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 green field often gives us a reassuring picture of healthy soil. Crops grow, leaves appear 

green, and harvests fill our markets. Yet, beneath this apparently healthy surface, 

another story may be unfolding. Soil can silently accumulate contaminants that are invisible 

to the eye but capable of affecting soil functions, crop productivity, food quality and 

environmental health. Among the contaminants of growing concern are potentially toxic 

elements such as cadmium (Cd), lead (Pb), arsenic (As), chromium (Cr), nickel (Ni), mercury 

(Hg), copper (Cu) and zinc (Zn). Some of these elements, particularly Cu and Zn, are 

essential micronutrients required by plants in small quantities. However, when their 

concentrations become excessive, they can become toxic. Others, such as Cd and Pb, have no 

known essential nutritional role in plants and can pose risks even when present in relatively 

low concentrations. The challenge is not simply that these elements are present in soil. The 

real concern is their persistence, mobility, bioavailability and movement through the soil-

plant system. Unlike many organic pollutants, metals and metalloids cannot be destroyed 

through ordinary biological degradation. They can change their chemical forms, move 

between different soil pools and remain in the environment for long periods. This makes 

heavy metal contamination a particularly important issue for agricultural soils, where the 

quality of soil is directly connected to the quality and safety of food. 

Where do these hidden contaminants come from? 
Heavy metals in soil may originate from both natural geological processes and human 

activities. The weathering of parent rocks naturally contributes metals to soils. However, 

human activities can significantly increase their concentrations and alter their distribution. 

Mining and mineral processing, metal smelting, industrial emissions, traffic-related 

deposition, sewage and wastewater irrigation, improper waste disposal and certain 

agricultural inputs are important sources of metal contamination. Contaminated irrigation 

water can introduce metals repeatedly into agricultural land, while atmospheric deposition 

can transport contaminants from industrial and urban areas to surrounding soils. The problem 

may become more serious when contamination occurs repeatedly over many years. A single 

input may not produce an immediately visible effect, but continuous additions can gradually 

increase the soil burden. The FAO and UNEP have highlighted soil pollution as a major 

threat to soil health because contaminants can compromise food production, water quality, 

biodiversity and ecosystem functions. Importantly, soil pollution is often invisible, meaning 

that contamination may remain unnoticed until its effects become significant. Thus, the 

question is not simply “How did the metal enter the soil?” but also “What happens to it after 

it enters?” 

The soil is not a storage box 
It is tempting to imagine soil as a container that simply stores whatever contaminants enter it. 

In reality, soil is a highly dynamic chemical and biological system. Once metals enter soil, 
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they can become associated with clay minerals, soil organic matter, iron and manganese 

oxides, carbonates and other soil constituents. They may also remain dissolved in the soil 

solution or occur in different chemical forms. These forms determine how easily a metal can 

move through soil, be taken up by plants or reach groundwater. This is where the concept of 

bioavailability becomes extremely important. A soil may contain a high total concentration of 

a particular metal, but if most of that metal is strongly bound to soil components, its 

immediate availability to plants may be comparatively low. Conversely, a smaller total 

concentration may still present a concern if a large fraction occurs in a readily available form. 

Several soil properties influence this behaviour, including soil pH, organic matter, clay 

content, redox conditions, mineral composition, moisture conditions and competing ions. 

Consequently, two soils containing similar total concentrations of a metal may not 

necessarily present the same level of risk to crops. This distinction is fundamental to modern 

soil pollution assessment. The important question is not only “How much metal is in the 

soil?” but also “How much of it is available to move, leach or enter plants?” 

When contamination meets the root zone 
The rhizosphere-the narrow region of soil influenced by plant roots-is a hotspot of chemical 

and biological activity. Roots release organic compounds, interact with microorganisms and 

continuously exchange nutrients and ions with the surrounding soil solution. Under 

favourable conditions, potentially toxic elements can become available for root uptake. Once 

absorbed, their movement within the plant depends on the element, plant species, root 

characteristics, environmental conditions and physiological mechanisms. For example, 

excessive concentrations of Cd, Pb or other toxic elements can interfere with nutrient uptake, 

root development, photosynthesis and cellular metabolism. Metal stress can also promote the 

formation of reactive oxygen species (ROS), resulting in oxidative stress and damage to 

cellular components. However, plants do not respond identically to all metals. Some species 

can tolerate relatively high concentrations by restricting uptake, binding metals within roots 

or storing them in less metabolically active cellular compartments. Other species may absorb 

and translocate particular elements more readily. Therefore, soil contamination does not 

automatically translate into identical contamination of every crop. Crop species, cultivar, 

growth stage, soil conditions and the chemical form of the contaminant all influence the soil-

to-plant transfer process. 
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From soil to food: when the hidden burden becomes a public concern 
Agricultural soil occupies a special position in the contamination pathway because it can 

connect environmental pollution with the food chain. 

A simplified pathway can be represented as: 

Contaminated source → Soil → Soil solution → Plant roots → Plant tissues → Food → 

Consumer 

When metals become sufficiently available for plant uptake, they may accumulate in roots, 

stems, leaves, fruits, grains or other edible tissues. The extent of accumulation varies 

considerably among elements and crops. Rice, vegetables and other food crops grown in 

contaminated environments have received particular scientific attention because certain 

metal(loid)s can enter edible tissues. Research on contaminated agricultural systems has 

demonstrated that understanding metal mobility, speciation and bioavailability is essential for 

evaluating potential human-health risks. Importantly, the total concentration of a metal in soil 

alone cannot reliably predict its concentration in a particular crop. The relationship between 

soil metal concentration and plant accumulation is influenced by numerous soil and plant 

factors and may not be linear. This is why soil testing, crop monitoring and risk assessment 

need to work together. 

The unseen impact on soil life Heavy metal contamination is not only a problem for plants. 

Soil itself is a living ecosystem. Bacteria, fungi, actinomycetes, earthworms and other soil 

organisms contribute to decomposition, nutrient cycling, aggregate formation and 

maintenance of soil fertility. Elevated concentrations of potentially toxic elements can disturb 

microbial communities and biological processes, depending on the element, concentration 

and soil conditions. Changes in microbial activity can have consequences beyond 

microorganisms themselves. If important biological processes involved in carbon and nutrient 

cycling are disrupted, the functional capacity of soil may gradually decline. Therefore, heavy 

metal contamination should not be viewed simply as a chemical problem. It is a chemical, 

biological and ecological problem simultaneously. Recent research has emphasized the links 

between heavy metal contamination, soil properties, microorganisms, plant growth and food-

chain transfer. Can we clean contaminated soil? The answer is yes-but there is no single 

solution suitable for every contaminated soil. The appropriate strategy depends on the type 

and concentration of contaminant, soil properties, land use, contamination depth, crop 

requirements and the intended end use of the land. 
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1. Immobilisation: making metals less available 

Immobilisation aims to reduce the mobility and bioavailability of metals rather than 

physically removing them from the soil. Materials such as clay minerals, lime-containing 

amendments, biochar and other sorbent materials can interact with metals and reduce their 

availability under suitable conditions. Changes in soil pH, adsorption, precipitation and 

complexation are among the mechanisms involved. For example, clay minerals such as 

bentonite, sepiolite and palygorskite have been investigated for reducing the bioavailability of 

metals in contaminated agricultural soils. However, immobilisation does not mean that the 

contaminant has disappeared. The metal remains in the soil, and its long-term stability must 

be monitored. 

2. Phytoremediation: allowing plants to assist 

Plants can also become part of the solution. Phytoremediation uses plants to remove, stabilize 

or otherwise manage contaminants in soil. Some plant species can tolerate and accumulate 

particular metals, while others can help stabilize contaminants and reduce their movement. 

This approach can be environmentally attractive, but its effectiveness depends strongly on 

plant species, contaminant type, soil conditions and the duration of treatment. Plant biomass 

containing accumulated metals must also be managed carefully after harvest. 

3. Microbial and biological approaches 

Microorganisms can influence metal behaviour through processes such as biosorption, 

bioprecipitation, transformation and changes in the soil chemical environment. Rhizosphere 

microorganisms may also interact with plants and influence metal uptake. Biological 

remediation is therefore receiving increasing attention as a potentially sustainable component 

of integrated soil restoration. However, field conditions are considerably more complex than 

controlled laboratory systems, and long-term effectiveness must be demonstrated before 

widespread application. 

4. Integrated soil management 

Increasingly, researchers are moving away from the idea that one technology can solve every 

contamination problem. A combination of soil amendments, appropriate crop selection, 

irrigation management, nutrient management, phytoremediation and biological approaches 

may provide better results in certain situations. Recent research emphasizes that remediation 

should be selected according to contaminant characteristics, soil conditions and risk pathways 

rather than applying the same treatment universally. 

Prevention is better than remediation 
Remediating contaminated soil can be technically difficult, expensive and time-consuming. 

Therefore, preventing contamination at its source is often more effective than attempting to 

restore severely contaminated soil later. 

Agricultural soils should be protected through: 

• Regular monitoring of soil and irrigation-water quality. 

• Responsible use of fertilizers, pesticides and organic amendments. 

• Proper management of industrial and municipal wastes. 

• Avoidance of untreated or poorly characterized wastewater for irrigation. 

• Testing manure, compost and other amendments where contamination is a concern. 

• Monitoring potentially contaminated agricultural areas near industries, mining operations 

and waste-disposal sites. 

• Periodic assessment of metal concentrations and their bioavailable fractions where 

contamination is suspected. 

Particular attention should be given to repeated applications of organic amendments. 

Organic materials can improve soil fertility and soil structure, but their quality and 

contaminant content should be assessed before long-term application. Recent research also 

emphasizes that manure can contain metals such as Cu, Zn, Cd, Pb and Cr depending on its 

source and management history. Good soil management therefore means not only feeding the 

soil, but also protecting what enters the soil. 
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Looking beneath the surface 
Heavy metal contamination reminds us that soil health cannot be judged by appearance alone. 

A field may be green. A crop may look vigorous. The soil may appear dark and fertile. Yet 

chemical contaminants may be accumulating quietly beneath the surface. This is why modern 

soil science must look beyond total metal concentrations and consider the complete soil-

metal-microbe-plant continuum. Understanding the chemical forms of metals, their 

interaction with soil minerals and organic matter, their mobility, their bioavailability and their 

transfer into crops provides a much clearer picture of environmental risk. The goal should not 

simply be to remove every trace of a naturally occurring element. Instead, the focus should be 

on preventing harmful accumulation, minimizing bioavailable and mobile fractions, 

protecting soil functions, preventing food-chain transfer and ensuring long-term soil safety. 

The future lies beneath our feet 
The soil beneath our feet is much more than a medium in which plants grow. It is a living 

interface connecting geology, water, microorganisms, plants, agriculture and human society. 

Heavy metal contamination challenges us because it is persistent and often invisible. But it 

also demonstrates why soil science is so important. Through careful monitoring, risk 

assessment, improved agricultural practices and scientifically validated remediation 

technologies, contaminated soils can be managed more responsibly. 
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