upset 

bioavailability 

Indeed, the availability and impact of metals in aquatic 

environments are influenced by a complex interaction of 

geochemical and biological factors. Understanding how these 

factors work together is crucial for assessing ecological risks and 

managing ecosystems efficiently. These are the most important 

factors affecting metal availability: (i) metal levels of solutions; 

(ii) solute metal speciation; (iii) metal levels in food; (iv) metal 

apportioning among ligands within food; (v) effect of other 

cations; (vi) temperature; (vii) pH value; (viii) redox potential. 

Assimilation happens when absorption of one metal brings some 

mixtures that disturb build-up of both metals. Absorption of Zn 

by Cd exposure have been experimented. Differences are usually 

noticed in concurrent disclosure to some metals. Desorption of 

zinc uptake occurs during exposure to cobalt and to copper in 

phytoplankton and microalgae. Differences between cadmium 

and zinc may be observed in phytoplankton and microalgae. 

Some studies report differences in other metals, such as between 

mercury and cadmium or between lead and copper in other 

organisms. In addition, common metals, including magnesium and 

potassium, are capable of inhibiting some organometallic 

interactions. This phenomenon facilitates the entry of zinc into the 

fish's body, but at the same time it does not affect the absorption 

of cadmium and copper. Observational research suggests that the 

ability of some potentially toxic cationic metals to be absorbed by 

organisms, such as cadmium, cobalt, copper, nickel, and zinc, in 

anaerobic sediment is linked to the overall concentration of the 

indicated metals in pore fluids (Ankley et al., 1994). It has been 

proposed that measuring control of acid volatile sulphide (AVS) 

and at the same time extract the metal (SEM) contents of 

sediment can predict these metals bioavailability. AVS 

represents the sulphide fraction extracted by cold HCl, primarily 
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consisting of iron-sulphide complexes, while SEM is the sum 

of metal concentrations simultaneously extracted with AVS. 

Elevated toxicity degree in benthic fauna, typically 

invertebrates, and supposedly increased bioavailability of the 

indicated metals occur when the SEM-AVS ratio exceeds one. 

As mentioned earlier, temperature parameter can have a 

significant impact the speed of metabolic processes, with rates 

doubling for each interval of temperature increase by 10 ℃. 

However, this upsurge in biological process rates does not 

necessarily lead to complex metal bioaccumulation, as both 

inflow and efflux rates of metals may be higher. The transport 

of metals can vary between relatively unpolluted systems and 

concerned or contaminated systems (Lee et al., 2000). 

In unpolluted systems where metal contributions primarily 

result from the erosion of watershed substrates, particulate 

transport predominate (Elder, 1989). In contrast, in disturbed 

or polluted systems, such as those affected by acid-mine 

drainage, point sources often deliver metals in a soluble phase 

or related to organic matter, leading to a higher amount of 

dissolved metals and increased bioavailability (Salomons & 

Forstner, 1984). 

Bioavailability assessment by selective chemical 

abstraction 

Bioavailability assessment is significantly influenced by the 

choice of chemicals and methods for the extraction of certain 

elements in soil, as it determines their solubility. Various soil 

testing procedures and fractional or sequential chemical 

extraction techniques are mostly used to study metal 

behaviour. Some of these extraction techniques are:  

– water or MgCl2 at neutral or ambient soil pH – used for easily 
soluble metals; 

– solubility in a weak base (acidity index 9) – applied for 
humic substances; 

– a weak acid or an acid with excess water in a buffer solution, 
where the acidity index takes values in the range of 2...5 – 
remove metals linked with carbonate segments; 

– chelating agent such as EDTA or DPTA buffered (to acidity 
index 7) – used for complexation; 

– hydroxylamine hydrochloride – targets the "reducible" phase 
linked with iron and manganese oxides/hydroxides; 

– strong acid (HCl, acidity index 1) – identifies the maximum 
motion of most metals; 

– oxidation by hydrogen peroxide – remove metals that are 
connected to organic matter and/or sulphide minerals; 

– strong oxidizing acid (HNO3) – executes the previous two 
steps simultaneously; 

– combined action of strong acid and HF – dissolves residual 
silicate minerals. 

The nature of the extractants depends on factors such as 
sediment/soil type, environmental conditions, and the specific 
metals of curiosity. But, it's vital to note that these 
sequential/fractional extractions are "operational," meaning 
they are not completely explicit to metals or chemical stages. 
Therefore, any determination of bioavailability should be 
carefully calibrated with direct measurements of the actual 
behaviour of metals in soil and plants. For example, O'Connor 
(1988) increases alarms about the use of the DPTA technique, 
showing that its consequences are occasionally similar to plant 
uptake and sometimes not. Subsequently, he commends direct 
analysis of the total plant and/or its constituent parts, in 
addition to chemical leaks, to precisely determine 
bioavailability (Chao, 1984). 

CONCLUSION  

The bioavailability of metals free from mineral deposits is a 
multifaceted and dynamic route, predisposed by numerous 
unified chemical, biological, and ecological features. These 
factors can differ over time and among diverse microorganisms, 
plants, and animals. In the context of topsoil and shallow water, 
several key factors come into play, as outlined below. 

Mining Method: The method used for mining can significantly 
affect the release of metals. Different mining techniques may 
expose minerals to varying degrees, influencing subsequent 
metal release. 

Presence or Absence of Sulphide Minerals: Sulphide minerals, 
when present, can have a substantial impact on metal release. For 
instance, metals associated with sulphide minerals may become 
more bioavailable under certain conditions. 

Water Quantity: The amount of water present in the environment 
plays a crucial role. The quantity of water can influence the 
transport and dispersion of metals, affecting their bioavailability. 

Acid-Buffering Capacity: The ability of the environment to 
buffer against acidity is important. Acidic conditions can 
enhance the release of metals, impacting their bioavailability. 

Existence of Organic Substance and Fe/Me Oxide Minerals: 
Organic matter and minerals like iron and manganese oxides can 
interact with metals, affecting their speciation and 
bioavailability. 

Element Speciation: The chemical phase in which metal 
constituent occurs (speciation) is a key determinant of its 
bioavailability. Different species of a metal may have varying 
degrees of mobility and toxicity. 

Concentrations of other Constituents: The presence of other 
constituents in water, such as ions or complexing agents, can 
influence the behaviour of metals. Competition for binding sites 
or formation of complexes can affect bioavailability. 

Field and laboratory studies conducted at specific locations, by 
means of soil, sediment, plants, and careful choice of chemicals 
for extraction are crucial for a detailed understanding of these 
complex environmental processes. Such studies provide insights 
into the interactions between minerals, metals, and the 
surrounding ecosystem, helping to assess and manage the 
potential environmental impacts associated with metal release 
from mineral deposits. These studies contribute significantly to 
our understanding of the complex dynamics governing the 
availability and uptake of metallic and non-metallic element in 
various environmental settings. 

Author's statements 

Contributions 

The authors declare that they have made equal contributions to 
the current research, namely: Conceptualization, Formal 
Analysis, Investigation, Methodology, Validation, 
Visualization, Writing – original draft, Writing – review & 
editing were performed by B.N.H. and G.G.Y. 

Declaration of conflicting interest  

The authors declare no competing interests. 

Financial interests 

The authors declare they have no financial interests. 

Funding 

Not applicable. 

Data availability statement 

No data were used for the current study. 



 
 

 

Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/) 
47 

AI Disclosure 

The author declares that generative AI was not used to assist 
in writing this manuscript. 

Ethical approval declarations 

Not applicable. 

Additional information 

Publisher's note 

Publisher remains neutral with regard to jurisdictional claims in 

published maps and institutional affiliations. 

REFERENCES 

Abbas, M. M. M., Abd El-Aziz, M. A., Kaddah, M. M., Hassan, A. K., El-Naggar, H. A., Radwan, M., ... & Bashar, M. A. (2023). Bioaccumulation, 
biosedimentation, and health hazards of elements in crayfish, procambarus clarkii from El-Rahawi Drain and El-Qanatir in the River Nile, Egypt. Biological 
Trace Element Research, 201(6), 3050–3059. https://doi.org/10.1007/s12011-022-03380-7. 

Ankley, G. T., Thomas, N. A., Di Toro, D. M., Hansen, D. J., Mahony, J. D., Berry, W. J., Thomas, N. A., Di Toro, D. M., ... & Zarba, C. S. (1994). 
Assessing potential bioavailability of metals in sediments: a proposed approach. Environmental Management, 18, 331–337. 
https://doi.org/10.1007/BF02393863. 

Annan, K., Dickson, R. A., Amponsah, I. K., & Nooni, I. K. (2013). The heavy metal contents of some selected medicinal plants sampled from different 
geographical locations. Pharmacognosy Research, 5(2), 103–108. https://doi.org/10.4103/0974-8490.110539. 

Bourg, A. C. M. (1988). Metals in aquatic and terrestrial systems: sorption, speciation, and mobilization. In Chemistry and Biology of Solid Waste: 
Dredged Material and Mine Tailings (pp. 3–32). Berlin, Heidelberg: Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-72924-9_1. 

Brown, S. L., Chaney, R. L., Angle, J. S., & Baker, A. J. M. (1995). Zinc and cadmium uptake by hyperaccumulator Thlaspi caerulescens grown in 
nutrient solution. Soil Science Society of America Journal, 59(1), 125–133. https://doi.org/10.2136/sssaj1995.03615995005900010020x. 

Cai, M., Zhao, X., Wang, X., Shi, G., & Hu, C. (2021). Se changed the component of organic chemicals and Cr bioavailability in Pak Choi rhizosphere 
soil. Environmental Science and Pollution Research, 28, 67331–67342. https://doi.org/10.1007/s11356-021-13465-w. 

Cánovas, C. R., González, R. M., Vieira, B. J., Waerenborgh, J. C., Marques, R., Macías, F., ... & Prudencio, M. I. (2023). Metal mobility and 
bioaccessibility from cyanide leaching heaps in a historical mine site. Journal of Hazardous Materials, 448, 130948. 
https://doi.org/10.1016/j.jhazmat.2023.130948. 

Chaney, R. L. (1988). Metal speciation and interaction among elements affect trace element transfer in agricultural and environmental food-chains. 
Metal Precipitation: Theory, Analysis, and Application, 219–259. 

Chao, T. T. (1984). Use of partial dissolution techniques in geochemical exploration. Journal of Geochemical Exploration, 20(2), 101–135. 
https://doi.org/10.1016/0375-6742(84)90078-5. 

Chen, Z., Wang, B., Shi, C., Ding, Y., Liu, T., & Zhang, J. (2022). Source, Distribution, and Risk Estimation of Hazardous Elements in Farmland Soils 
in a Typical Alluvial–Lacustrine Transition Basin, Hunan Province. International Journal of Environmental Research and Public Health, 19(17), 10971. 
https://doi.org/10.3390/ijerph191710971. 

Corey, R. B. (1990). Physical-chemical aspects of nutrient availability. In Soil testing and plant analysis (No. Third Edition, pp. xxvii+-784), Westerman, 
R. L. (Ed.), 11–24.  

Dahnke, W. C., & Olson, R. A. (1990). Soil test correlation, calibration, and recommendation. In Soil testing and plant analysis (No. Third Edition, pp. 
xxvii+-784), Westerman, R. L. (Ed.), 45–71. 

Davis, A., Ruby, M. V., & Bergstrom, P. D. (1994). Factors controlling lead bioavailability in the Butte mining district, Montana, USA. Environmental 
Geochemistry and Health, 16, 147–157. https://doi.org/10.1007/BF01747911. 

Dietrich, C. C., Tandy, S., Murawska-Wlodarczyk, K., Banaś, A., Korzeniak, U., Seget, B., & Babst-Kostecka, A. (2021). Phytoextraction efficiency 
of Arabidopsis halleri is driven by the plant and not by soil metal concentration. Chemosphere, 285, 131437. 
https://doi.org/10.1016/j.chemosphere.2021.131437. 

Ding, L., Li, J., Liu, W., Zuo, Q., & Liang, S. X. (2017). Influence of nano-hydroxyapatite on the metal bioavailability, plant metal accumulation and 
root exudates of ryegrass for phytoremediation in lead-polluted soil. International Journal of Environmental Research and Public Health, 14(5), 532. 
https://doi.org/10.3390/ijerph14050532. 

Dołęgowska, S., Gałuszka, A., Migaszewski, Z. M., & Krzciuk, K. (2022). Bioavailability of selected trace and rare earth elements to Juncus effusus 
L.: the potential role of de-icing chlorides in the roadside environment. Plant and Soil, 472(1), 641–658. https://doi.org/10.1007/s11104-021-05278-0. 

Elder, J. F. (1988). Metal biogeochemistry in surface-water systems: a review of principles and concepts. United States Government Printing Office, 
Free on application to the Books and Open-File Reports Section, U.S. Geological Survey, Federal Center, Box 25425, Denver, CO 80225, pp. 1–42. 

Elhaj Baddar, Z., Xu, X., & Spencer, B. (2023). Spatiotemporal Changes in Trace Metal Bioavailability in the Sediment Pore water of a Constructed 
Wetland Using Passive Pore water Samplers. Environmental Toxicology and Chemistry, 42(12), 2726–2736. https://doi.org/10.1002/etc.5745. 

Filipek, L. H., Nordstrom, D. K., & Ficklin, W. H. (1987). Interaction of acid mine drainage with waters and sediments of West Squaw Creek in the 
West Shasta Mining District, California. Environmental Science & Technology, 21(4), 388–396. https://doi.org/10.1021/es00158a009. 

García-Lorenzo, M. L., Crespo-Feo, E., Esbrí, J. M., Higueras, P., Grau, P., Crespo, I., & Sánchez-Donoso, R. (2019). Assessment of potentially toxic 
elements in technosols by tailings derived from Pb–Zn–Ag mining activities at San Quintín (Ciudad real, Spain): Some insights into the importance of 
integral studies to evaluate metal contamination pollution hazards. Minerals, 9(6), 346. https://doi.org/10.3390/min9060346. 

Gauthier-Manuel, H., Radola, D., Choulet, F., Buatier, M., Vauthier, R., Morvan, T., ... & Gimbert, F. (2021). A multidisciplinary approach for the 
assessment of origin, fate and ecotoxicity of metal (loid) s from legacy coal mine tailings. Toxics, 9(7), 164. https://doi.org/10.3390/toxics9070164. 

Gong, B., He, E., Qiu, H., Van Gestel, C. A., Romero-Freire, A., Zhao, L., ... & Cao, X. (2020). Interactions of arsenic, copper, and zinc in soil-plant 
system: Partition, uptake and phytotoxicity. Science of The Total Environment, 745, 140926. https://doi.org/10.1016/j.scitotenv.2020.140926. 

González-Valoys, A. C., Jiménez Salgado, J. U., Rodríguez, R., Monteza-Destro, T., Vargas-Lombardo, M., García-Noguero, E. M., ... & Higueras, P. 
(2021). An approach for evaluating the bioavailability and risk assessment of potentially toxic elements using edible and inedible plants—the Remance 
(Panama) mining area as a model. Environmental Geochemistry and Health, 45, 1–20. https://doi.org/10.1007/s10653-021-01086-8. 

Guala, S. D., Vega, F. A., & Covelo, E. F. (2010). The dynamics of heavy metals in plant–soil interactions. Ecological Modelling, 221(8), 1148–1152. 
https://doi.org/10.1016/j.ecolmodel.2010.01.003. 

Guan, Z., Wei, R., Liu, T., Li, J., Ao, M., Sun, S., ... & Qiu, R. (2023). Water Management Impacts on Chromium Behavior and Uptake by Rice in 
Paddy Soil with High Geological Background Values. Toxics, 11(5), 433. https://doi.org/10.3390/toxics11050433. 



 
 

 

Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/) 
48 

Guarino, A., Albanese, S., Cicchella, D., Ebrahimi, P., Dominech, S., Pacifico, L. R., ... & Lima, A. (2022). Factors influencing the bioavailability of 
some selected elements in the agricultural soil of a geologically varied territory: The Campania region (Italy) case study. Geoderma, 428, 116207. 
https://doi.org/10.1016/j.geoderma.2022.116207. 

Guérin, T., Ghinet, A., & Waterlot, C. (2022). The phytoextraction power of Cichorium intybus L. on metal-contaminated soil: Focus on time-and 
cultivar-depending accumulation and distribution of cadmium, lead and zinc. Chemosphere, 287, 132122. 
https://doi.org/10.1016/j.chemosphere.2021.132122. 

Havlin, J. L. (2020). Soil: Fertility and nutrient management. In Landscape and land capacity (pp. 251–265). CRC Press. Available: 
https://www.taylorfrancis.com/chapters/edit/10.1201/9780429445552-34/soil-fertility-nutrient-management-john-havlin. 

Hu, M., Li, F., Liu, C., & Wu, W. (2015). The diversity and abundance of As (III) oxidizers on root iron plaque is critical for arsenic bioavailability to 
rice. Scientific Reports, 5, 13611. https://doi.org/10.1038/srep13611. 

Hussain, T., Murtaza, G., Wang, X., Zia, M. H., Aziz, H., Ali, S., ... & Fiaz, S. (2021). Bioassimilation of lead and zinc in rabbits fed on spinach grown 
on contaminated soil. Ecotoxicology and Environmental Safety, 224, 112638. https://doi.org/10.1016/j.ecoenv.2021.112638. 

Idowu, G. A. (2022). Heavy metals research in Nigeria: a review of studies and prioritization of research needs. Environmental Science and Pollution 
Research, 29(44), 65940–65961. https://doi.org/10.1007/s11356-022-22174-x. 

Ippolito, J. A., Berry, C. M., Strawn, D. G., Novak, J. M., Levine, J., & Harley, A. (2017). Biochars reduce mine land soil bioavailable metals. Journal 
of Environmental Quality, 46(2), 411–419. https://doi.org/10.2134/jeq2016.10.0388. 

Jin, Z., Gu, C., Fan, X., Cai, J., Bian, Y., Song, Y., ... & Jiang, X. (2023). Novel insights into the predominant factors affecting the bioavailability of 
polycyclic aromatic hydrocarbons in industrial contaminated areas using PLS-developed model. Chemosphere, 319, 138033. 
https://doi.org/10.1016/j.chemosphere.2023.138033. 

Koptsik, S. V., & Koptsik, G. N. (2022). Assessment of current risks of excessive heavy metal accumulation in soils based on the concept of critical 
loads: A review. Eurasian Soil Science, 55(5), 627–640. https://doi.org/10.1134/S1064229322050039. 

Lee, B. G., Lee, J. S., Luoma, S. N., Choi, H. J., & Koh, C. H. (2000). Influence of acid volatile sulfide and metal concentrations on metal bioavailability 
to marine invertebrates in contaminated sediments. Environmental Science & Technology, 34(21), 4517–4523. https://doi.org/10.1021/es001033h. 

Liao, W., Zheng, Y., Feng, C., Zhong, W., Zhu, Z., Xie, H., ... & Giesy, J. P. (2023). An often-overestimated ecological risk of copper in Chinese surface 
water: bioavailable fraction determined by multiple linear regression of water quality parameters. Environmental Sciences Europe, 35(1), 84. 
https://doi.org/10.1186/s12302-023-00792-7. 

Liu, J., Shu, A., Song, W., Shi, W., Li, M., Zhang, W., ... & Gao, Z. (2021). Long-term organic fertilizer substitution increases rice yield by improving 
soil properties and regulating soil bacteria. Geoderma, 404, 115287. https://doi.org/10.1016/j.geoderma.2021.115287. 

Luoma, S. N. (1983). Bioavailability of trace metals to aquatic organisms—a review. Science of the Total Environment, 28(1–3), 1–22. 
https://doi.org/10.1016/S0048-9697(83)80004-7. 

Mbhele, P. P. (2007). Remediation of soil and water contaminated by heavy metals and hydrocarbons using silica encapsulation (Doctoral dissertation, 
University of the Witwatersrand). Available: https://wiredspace.wits.ac.za/server/api/core/bitstreams/44a498d3-a687-4663-a174-aa718500eddb/content. 

McKinney, J., & Rogers, R. (1992). ES&T metal bioavailability. Environmental Science & Technology, 26(7), 1298–1299. 
https://doi.org/10.1021/es00031a603. 

Miranda, L. S., Ayoko, G. A., Egodawatta, P., Hu, W. P., Ghidan, O., & Goonetilleke, A. (2021). Physico-chemical properties of sediments governing 
the bioavailability of heavy metals in urban waterways. Science of the Total Environment, 763, 142984. https://doi.org/10.1016/j.scitotenv.2020.142984. 

Mitra, S., Chakraborty, A. J., Tareq, A. M., Emran, T. B., Nainu, F., Khusro, A., ... & Simal-Gandara, J. (2022). Impact of heavy metals on the 
environment and human health: Novel therapeutic insights to counter the toxicity. Journal of King Saud University-Science, 34(3), 101865. 
https://doi.org/10.1016/j.jksus.2022.101865. 

Morse, J. W., & Luther Iii, G. W. (1999). Chemical influences on trace metal-sulfide interactions in anoxic sediments. Geochimica et Cosmochimica 
Acta, 63(19–20), 3373–3378. https://doi.org/10.1016/S0016-7037(99)00258-6.  

Mylon, S. E., Twining, B. S., Fisher, N. S., & Benoit, G. (2003). Relating the speciation of Cd, Cu, and Pb in two Connecticut rivers with their uptake 
in algae. Environmental Science & Technology, 37(7), 1261–1267. https://doi.org/10.1021/es0259281. 

Nedrich, S. M., & Burton, G. A. (2017). Indirect effects of climate change on zinc cycling in sediments: The role of changing water levels. Environmental 
Toxicology and Chemistry, 36, 2456–2464. https://doi.org/10.1002/etc.3783. 

Nnaji, N. D., Onyeaka, H., Miri, T., & Ugwa, C. (2023). Bioaccumulation for heavy metal removal: a review. SN Applied Sciences, 5(5), 125. 
https://doi.org/10.1007/s42452-023-05351-6. 

O'Connor, G. A. (1988). Use and misuse of the DTPA soil test (Vol. 17, No. 4, pp. 715–718). American Society of Agronomy, Crop Science Society of 
America, and Soil Science Society of America. https://doi.org/10.2134/jeq1988.00472425001700040033x. 

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting 
systematic reviews. BMJ 2021;372:n71. https://doi.org/10.1136/bmj.n71. 

Paquin, P. R., Gorsuch, J. W., Apte, S., Batley, G. E., Bowles, K. C., Campbell, P. G., ... & Wu, K. B. (2002). The biotic ligand model: a historical 
overview. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology, 133(1-2), 3–35. https://doi.org/10.1016/S1532-0456(02)00112-6. 

Peck, T. R., & Soltanpour, P. N. (1990). The principles of soil testing. Soil testing and plant analysis, 3, 1–9. https://doi.org/10.2136/sssabookser3.3ed.c1. 

Pouyat, R. V., & McDonnell, M. J. (1991). Heavy metal accumulations in forest soils along an urban-rural gradient in southeastern New York, USA. 
Water, Air, and Soil Pollution, 57, 797–807. https://doi.org/10.1007/BF00282943. 

Prosi, F. (1989). Factors controlling biological availability and toxic effects of lead in aquatic organisms. Science of the Total Environment, 79(2), 
157–169. https://doi.org/10.1016/0048-9697(89)90359-8. 

Rensing, C., & Rosen, B. P. (2009). Heavy metals cycle (arsenic, mercury, selenium, others). Encyclopedia Of Microbiology, 205, 19. 
https://doi.org/10.1016/B978-012373944-5.00053-5. 

Rieuwerts, J. S., Thornton, I., Farago, M. E., & Ashmore, M. R. (1998). Factors influencing metal bioavailability in soils: preliminary investigations for 
the development of a critical loads approach for metals. Chemical Speciation & Bioavailability, 10(2), 61–75. https://doi.org/10.3184/095422998782775835.  

Roberts, D., Nachtegaal, M., & Sparks, D. L. (2005). Speciation of metals in soils. Chemical Processes in Soils, 8, 619–654. 
https://doi.org/10.2136/sssabookser8.c13. 

Salbu, B. (2016). Environmental impact and risk assessments and key factors contributing to the overall uncertainties. Journal of Environmental 
Radioactivity, 151, 352–360. https://doi.org/10.1016/j.jenvrad.2015.09.001. 

Salomons, W. (1995). Environmental impact of metals derived from mining activities: processes, predictions, prevention. Journal of Geochemical 
Exploration, 52(1–2), 5–23. https://doi.org/10.1016/0375-6742(94)00039-E. 



 
 

 

Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/) 
49 

Salomons, W., Kerdijk, H., Van Pagee, H., Klomp, R., & Schreur, A. (1988). Behaviour and impact assessment of heavy metals in estuarine and coastal 
zones (pp. 157–198). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-71483-2_17. 

Sarkar, B., Mukhopadhyay, R., Ramanayaka, S., Bolan, N., & Ok, Y. S. (2021). The role of soils in the disposition, sequestration and decontamination 
of environmental contaminants. Philosophical Transactions of the Royal Society B, 376(1834), 20200177. https://doi.org/10.1098/rstb.2020.0177. 

Singh, P., & Prasad, S. (2023). A review on iron, zinc and calcium biological significance and factors affecting their absorption and bioavailability. 
Journal of Food Composition and Analysis, 105529. https://doi.org/10.1016/j.jfca.2023.105529. 

Slaveykova, V. I., & Wilkinson, K. J. (2002). Physicochemical aspects of lead bioaccumulation by Chlorella vulgaris. Environmental Science & 
Technology, 36(5), 969–975. https://doi.org/10.1021/es0101577. 

Stauber, J. L., Gadd, J., Price, G. A., Evans, A., Holland, A., Albert, A., ... & Warne, M. S. J. (2023). Applicability of chronic multiple linear regression 
models for predicting zinc toxicity in Australian and New Zealand freshwaters. Environmental Toxicology and Chemistry, 42(12), 2614–2629. 
https://doi.org/10.1002/etc.5722. 

Storm, G. L., Fosmire, G. J., & Bellis, E. D. (1994). Persistence of metals in soil and selected vertebrates in the vicinity of the Palmerton zinc smelters 
(Vol. 23, No. 3, pp. 508–514). American Society of Agronomy, Crop Science Society of America, and Soil Science Society of America. 
https://doi.org/10.2134/jeq1994.00472425002300030015x. 

Vaikosen, E. N., & Alade, G. O. (2011). Evaluation of pharmacognostical parameters and heavy metals in some locally manufactured herbal drugs. 
Journal of Chemical and Pharmaceutical Research, 3(2), 88–97.  

Vasile, G. G., Tenea, A. G., Dinu, C., Iordache, A. M. M., Gheorghe, S., Mureseanu, M., & Pascu, L. F. (2021). Bioavailability, accumulation and 
distribution of toxic metals (As, Cd, Ni and pb) and their impact on sinapis alba plant nutrient metabolism. International Journal of Environmental Research 
and Public Health, 18(24), 12947. https://doi.org/10.3390/ijerph182412947. 

Wang, J. X., Xu, D. M., Fu, R. B., & Chen, J. P. (2021). Bioavailability assessment of heavy metals using various multi-element extractants in an 
indigenous zinc smelting contaminated site, southwestern China. International Journal of Environmental Research and Public Health, 18(16), 8560. 
https://doi.org/10.3390/ijerph18168560. 

Wang, Y., Ren, Q., Li, T., Zhan, W., Zheng, K., Liu, Y., & Chen, R. (2021). Influences of modified biochar on metal bioavailability, metal uptake by 
wheat seedlings (Triticum aestivum L.) and the soil bacterial community. Ecotoxicology and Environmental Safety, 220, 112370. 
https://doi.org/10.1016/j.ecoenv.2021.112370. 

Yoon, J., Cao, X., Zhou, Q., & Ma, L. Q. (2006). Accumulation of Pb, Cu, and Zn in native plants growing on a contaminated Florida site. Science of 
the Total Environment, 368(2–3), 456–464. https://doi.org/10.1016/j.scitotenv.2006.01.016. 

Zhao, Z., Jiang, H., Kong, L., Shen, T., Zhang, X., Gu, S., ... & Li, Y. (2021). Assessment of potential ecological risk of heavy metals in surface soils 
of Laizhou, Eastern China. Water, 13(21), 2940. https://doi.org/10.3390/w13212940. 

 


