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Abstract  Heavy metal contamination stemming 
from lead and zinc mining and processing operations 
is a prevalent and pressing environmental issue. This 
review article explores the multifaceted dimensions of 
this problem, examining the primary sources of con-
tamination, which encompass mining activities, pro-
duction and processing processes, waste management 
practices, and atmospheric deposition. The repercus-
sions of lead and zinc contamination extend across 
various domains, including soil pollution and deg-
radation, water pollution with consequential effects 
on aquatic ecosystems, plant uptake leading to crop 
contamination, health hazards, and risks associated 
with human exposure. Additionally, wildlife and bio-
diversity are profoundly impacted by these pollutants. 
The article delves into a comprehensive analysis of 
the diverse techniques employed for monitoring and 
assessing lead and zinc contamination in soil. This 
includes an exploration of sampling and analytical 
methods, geographic information systems, and remote 

sensing technologies. Mitigation and remediation 
strategies form a significant part of the review, with 
a focus on soil remediation techniques such as phy-
toremediation and other plant-based approaches. It 
also emphasizes the importance of human health pro-
tection and risk management measures in combating 
lead and zinc contamination. The article concludes by 
highlighting emerging technologies and approaches 
in the field, including innovations in mining waste 
management and remediation, the integration of 
green chemistry and sustainable practices within the 
mining industry, and the utilization of artificial intel-
ligence for enhanced lead and zinc pollution control. 
This comprehensive review provides valuable insights 
into the multifaceted issue of heavy metal pollution 
associated with lead and zinc mining and processing 
factories, offering a roadmap for future research and 
effective environmental management.

Keywords  Mining industry · Lead · Zinc · Soil 
pollution · Health effects · Monitoring · Pollution 
control · Sustainable practices

1  Introduction

The mining industry plays a vital role in global eco-
nomic development, supplying essential materials 
for various sectors. However, mining activities have 
raised concerns due to their significant environmen-
tal impacts, including pollution, habitat destruction, 
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and greenhouse gas emissions (Aghababai Beni & 
Jabbari, 2022). To address these concerns, new tech-
nologies and regulations have emerged to minimize 
the industry’s ecological footprint, such as remote 
sensing and GIS monitoring (Koon et al., 2023) and 
sustainable mining practices. Remediation techniques 
like phytoremediation and bioremediation have also 
gained attention (Aliyu et al., 2023). Amidst increas-
ing mineral demand worldwide, sustainable and 
responsible mining practices have become paramount 
(Dembele et al., 2022). Lead and zinc contamination 
in soil near mining plants pose significant environ-
mental and health risks due to their widespread use in 
various industries, including mining and metallurgy. 
Studies have consistently reported elevated lead and 
zinc levels in soil near mining sites (Adedeji et  al., 
2020). This soil contamination has far-reaching con-
sequences, impacting soil quality and health (Rich-
ardson et al., 2015; Zhou et al., 2022). The extent of 
contamination varies based on factors such as mining 
type, processing methods, and waste management (Y. 
Zhang et al., 2023a, 2023b, 2023c). Consequently, it 
is imperative to devise effective strategies for manag-
ing and remediating lead and zinc-contaminated soil 
to safeguard both human health and the environment 
(Durkalec et  al., 2022; Zhang et  al., 2018). In addi-
tion to this, the other reason for choosing the issue of 
two heavy metal pollutants, lead and zinc, is that lead 
and zinc pollution can have serious economic conse-
quences for the affected areas. For example, reduced 
agricultural production, increased healthcare costs, 
and decreased property values are among the possi-
ble consequences. Lead and zinc contamination can 
affect local communities. For example, people may 
be exposed to higher amounts of these substances and 
experience health problems.

Therefore, the risks associated with lead and zinc, the 
need for control measures and strategies to reduce pollu-
tion are very important. This review article can help to 
gather information and effective control methods.

In light of this context, this review embarks on a com-
prehensive exploration of lead and zinc soil contamina-
tion in proximity to mining industry plants. It delves into 
the origins and drivers of this contamination, its far-reach-
ing environmental and health consequences, the arsenal 
of techniques available for monitoring and assessment, 
and the evolving strategies for mitigation and remedia-
tion. The novelty of this review lies in its synthesis of the 
most recent research and developments in this critical 

field, thereby accentuating the urgency of addressing this 
issue. By offering a structured, in-depth, and up-to-date 
analysis, we aspire to guide future research and action, 
ultimately steering mining practices towards sustainabil-
ity and responsible stewardship of the environment.

The important implications of this study for society 
and the environment in this study are:

Impact on human health: One of the main impor-
tance of this study is the effects of water, air and soil 
pollution on human health. The study can help to 
better understand the chronic and acoustic effects of 
these pollutions on people’s health.
Environmental protection: assessment and control 
of water, soil, and air pollution can help to protect 
and improve the environment of the region. These 
measures can help preserve biodiversity, protect 
water resources, and prevent pollution.
Sustainable resource management: This study 
can contribute to a more sustainable management 
of mineral and water resources in the region. This 
includes optimizing mineral extraction processes, 
water consumption, and pollutant management.
Economic impacts: Assessment and control of pol-
lution can also examine economic impacts. This 
includes health costs, pollution control and treatment 
costs, and impacts on local industries.
Environmental mapping: The information col-
lected in this study can be used to prepare environ-
mental maps and make data-based decisions in the 
field of environmental protection and sustainable 
development.
Innovation and technological advancement: The 
study can lead to the development of new and inno-
vative technologies to control and reduce pollution 
in industries related to lead and zinc.
Promoting the culture of environmental protec-
tion: Publishing the results of this study can help 
increase awareness in society and promote the culture 
of environmental protection and social responsibility.

2 � Sources and Causes of Lead and Zinc 
Contamination

2.1 � Mining Activities and Exploitation of Mines

The level of pollution varies depending on the type 
of mine, mining methods, and the characteristics of 
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the ore body (Y. Zhang et al., 2023a, 2023b, 2023c). 
In addition, the age of the mine also affects the level 
of pollution, with older mines generally causing more 
pollution due to the accumulation of waste and the 
lack of modern environmental management practices 
(Munanku et al., 2023).

Figure  1 shows that mining activities and the 
chemical characteristics of the ore body can directly 
affect the type and volume of waste generated 
(Mwaanga et al., 2019). The use and effectiveness of 
pollution control measures can also directly affect the 
amount of waste generated and how it is disposed of 
(Sanga et  al., 2023). The environmental conditions 
and weather patterns can influence the movement of 
contaminated soil and water and the effectiveness of 
pollution control measures. The proximity to other 
sources of contamination can also contribute to the 
overall contamination levels (Dold et al., 2009). The 
time and duration of mining operations can also sig-
nificantly impact the level of soil contamination, as 
the longer the operations continue, the greater the 
potential for contamination (Chen et  al., 2007). The 
network graph demonstrates the complex interactions 
between these factors and highlights the importance 

of considering multiple factors when mitigating soil 
contamination in mining operations.

The amount of pollution generated by mining 
activities can be seen in Table 1, which summarizes 
the data from various studies on the concentration of 
lead and zinc in the soil around different mining sites. 
The table provides information on the levels of lead 
and zinc pollution, health and environmental impacts, 
and economic consequences associated with mining 
and smelting activities in various cities and countries. 
By comparing the data in Table 1, the effective fac-
tors impacting the level of soil contamination around 
lead and zinc mines and mining industries can be 
summarized as follows:

•	 Type of mining method used: Open-pit min-
ing causes more severe soil pollution than under-
ground mining.

•	 Type of mineral ore being extracted: Lead min-
ing caused more soil pollution than zinc mining.

•	 The age of the mine (Table 2): Older mines gen-
erally have accumulated more waste and have a 
higher likelihood of causing soil pollution than 
newer mines, which tend to have better environ-
mental management practices.

•	 The geographic location of the mining opera-
tion: Mining operations in arid regions tended 
to have higher soil pollution levels than those in 
mountainous regions due to the lack of vegetation 
and moisture in the former.

•	 The type and amount of mining waste gener-
ated: Tailings and slag are the most common 
forms of waste.

•	 Level of environmental management practices 
employed by mining companies: Proactive meas-
ures taken by mining companies and compliance 
with regulations.

2.2 � Production and Processing Activities

Production and processing activities have been identi-
fied as a significant source of soil pollution with lead 
ions. Table  3 presents the potential of polluting the 
environment around the factories of different indus-
tries. Lead and zinc are heavy metals that are fre-
quently found in contaminated soils near mining and 
smelting activities, where the metals are extracted and 
processed from ores for metal production (Sapkota 

Fig. 1   Network graph illustrating the intricate interrelation-
ships between various influential factors contributing to soil 
contamination in mining operations (Aghababai Beni & Jab-
bari, 2022; Beni & Esmaeili, 2020b)
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Table 2   The impact of the mining age on the degree of soil pollution in surrounding areas across various cities

Mining Type Country Mine Location Age of Mine Lead ( mg kg−1) Zinc ( mg kg−1) Reference

Lead–zinc mining China Huize  > 50 years 1230 4280 (Cao et al., 2022; Luo 
et al., 2023)

Lead mining Zambia Kabwe  > 90 years 3150 3520 (Munanku et al., 2023; 
Yamazaki et al., 2021)

Chromite India Sukinda  > 50 years 820 1880 (Mohanty et al., 2023; 
Pradhan et al., 2020)

Lead–zinc mining Peru Cerro de Pasco  > 100 years 2760 2160 (Biamont-Rojas et al., 
2023; Orellana Mendoza 
et al., 2021)

Nickel mining Russia Norilsk  > 80 years 89 325 (Karnaeva et al., 2021)
Copper mining USA Montana 30 years 382 1878 (X. Jiang et al., 2022a, 

2022b)
Lead–zinc mining Peru La Oroya 98 years 3700 26,000 (Rosas et al., 2007; Sagan 

et al., 2018)
Lead–zinc mining China Zhongtiaoshan 40 years 1860 2620 (Liu et al., 2018)
Nickel-copper mining Canada Sudbury 120 years 30 220 (Mathieu et al., 2021)
Gold mining Brazil Paracatu 15 years 12.6 127.7 (Feitosa et al., 2021; Ng 

et al., 2019)
Lead mining China Shangba 10 years 873 1482 (Chen et al., 2007; Chi 

et al., 2022)
Zinc smelting Peru La Oroya 98 years 422.3 3353.3 (Castro-Bedriñana et al., 

2021)
Gold mining South Africa Johannesburg  > 100 years 11.8 614.7 (Tibane & Mamba, 2022)
Silver mining USA Idaho 30 years 13.2 169.1 (Dembele et al., 2022; 

Schmitt et al., 2007)
Lead–zinc mining China Huixian 2–9 years 571–1226 1065–4115 (Ba et al., 2022; Xiao 

et al., 2019; Zhan et al., 
2014)

Lead mining Iran Zanjan 35 years 2098–7424 426–3084 (Faraji et al., 2023; Tale 
et al., 2023)

Gold mining Nigeria Bagega 2–4 years 19,000–28000 600–1900 (Adewumi & Laniyan, 
2020; Aliyu et al., 2023)

Lead–zinc mining Peru Cerro de Pasco  > 400 years 510–13500 1670–20600 (Y. J. Li et al., 2022a, 
2022c, 2022d; Smuda 
et al., 2007)

Zinc mining USA Palmerton 97–102 years 330–50000 3500–84,800 (Vodyanitskii et al., 2020; 
Zhu et al., 2022)

Underground Australia Mount Isa  > 90 years 300—7600 1500—29,000 (Kolala et al., 2020; Li & 
Cai, 2021; Mackay et al., 
2013)

Underground Canada Flin Flon  > 80 years 24—800 76—11,200 (Motomura et al., 2023; 
Shotyk et al., 2016)

Open-pit mining China Dabaoshan  > 30 years 226—1672 221—4085 (Liang et al., 2023)
Underground India Jharia  > 100 years 128—1567 348—2416 (Liang et al., 2023)
Open-pit mining Peru Cerro de Pasco  > 400 years 254—6237 276—22,300 (Dold et al., 2009)
Open pit mining USA California  > 100 years 5500–47500 3900–38800 (Wolkersdorfer & 

Mugova, 2022)
Underground mining Canada Sudbury, Ontario  > 100 years 310–1510 1200–2600 (Kumar Singh et al., 2022; 

Sapkota et al., 2023)
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et  al., 2023). The waste rock and tailings generated 
during these activities can contain high concentra-
tions of lead and zinc ions, which can contaminate 
the surrounding soil and waterways through various 
mechanisms such as leaching, erosion, and runoff 
(Li & Cai, 2021). Improper handling and disposal 

of lead and zinc-containing materials also contribute 
to soil contamination (Y. J. Li et  al., 2022a, 2022c, 
2022d). For instance, lead-acid batteries used in vehi-
cles can release lead ions into the environment if not 
disposed of properly (Nodeh et al., 2023). Similarly, 
galvanizing and plating processes also produce waste 

Table 2   (continued)

Mining Type Country Mine Location Age of Mine Lead ( mg kg−1) Zinc ( mg kg−1) Reference

Open pit mining China Hunan province 1–20 years 360–1255 450–2640 (Yang & Chen, 2023; H. 
Yu et al., 2023a, 2023b)

Underground mining Ghana Obuasi 100 years 760–3700 1200–6500 (Kazapoe et al., 2022; 
Obiri et al., 2010; Ros-
Tonen et al., 2021)

Underground mining India Zawar  > 100 years 2,016–3790 3861–5753 (Rebello et al., 2020)

Table 3   Soil Contamination Levels with Lead and Zinc Ions in Proximity to Major Industrial Factories

Factory/Industry Location Pollution concentration 
( mg kg−1)

Reference

ASARCO copper smelter Hayden, Arizona, USA Lead: 400 to 1300; Zinc: 3000 
to 20,000

(Csavina et al., 2014; Gebhart 
et al., 2021)

ASARCO smelter Tacoma, Washington, USA Lead: 160,000 (Walls et al., 2022)
Hindustan Zinc Limited 

smelter
Rajasthan, India Lead: 215 to 1100; Zinc: 8000 

to 38,000
(Behera et al., 2021; Gared & 

Gaur, 2020; Prasad & Ramana, 
2016)

Lead-acid battery recycling 
plant

Taizhou, Zhejiang Province, 
China

Lead: 320,000; Zinc: 1,090,000 (Shi et al., 2019; Xu et al., 2022)

Lead-acid battery recycling 
plant

Wuhan, China Lead: 18,000 (M. Li et al., 2021a, 2021b, 
2021c, 2021d; Tian et al., 
2014)

USS Lead Superfund Site East Chicago, USA Lead: 40,000 (Haque et al., 2021; Ringwald 
et al., 2021)

Anaconda Copper Montana, USA Lead: 160,000; Zinc: 240,000 (Burt et al., 2003; Zhang et al., 
2020)

Palmerton Zinc Superfund Site Pennsylvania, USA Lead: 1510; Zinc: 5800 (Ketterer et al., 2001; Richard-
son et al., 2015)

Textile dyeing and printing 
factories

Dhaka, Bangladesh Lead: 35 to 188; Zinc: 192 to 
6092

(Zerin et al., 2020)

Textile factories Tirupur, India Lead: 12 to 147; Zinc: 60 to 
1479

(Swarnkumar Reddy & Osborne, 
2020)

Textile factory Istanbul, Turkey Lead: 57 to 607; Zinc: 433 to 
3574

(Barut et al., 2016)

Electronic waste recycling 
activities

Agbogbloshie, Accra, Ghana Lead: 63 to 7631; Zinc: 141 to 
12,847

(Ackah, 2019; Canavati et al., 
2022; Fujimori et al., 2016)

Electronic waste recycling Taizhou, China Lead: 461; Zinc: 1556 (Lin et al., 2022a, 2022b)
Electronic waste recycling sites Aba, Nigeria Lead: 24 to 1606; Zinc: 71 to 

4119
(Nieberl et al., 2023)

Paint manufacturing plant Jiangsu, China Lead: 20; Zinc: 73 (Wang et al., 2020)
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materials that contain high levels of zinc and can con-
taminate soil and water if not managed appropriately 
(Aghababai Beni et al., 2021).

2.3 � Waste Disposal and Management Practices

Table 4 illustrates several recent instances of soil con-
tamination by lead and zinc ions resulting from heavy 
metal waste disposal. The results indicate a clear pattern 
of heavy metal contamination in soil due to improper 
waste disposal practices, with lead and zinc being the 
most commonly found contaminants. Electronic waste 
and mining waste are particularly problematic, with 
lead concentrations ranging from 2.01 mgkg−1 to 12000 
mgkg−1 in different locations. The findings highlight 
the urgent need for stricter regulations and effective 
waste management practices to prevent soil contami-
nation and its harmful effects on human health and the 
environment (Huynh et al., 2023).

2.4 � Atmospheric Deposition

Lead and zinc are heavy metals that can be emit-
ted into the atmosphere from various anthropogenic 
activities, such as mining, smelting, and combustion 
of fossil fuels. These metals can deposit onto soil 
surfaces through dry and wet deposition and accu-
mulate over time, resulting in soil pollution (Liang 
et al., 2023; Shotyk et al., 2016). Several factors can 
affect atmospheric deposition and subsequent soil 
contamination with lead and zinc, including:

•	 Industrial activities: Industrial processes such 
as smelting, mining, and refining can release lead 
and zinc into the air, leading to increased atmos-
pheric deposition and soil contamination (Khan 
et al., 2023).

•	 Transportation: Emissions from transportation, 
particularly from vehicles that burn leaded gasoline, 
can contribute to atmospheric deposition of lead and 
zinc (Chen et al., 2023; Peter et al., 2018).

•	 Proximity to pollution sources: The closer a soil 
sample is to a pollution source, such as an indus-
trial facility or a busy road, the higher the levels 
of lead and zinc deposition are likely to be (Filon-
chyk & Peterson, 2023; Wong et al., 2022).

•	 Soil properties: Soil characteristics such as pH, 
organic matter content, and clay mineral content 
can affect the adsorption and mobility of lead and 
zinc in soil, which in turn can impact the extent of 
soil contamination (Li et al., 2024; M. Wang et al., 
2023a, 2023b, 2023c, 2023d).

•	 Climate and weather patterns: Atmospheric 
deposition can be affected by weather patterns, 
such as precipitation and wind direction, which 
can transport pollutants over long distances (Wong 
et al., 2023).

It is difficult to determine the exact percentage of 
each factor, as the contribution of each factor can 
vary depending on the specific location and circum-
stances. However, here is a rough estimate of the 

Table 4   Concentration of contaminants in different types of waste in various locations

Waste Type Contaminants Concentration (mg kg−1)   Location Reference

Electronic waste Lead 2500 Nigeria (Jibiri et al., 2014)
Electronic waste Lead 2.01–104.03 Ghana (Acquah et al., 2021)
Electronic waste Zinc 7.23–174.23 Ghana (Adanu et al., 2020)
Electronic waste Lead 1600 India (Awasthi et al., 2022; Bansal et al., 2024)
Battery waste Lead and Zinc 77–700 Italy (Karpinski & Serenyi, 2023)
Battery waste Lead 432 Nigeria (Eze et al., 2023)
Mining waste Lead and Zinc 250–12000 Mexico (Ahumada-Mexía et al., 2021)
Mining waste Lead 3000 Australia (Valenta et al., 2023)
Industrial waste Zinc 2444 China (Gu et al., 2023)
Landfill waste Lead 24.17–71.09 Mexico (Rueda-Avellaneda et al., 2021)
Municipal solid waste Lead and Zinc 78–103 India (Borah et al., 2023)
Municipal solid waste Zinc 470 Philippines (Soni et al., 2022)
Agricultural waste Zinc 23 Brazil (Schwanke et al., 2022)
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relative contribution of each factor in Fig. 2 (Green 
et al., 2022; Zhuk et al., 2022).

Table  5 provides data on pollutants emitted 
from industrial factory chimneys that result in the 
release of lead and zinc into the atmosphere in 
various cities and countries. Based on the data, it 
is evident that industrial activities such as lead and 
zinc smelting, zinc oxide production, lead smelting, 
zinc smelting, metal mining, waste incineration, 
and oil refineries have a significant impact on the 
environment. The pollution levels in the surround-
ing soil and smoke emissions from these activities 
are comparatively high and can have adverse effects 
on human health and the ecosystem. On the other 
hand, industries such as vehicle exhaust, nickel and 
copper mining, copper and gold mining, aluminum 
smelting, nickel smelting, and lead and zinc mining 
show relatively lower pollution levels. However, it 
is important to note that any form of pollution can 
have negative effects on the environment, and con-
tinuous efforts should be made to reduce pollution 
levels.

3 � Environmental and Health Effects of Lead 
and Zinc Contamination

3.1 � Soil Pollution and Degradation

Soil pollution can adversely affect the health and 
productivity of soil ecosystems, including the soil 
microbial community, and can impair plant growth 
and development (Goswami et al., 2023; Khan et al., 

2023). As shown in Fig.  3, soil fertility evalua-
tion under the effect of soil contamination with lead 
and zinc can be done using various methods. Some 
of the commonly used methods are: Soil nutrient 
analysis (Muller & Muller, 2014), Soil pH measure-
ment (Nabuyanda et al., 2022), Plant growth analysis 
(Y. Liu et al., 2023a, 2023b; Schwanke et al., 2022), 
Microbial analysis (X. Jiang et al., 2022a, 2022b).

According to Table  6, the pH of the soil can be 
influenced by various factors, including the type of 
soil, the presence of organic matter, and the concen-
tration of contaminants such as lead and zinc. Gener-
ally, soil pH tends to decrease (become more acidic) 
as the amount of lead and zinc contamination in soil 
increases. This is because lead and zinc can displace 
other cations, such as calcium and magnesium, that 
play a role in maintaining soil pH. When these cati-
ons are displaced, the pH of the soil can become more 
acidic. However, the extent of this pH change can also 
depend on the type of soil. For example, sandy soils 
tend to have a lower buffering capacity and are more 
susceptible to pH changes than clay soils. This means 
that the pH of sandy soils can change more quickly 
and drastically in response to changes in the concen-
tration of contaminants such as lead and zinc.

3.2 � Water Pollution and its Effects on Aquatic Eco-
systems

Soils contaminated with lead and zinc can pollute 
water through a process known as leaching (Gos-
wami et al., 2023). When it rains or when water is 
applied to the contaminated soil, the heavy met-
als can dissolve and move down through the soil, 
eventually reaching groundwater or surface water 
(Wolkersdorfer & Mugova, 2022). This can con-
taminate water bodies such as rivers, lakes, and 
streams. Once the heavy metals enter the aquatic 
ecosystem, they can accumulate in the tissues of 
fish and other aquatic organisms, which can be 
dangerous for the ecosystem (Sakaa et al., 2022).

Lead and zinc contamination poses a significant 
threat to aquatic organisms, impacting their health 
and growth. Lead exposure can lead to reduced 
fish reproduction, slower growth rates, and behav-
ioral changes, while zinc can affect reproduction, 
growth, and weaken the immune systems of fish, 
making them more susceptible to diseases. The 

Fig. 2   Approximate estimation of the relative contribution of 
various factors that can affect atmospheric deposition and sub-
sequent soil contamination with lead and zinc (Haghighizadeh 
et al., 2023; Haghmohammadi et al., 2023)
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Table 5   Industrial Activities and Associated Pollutants in Factory Chimneys Across Various Countries and Cities

Factory Activity Country City Smoke Type Chimney 
Height (m)

Pollution in 
Surrounding 
Soil (mg kg−1)  

Pollution 
in Smoke 
(μg m−3)  

Reference

Lead and Zinc 
Smelting

China Shanghai Acidic 30 506–6600 3015–6428 (Awasthi et al., 
2017; Luo 
et al., 2022)

Zinc Oxide 
Production

China Hangzhou Alkaline 25 143.7–231.3 8.01–17.7 (Hien et al., 
2022; Sun 
et al., 2017)

Lead Smelting China Zhuzhou Acidic 35 67–225 344.6–589.9 (Long et al., 
2021; Luo 
et al., 2023; 
Zhou et al., 
2022)

Zinc Smelting China Suzhou Acidic and 
Basic

45–80 27–511 257–4100 (Li et al., 2024; 
P. Yu et al., 
2023a, 2023b; 
Zhang et al., 
2018)

Metal Mining India Jharia Acidic 15–50 14.3–584.3 218.9–1568.7 (Dutta Dey & 
Singh, 2021; 
Kim et al., 
2021)

Waste Incinera-
tion

China Jinhua Acidic and 
Basic

45–70 4.4–40 67–181.5 (Li et al., 2016; 
Y. Wang et al., 
2023a, 2023b, 
2023c, 2023d)

Vehicle Exhaust India Bangalore - - 1.75–148.2 35.25–1404.4 (Alshetty & 
Nagendra, 
2022; Peter 
et al., 2018)

Oil Refineries Saudi Ara-
bia

Jubail Alkaline 40–80 7.4–200 470–1760 (Khan et al., 
2023; Rojas-
Rueda et al., 
2021)

Coal-fired 
Power Plants

USA Chicago Acidic 100–120 5.5–168 5.5–168 (Filonchyk & 
Peterson, 2023; 
Tongyi Yang 
et al., 2022a, 
2022b, 2022c)

Cement Produc-
tion

Nigeria Lagos Alkaline 60–80 26–210 56–89 (Adedeji et al., 
2020)

Nickel and Cop-
per Mining

Canada Sudbury - - 217–2600 - (Simmatis et al., 
2022; Z. Wang 
et al., 2023a, 
2023b, 2023c, 
2023d)

Copper and 
Gold Mining

Chile Copiapo - - 56.5–2030 - (Bundschuh 
et al., 2021)

Lead and Zinc 
Smelting

Kazakhstan Karaganda Acidic 57 183–290 21–63 (Coman 
et al., 2015; 
Ramazanova 
et al., 2021)
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correlation between soil pollution with lead and 
zinc ions and water pollution around factories is 
evident in Table  7, showing a positive relation-
ship where increased soil pollution corresponds 
to higher water pollution levels. This emphasizes 
the importance of addressing soil contamination to 
safeguard water quality and aquatic life.

3.3 � Plant Uptake and Crop Contamination

Contamination of plants with lead and zinc typically 
occurs through the uptake of these metals by the 
plant roots from the contaminated soil (Usman et al., 
2023). When the concentration of lead and zinc in 
the soil exceeds the safe limit, the roots of the plants 
absorb these metals along with water and essential 

nutrients (Lingrui Liu et  al., 2022a, 2022b). Once 
inside the plant, these metals can accumulate in vari-
ous plant tissues, including leaves, stems, and fruits, 
affecting plant growth, metabolism, and yield (Soltani 
et  al., 2017). Additionally, metal-contaminated soil 
can also reduce the activity of soil microorganisms 
that help in nutrient cycling, leading to further plant 
stress and reduced growth (Liu et al., 2021). Accord-
ing to Table 8, the extent of plant contamination with 
lead and zinc depends on several factors, including 
the type of plant, duration and level of metal expo-
sure, soil characteristics, and the presence of other 
contaminants in the soil.

The network model of the effect of soil contamina-
tion with lead and zinc ions on plants was presented 
in Fig. 4; These problems include:

Table 5   (continued)

Factory Activity Country City Smoke Type Chimney 
Height (m)

Pollution in 
Surrounding 
Soil (mg kg−1)  

Pollution 
in Smoke 
(μg m−3)  

Reference

Aluminum 
Smelting

Russia Volgograd - - 18.8–345 1.1–2.2 (Farjana et al., 
2019; Zhuk 
et al., 2022)

Copper Smelt-
ing

Zambia Kitwe Acidic 85 200–3700 240–4500 (Mwaanga et al., 
2019; Nabuy-
anda et al., 
2022; Sanga 
et al., 2023)

Copper Smelt-
ing

Bulgaria Pirdop - - 19–410 N/A (Jordanova et al., 
2021; Metch-
eva et al., 2003; 
Yotova et al., 
2018)

Lead and Zinc 
Smelting

Germany Duisburg Acidic 75–175 91–596 8–11 (Cappucci et al., 
2020; Suer 
et al., 2021; 
Zacharopoulos 
et al., 2023)

Nickel Smelting Norway Kristiansand - - 5.5–139 0.04–0.28 (Flem et al., 
2018; Trannum 
et al., 2023)

Lead and Zinc 
Mining

Poland Olkusz - - 108–5300 - (Baran et al., 
2023; Ghayor-
aneh & Qish-
laqi, 2017)

Copper and 
Zinc Smelting

Spain Huelva Acidic 150 119–4900 27–294 (Bullock et al., 
2023; Hao 
et al., 2020)
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Fig. 3   Factors affecting soil fertility for plant growth under the influence of lead and zinc ions contamination in soil

Table 6   The effect of soil contamination with lead and zinc ions on soil pH changes in different types of soil from different regions

Location Soil Type Soil pH 
(Control)

pH of Con-
taminated Soil

Contaminants ( mg kg−1) Reference

Turkey Sandy Loam 6.1 5.3 Pb: 2500; Zn: 3500 (Różański et al., 2021)
China Clay Loam 6.8 5.8 Pb: 800; Zn: 1200 (Usman et al., 2023)
India Sandy Loam 7.2 6.5 Pb: 200; Zn: 500 (Ahmed et al., 2021)
China Loamy Sand 7.4 6.3 Pb: 500; Zn: 1500 (El-Ghamry et al., 2002)
China Agricultural 7.47 6.66 Pb: 1476; Zn: 2245 (X. Li et al., 2022a, 2022c, 2022d)
India Agricultural 7.42 6.36 Pb: 71.64; Zn: 85.39 (Tyagi et al., 2022)
Nigeria Agricultural 5.85 4.45 Pb: 113.31; Zn: 173.02 (Mandal et al., 2022)
Iran Forest 6.78 5.58 Pb: 8.14; Zn: 20.39 (Fathizad et al., 2020)
Poland Forest 4.90 4.25 Pb: 5.18; Zn: 74.67 (Kicińska & Wikar, 2021)
China Sandy Loam 6.8 4.6 Pb: 140; Zn: 280 (Wang et al., 2021)
India Loamy Sand 7.2 6.5 Pb: 150; Zn: 170 (Setia et al., 2023)
China Agricultural 7.5 5.8 Pb: 200; Zn: 400 (Y. Zhang et al., 2023a, 2023b, 2023c)
Bangladesh Forest 6.9 5.8 Pb: 120; Zn: 240 (Khan & Shoumik, 2022)
China Silty Clay 6.8 4.9 Pb: 80; Zn: 120 (Wei et al., 2023)
Nigeria Silt Loam 7.0 6.2 Pb: 100; Zn: 200 (Aja et al., 2021)
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•	 Reduced growth and yield: Lead and zinc can 
negatively affect plant growth and development, 
leading to stunted growth and reduced crop yield 
(Li et  al., 2022a, 2022c, 2022d; Zia-ur-Rehman 
et al., 2023).

•	 Chlorosis: High levels of lead and zinc can cause 
chlorosis, a condition where the leaves of the plant 
turn yellow due to a lack of chlorophyll (Borah 
et al., 2023; QIN et al., 2020; Yotova et al., 2018).

•	 Leaf necrosis: Leaf necrosis is another common 
symptom of lead and zinc toxicity (Guo et  al., 
2021; LI et  al., 2022a, 2022c, 2022d). This con-
dition is characterized by the death of leaf tissue, 
which can negatively affect plant growth and pho-
tosynthesis (Guo et al., 2021).

•	 Reduced nutrient uptake: Lead and zinc can 
interfere with the uptake of essential nutrients, 
such as iron, magnesium, and calcium, leading to 
nutrient deficiencies in plants (Lingrui Liu et al., 
2022a, 2022b; Mapodzeke et  al., 2021; Zia-ur-
Rehman et al., 2023).

•	 Lowered photosynthesis: Lead and zinc can 
interfere with the photosynthetic process, leading 
to reduced energy production in plants (Li et  al., 
2022a, 2022c, 2022d; Liu et  al., 2021; Y. Liu 
et al., 2023a, 2023b).

•	 Increased susceptibility to pests and diseases: 
Plants that are exposed to lead and zinc contami-
nation may be more susceptible to pest and dis-
ease attacks due to weakened defenses (Bunds-
chuh et al., 2021; Timalsina et al., 2022).

Table 8   The effect of soil contamination with lead and zinc ions on plants in different periods of time

Plant Symptoms Severity Soil Con-
centration 
( mg kg−1)

Duration of 
Exposure 
(day)

Reference

Tomato Chlorosis, necrosis, reduced 
growth, and yield

Moderate to severe Pb: 56, Zn: 210 60 (Zia-ur-Rehman et al., 2023)

Wheat Reduced growth, chlorosis, 
reduced photosynthesis

Moderate Pb: 49, Zn: 156 90 (Li et al., 2022b)

Bean Leaf necrosis, reduced nutrient 
uptake, reduced growth and 
yield

Severe Pb: 70, Zn: 180 120 (Qin et al., 2020)

Corn Stunted growth, chlorosis, 
reduced photosynthesis

Moderate to severe Pb: 80, Zn: 250 45 (Mapodzeke et al., 2021)

Soybean Leaf necrosis, reduced nutrient 
uptake, increased susceptibility 
to pests

Severe Pb: 65, Zn: 200 75 (Lingrui Liu et al., 2022a, 2022b)

Fig. 4   Network model of 
soil contamination with 
lead and zinc ions and its 
effects on plants



	 Water Air Soil Pollut (2023) 234:760

1 3

760  Page 16 of 50

Vol:. (1234567890)

•	 Reduced growth and yield: Lead and zinc can 
negatively affect the growth and development 
of plants, leading to stunted growth and reduced 
yield (Soltani et al., 2017; Timalsina et al., 2022).

•	 Interference with nutrient uptake: Lead and 
zinc can compete with other essential nutrients 
for uptake by plant roots, leading to nutrient defi-
ciencies and other physiological disorders (Borah 
et al., 2023; Mapodzeke et al., 2021).

•	 Damage to cell membranes: Lead and zinc can 
cause damage to the cell membranes of plants, 
leading to leakage of cell contents and reduced 
plant vitality (Ahmed et  al., 2021; Lingrui Liu 
et  al., 2022a, 2022b; Z. Zhang et  al., 2023a, 
2023b, 2023c; Zia-ur-Rehman et al., 2023).

3.4 � Health Risks and Hazards Associated with Lead 
and Zinc Exposure

One example of a disease caused by soil contami-
nation with lead and zinc is poisoning (Green et al., 
2022; Markowitz, 2016). Table 9 presents some of the 
diseases caused by soil contamination with lead and 
zinc ions for humans. Long-term exposure to lead-
contaminated soil can cause lead to accumulate in the 
body (Beni & Esmaeili, 2019), leading to a variety of 
health problems including anemia (Piai and Olym-
pio, 2023), kidney damage (Pérez-Vázquez et  al., 
2021), neurological disorders (Chauhan et al., 2022), 
developmental delays in children (Laidlaw et  al., 
2017; Zhang et al., 2020), and reproductive problems 
(Bundschuh et  al., 2021). Zinc contamination can 
also have negative health effects, such as causing gas-
trointestinal issues (Luo et  al., 2022) and impairing 
the immune system (Green et al., 2022).

3.5 � Effects on Wildlife and Biodiversity

The impact of lead and zinc soil contamination on 
wildlife and biodiversity is a complex (Table 10) and 
multifaceted topic, and research in this area has high-
lighted several important topics that are worth consid-
ering, some of these topics are:

•	 Direct toxicity effects: Lead and zinc are toxic to 
wildlife and can cause a range of health effects, 
including damage to the nervous system, diges-

tive system, and reproductive system. For exam-
ple, lead exposure in birds was associated with 
reduced egg production and hatching success 
(Durkalec et al., 2022).

•	 Indirect effects on food webs: Lead and zinc con-
tamination can also affect the food webs in which 
wildlife species are situated. For example, lead 
poisoning in predators can result from the inges-
tion of prey that have been exposed to lead (Green 
et al., 2022; Liang et al., 2023). Additionally, lead 
contamination can lead to a reduction in the abun-
dance and diversity of invertebrates, which can 
have knock-on effects for higher trophic levels. 
For example, lead contamination in streams was 
associated with reduced invertebrate biomass and 
diversity, which in turn was associated with lower 
fish biomass (Thummala et al., 2022).

•	 Habitat degradation: Lead and zinc contamina-
tion can also result in habitat degradation, which can 
have negative impacts on biodiversity. For example, 
lead and zinc contamination in soils was associated 
with reduced plant biomass and diversity (Y. Liu 
et al., 2023a, 2023b; Rajkumar et al., 2012).

•	 Synergistic effects: Lead and zinc contamination 
can also interact with other stressors to produce 
synergistic effects. For example, lead exposure in 
birds was associated with increased susceptibility 
to avian malaria (Canavati et al., 2022; Mao et al., 
2023; Ros-Tonen et al., 2021).

4 � Monitoring and Assessment of Lead and Zinc 
Contamination in Soil

4.1 � Sampling and Analytical Techniques

New techniques for monitoring and assessing lead 
and zinc contamination in soil have been devel-
oped, including extraction methods using magnetic 
nanoparticles (Lingrui Liu et  al., 2022a, 2022b) and 
fractionation techniques (Soodan et  al., 2014), and 
analytical techniques (Neo et al., 2022) such as spec-
troscopy (Milori et al., 2023) and laser-induced break-
down spectroscopy (LIBS) (Ying Zhang et al., 2021a, 
2021b). Non-destructive techniques like micro-X-
ray fluorescence (µXRF) (Marafatto et  al., 2021)and 
synchrotron-based X-ray fluorescence microscopy 
(XFM) (Castillo-Michel et  al., 2017) can provide 
detailed information about the distribution of lead 
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and zinc in soil samples at the microscale. Sampling 
techniques like random sampling, composite sam-
pling, and grid sampling, along with analytical tech-
niques such as atomic absorption spectroscopy (AAS) 
(Aliyu et al., 2023), inductively coupled plasma mass 
spectrometry (ICP-MS) (Hien et al., 2022), and X-ray 
fluorescence (XRF) (Marafatto et  al., 2021), can 
accurately assess the extent and severity of contami-
nation. Soil extraction using solvents can be analyzed 
using AAS or ICP-MS to determine contaminant con-
centration. Choosing appropriate techniques based on 
soil properties and contaminant types is crucial for 
effective monitoring and remediation; Table 11 sum-
marizes various techniques for detecting and analyz-
ing lead and zinc in soil samples.

4.2 � Geographic Information Systems (GIS) and 
Remote Sensing Techniques for Mapping and 
Monitoring

Geographic Information Systems (GIS) and remote 
sensing techniques are important tools for mapping 
and monitoring various environmental parameters 
(Wong et al., 2020b). GIS is a computer-based system 
that allows users to store, analyze, and display spatial 
data (Khan et  al., 2022). It is used to manage large 
datasets with geospatial information, such as maps, 
satellite imagery, and terrain models (Nwazelibe 
et al., 2023). GIS can be used to model and analyze 
complex relationships between environmental fac-
tors and human activities (X. Li et al., 2022a, 2022c, 
2022d). Table 12 provides a comparison between GIS 
and remote sensing techniques for mapping and mon-
itoring of soils contaminated with lead and zinc ions. 
From the table, it can be concluded that both GIS and 
remote sensing techniques have advantages and dis-
advantages, and the choice of technique depends on 
the specific requirements of the study. While GIS is 
better suited for spatial analysis and data manage-
ment, remote sensing techniques provide valuable 
information about the spectral properties of the con-
taminated soil.

Remote sensing techniques are generally consid-
ered to be more accurate than GIS when it comes 
to data analysis. However, the use of remote sens-
ing techniques requires specialized equipment and 
expertise, which may not be readily available to all 
researchers. On the other hand, GIS is more user-
friendly and widely accessible, making it a more Ta
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Table 10   Impacts of soil pollution on animal and plant species

Location Type of soil pollution Pollution ( mg kg−1) Name of animal or 
plant species

Description Reference

USA Lead and zinc High levels Eastern fence lizard Exposure to con-
taminated soil led to 
reduced growth rates 
and altered immune 
function in lizards

(Marsili et al., 2009)

Spain Lead Moderate levels Olive trees Lead accumulation in 
soil led to reduced 
growth, altered 
nutrient uptake, 
and changes in soil 
microbial communi-
ties in olive trees

(Moreno et al., 2013)

China Lead and cadmium High levels Microbial communi-
ties

Soil contamination led 
to reduced microbial 
diversity and altered 
microbial commu-
nity structure in an 
urban park

(Huang et al., 2023)

Sri Lanka Lead and zinc High levels Groundwater micro-
bial communities

Contamination led to 
reduced microbial 
diversity and altered 
microbial com-
munity structure in 
groundwater

(Cooray et al., 2021)

Poland Lead and zinc Pb: 465; Zn: 7325 Lichen communities Soil contamination 
with lead and zinc 
was found to be 
negatively affecting 
lichen communi-
ties in urban and 
industrial areas of 
Poland

(Anderson et al., 2022)

Nigeria Lead and cadmium Pb: 275; Cd: 15 Tilapia fish Contamination of 
river sediments with 
lead and cadmium 
was found to be 
negatively affect-
ing the health and 
growth of tilapia fish 
in Nigeria

(Morshdy et al., 2021)

India Lead 77–130 Wheat crop High levels of lead 
contamination in 
soil were found to be 
affecting the growth 
and yield of wheat 
crops in India

(Bhatnagar et al., 2022)

China Lead and cadmium Pb: 43.2; Cd: 85.3 Microbial communi-
ties in urban park 
soil

Reduced microbial 
diversity and activ-
ity, altered commu-
nity structure

(W. Liu et al., 2023a, 
2023b)

India Zinc 400–1000 Earthworms Reduced survival and 
growth, altered soil 
properties and nutri-
ent cycling

(Maity et al., 2011)
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practical choice for many studies. The decision to 
use remote sensing or GIS will ultimately depend on 
factors such as the nature of the research, available 
resources, and the level of expertise of the researchers 
involved (Hakim et al., 2023).

5 � Mitigation and Remediation Strategies for Lead 
and Zinc Contamination

5.1 � Soil Remediation Techniques: Physical, 
Chemical, and bBiological Approaches

There are several solutions to treat soil contaminated 
with lead and zinc ions, which can be classified 

into physical, chemical, and biological methods. 
Table  13 provides information on the effectiveness 
of various treatments for the removal of lead and 
zinc ions from contaminated soil. Physical methods 
involve the removal of contaminated soil through 
excavation or dredging (Lin et  al., 2022b), which 
is then disposed of in a controlled manner (Osten 
et  al., 2023). This process is often costly and dis-
ruptive, but it can effectively remove contaminated 
soil (Aghababai Beni et al., 2021). Chemical meth-
ods involve the use of chemicals to immobilize or 
remove contaminants from the soil (Chi et al., 2022). 
One common technique is soil washing, where con-
taminated soil is treated with a solution that dis-
solves the contaminants, which are then separated 

Table 10   (continued)

Location Type of soil pollution Pollution ( mg kg−1) Name of animal or 
plant species

Description Reference

Poland Zinc 200–3200 Red clover (plant) Reduced growth and 
biomass, altered 
morphology and 
nutrient content

(Zielinska et al., 2012)

China Lead and cadmium Pb: 61.47; Cd:0.27 Plants and soil 
microbes

Reduced plant diver-
sity and altered soil 
microbial communi-
ties in an urban park

(Guo et al., 2021)

Australia Zinc 10–200 Grasses and inverte-
brates

Reduced growth and 
reproduction of 
grasses, and altered 
invertebrate commu-
nities in a mine site

(Wilder & Simpson, 
2022)

Brazil Lead 950 Ants Reduced ant diversity 
and abundance in a 
lead-contaminated 
urban garden

(Mendonça-Santos 
et al., 2023)

Spain Lead 300–900 Birds Reduced reproductive 
success and survival 
in birds living near 
contaminated indus-
trial sites

(Durkalec et al., 2022)

South Africa Zinc 250–1000 Termites Reduced termite abun-
dance and diversity 
in a mine site with 
high zinc pollution

(Lesnik, 2014)

China Lead and Cadmium Pb: 6285; Cd: 312 Soil Microbial Com-
munities

Contamination 
reduced microbial 
biomass and activity, 
altered community 
composition, and 
decreased soil nutri-
ent availability

(Y. Liu et al., 2023a, 
2023b)
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from the soil (Shukla et  al., 2022). Another tech-
nique is stabilization/solidification, where additives 
are mixed with the soil to bind the contaminants and 
prevent their migration (W. Li et al., 2019a, 2019b; 
Siyar et al., 2020). Electrokinetic remediation is also 

a chemical method that uses an electrical current to 
move the contaminants towards an electrode where 
they can be extracted (Xie et al., 2021).

Biological methods involve the use of living 
organisms or their byproducts to degrade or remove 

Table 11   Summary of various techniques for detecting and analyzing lead and zinc in soil samples

Technique Summary Reference

Magnetic solid-phase extraction A new method for extracting lead from soil 
samples using magnetic nanoparticles, result-
ing in higher extraction efficiency and lower 
detection limits

(Qu et al., 2022)

Portable X-ray fluorescence A fast and non-destructive method for measur-
ing the concentration of lead and zinc in 
soil samples in the field, with comparable 
accuracy to laboratory analysis

(Neo et al., 2022)

Sequential extraction A technique for separating lead and zinc in soil 
samples into different fractions based on their 
binding forms, providing information on their 
bioavailability and mobility

(Barhoum et al., 2023)

Laser-induced breakdown spectroscopy A method for analyzing the elemental composi-
tion of soil samples by generating a plasma 
with a laser, offering fast and cost-effective 
analysis with minimal sample preparation

(Ying Zhang et al., 2021a, 2021b)

In situ soil analysis Developments in handheld devices and sensors 
for real-time analysis of lead and zinc in 
soil samples in the field, allowing for more 
efficient and accurate monitoring

(Alonso Castillo et al., 2011)

X-ray fluorescence (XRF) Use of handheld XRF devices for rapid on-site 
screening of soils

(Liang et al., 2021)

Spectroscopic techniques Combination of spectroscopic techniques (e.g. 
Fourier transform infrared spectroscopy, 
Raman spectroscopy) with chemometric 
methods for identification and quantification 
of lead and zinc in soil

(Lin Liu et al., 2022a, 2022b)

Electrochemical techniques Development of electrochemical sensors for 
in situ measurement of lead and zinc concen-
trations in soil

(Castillo-Michel et al., 2017)

Laser-induced breakdown spectroscopy (LIBS) Use of LIBS for on-site analysis of lead and 
zinc in soil with high sensitivity and accuracy

(Qin et al., 2023)

Magnetic susceptibility measurements Use of magnetic susceptibility measurements 
for rapid screening of soils for lead and zinc 
contamination

(Kennedy & Kelloway, 2020)

Portable X-ray fluorescence (PXRF) A non-destructive technique that can rapidly 
identify the elemental composition of a soil 
sample

(Xiao et al., 2023)

Laser-induced breakdown spectroscopy (LIBS) A type of atomic emission spectroscopy that 
uses a laser to vaporize a small amount of soil 
and then analyzes the emitted light to deter-
mine the elemental composition of the sample

(Milori et al., 2023)

Sequential extraction A technique that involves extracting different 
fractions of metals from soil samples using a 
series of chemical reagents

(Soodan et al., 2014)
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contaminants from the soil (Darroudi et  al., 2018; 
Schulte et  al., 2022). Bioremediation is a common 
technique that uses bacteria or fungi to break down 
contaminants into less harmful substances. Phytore-
mediation is another biological method that uses 
plants to absorb contaminants through their roots 
and store them in their tissues or transform them into 
less harmful substances (Steliga & Kluk, 2020; Xiao 
et al., 2021).

5.2 � Phytoremediation and other Plant‑based 
Approaches

Plant remediation, also known as phytoremediation, 
is a process that uses plants to remove contaminants 
from soil, water, or air (Sakaa et  al., 2022). Plants 
used for remediation are selected based on their abil-
ity to accumulate heavy metals in their tissues with-
out being affected by their toxicity (Enyoh & Isiuku, 
2021; Huang et  al., 2023). These plants are referred 
to as hyperaccumulators, and they can accumulate a 
large amount of heavy metals in their tissues without 
suffering from any adverse effects. Table 14 compares 
the phytoremediation process with different plants for 
the removal of heavy metals, lead and zinc ions from 
contaminated soil. Once the plant has accumulated a 
sufficient amount of heavy metals, it can be harvested 
and disposed of, effectively removing the contami-
nants from the soil (Borah et al., 2023). Phytoreme-
diation is a promising method for the remediation of 
soils contaminated with lead and zinc ions, as it is a 
cost-effective, environmentally friendly, and sustain-
able solution (Timalsina et al., 2022). However, it is 
important to note that the success of phytoremedia-
tion depends on several factors, including the type of 
contaminants, the soil properties, and the specific 
plant species used (Lingrui Liu et al., 2022a, 2022b). 
Therefore, careful selection of the plant species and 
proper site management are crucial for the success-
ful implementation of phytoremediation (M. Li et al., 
2021a, 2021b, 2021c, 2021d).

5.3 � Human Health Protection and Risk Management 
Strategies

There are several strategies for protecting human 
health and managing the risks associated with soil 
contamination by lead and zinc. These strategies 
include:Ta
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•	 Soil testing and analysis: Regular soil testing and 
analysis can help identify areas of soil contamina-
tion and determine the levels of lead and zinc pre-
sent (Barhoum et al., 2023).

•	 Land use management: Land use management 
practices, such as limiting access to contaminated 
areas, can help reduce exposure to contaminated 
soil (Cappucci et  al., 2020; H. Yu et  al., 2023a, 
2023b).

•	 Personal protective equipment: Individuals 
working in or around contaminated soil should 
wear appropriate PPE, such as gloves and masks, 
to reduce the risk of exposure (Q. Li et al., 2023a, 
2023b).

•	 Remediation: Soil remediation techniques, such 
as phytoremediation and soil washing, can be used 
to reduce the levels of lead and zinc in contami-
nated soil (Song et al., 2017).

•	 Health monitoring: Regular health monitoring of 
individuals exposed to contaminated soil can help 
detect and manage any adverse health effects (P. 
Yu et al., 2023a, 2023b).

•	 Education and outreach: Education and outreach 
programs can help raise awareness of the risks 
associated with soil contamination and promote 
safe practices for managing exposure (Z. Wang 
et al., 2023a, 2023b, 2023c, 2023d).

•	 Regulatory measures: Government regulations 
and policies can help prevent soil contamination 
and ensure that contaminated areas are properly 
managed and remediated (Soni et al., 2022).

6 � New Techniques and Approaches for Lead 
and Zinc Pollution Control

6.1 � Innovative Appproaches for Mining Waste 
Management and Remediation

Mining waste management and remediation are criti-
cal aspects of sustainable mining practices. The man-
agement of mining waste involves several challenges, 
including the need to reduce the environmental impact 
of waste, minimize the risks to human health (Csavina 
et al., 2014) and the environment, and ensure the effi-
cient use of resources (H. Li et  al., 2023a, 2023b). 
Innovative approaches to mining waste management 
and remediation have emerged in recent years, driven 
by the need to address these challenges. As Table 15 

presents, the approaches of mineral waste manage-
ment in different countries, one of the most common 
innovative approaches to mining waste management 
is the beneficial use of waste (Bhatnagar et al., 2022). 
This approach involves finding new uses for mining 
waste, such as using coal ash as a substitute for cement 
in construction materials or using iron ore tailings in 
road construction. By finding new uses for waste, the 
amount of waste that needs to be stored or disposed of 
can be reduced, which can help to minimize the envi-
ronmental impact of mining activities. Another inno-
vative approach to mining waste management is the 
use of biological treatments (Mikula et al., 2021).

This approach involves using living organisms, 
such as bacteria or fungi, to break down or remove 
contaminants from mining waste. For example, 
bioleaching is a biological treatment process used to 
extract metals from low-grade ores or mining waste. 
This approach can reduce the amount of waste that 
needs to be stored or disposed of and can help to min-
imize the environmental impact of mining activities.

Integrated waste management is another innova-
tive approach to mining waste management (Cappucci 
et al., 2020). This approach involves the use of a com-
bination of waste management strategies to minimize 
the environmental impact of mining activities. For 
example, the Canadian Dam Association (CDA) guide-
lines for mine tailings management promote the use of 
integrated waste management strategies that include 
the use of tailings ponds, the incorporation of dry-stack 
tailings technology, and the use of cemented paste 
backfill (Z. Wang et al., 2023a, 2023b, 2023c, 2023d).

6.2 � Green Chemistry and Sustainable Practices in the 
Mining Industry

Green chemistry and sustainable practices are 
becoming increasingly important in the mining 
industry as society demands more environmentally 
friendly processes and products (Soni et al., 2022). 
Green chemistry focuses on the design of chemical 
products and processes that minimize or eliminate 
the use and generation of hazardous substances 
(Milori et  al., 2023). In the mining industry, this 
means reducing the use of toxic chemicals and find-
ing alternative methods for processing minerals and 
waste. As shown in Fig. 5, some of the sustainable 
practices that are being implemented in the mining 
industry include:
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•	 Recycling and reuse: Many mining operations 
are implementing recycling programs to reduce 
waste and conserve resources (Lin et al., 2022b). 
For example, water can be treated and reused in 

mining operations to reduce the amount of fresh 
water required (Cappucci et al., 2020).

•	 Energy efficiency: Mining operations are also 
implementing energy-efficient practices, such 

Table 15   Mineral waste management approaches in various countries

Country Type of Mineral Waste Mineral Waste Management 
Approach

Main Pillar of the Standard Reference

USA Coal mining waste Beneficial use Resource Conservation and 
Recovery Act (RCRA)

(McCann & Nairn, 2022)

Canada Mine tailings Integrated waste manage-
ment

Canadian Dam Association 
(CDA) Guidelines

(Rana et al., 2022)

China Copper smelting waste Biological treatment Hazardous waste manage-
ment standard

(Mikula et al., 2021)

Australia Bauxite residue Residue filtration and stack-
ing

Global industry standard for 
bauxite residue manage-
ment

(Kannan et al., 2021)

Brazil Iron ore tailings Dry stacking National Mining Agency 
(ANM) Resolution

(Moura et al., 2022)

Chile Copper mine waste Bioleaching ISO 14001 Environmental 
Management System 
standard

(Newbold, 2006)

USA Coal mining waste Land reclamation Land use and water 
resources

(Feng et al., 2019)

Canada Oil sands tailings Consolidation Geotechnical engineering (da Silva et al., 2021)
Japan Steelmaking slag Recovery and reuse Resource conservation (Yu et al., 2022)
Germany Phosphate waste Solubilization and recovery Resource efficiency (Wen and Li, 2022)
Australia Bauxite residue Neutralization and revegeta-

tion
Environmental performance (Scullett-Dean et al., 2023)

Canada Tailings Subaqueous Disposal International Commission 
on Large Dams (ICOLD)

(Guimarães et al., 2022)

China Red mud Stabilization and solidifica-
tion

National Hazardous Waste 
Management Standard

(Tongyuan Yang et al., 
2022a, 2022b, 2022c)

Germany Fly ash, bottom ash Encapsulation Technical Guidelines for 
Municipal Solid Waste 
Incineration

(Yuying Zhang et al., 2021a, 
2021b)

India Iron ore tailings Utilization in construction 
materials

Indian Roads Congress 
(IRC)

(Shanmugasundaram & 
Shanmugam, 2023)

Norway Sulphide-rich mine waste Carbonate Apatite Perme-
able Reactive Barrier

Norwegian Pollution Con-
trol Authority (NPCA)

(Gauthier et al., 2021)

South Africa Acid mine drainage Biological treatment using 
sulfate-reducing bacteria

South African National 
Standards (SANS)

(Masindi, 2017)

USA Coal ash Beneficial reuse in construc-
tion materials

American Coal Ash Asso-
ciation (ACAA)

(Zierold et al., 2022)

Australia Coal mine tailings Phytostabilization with 
native vegetation

Net Acid Generation (NAG) (Borden et al., 2022)

Canada Gold mine tailings Cemented Paste Backfill 
(CPB)

Paste Backfill Guide (Benkirane et al., 2023)

South Africa Platinum mine tailings Plasma technology for metal 
recovery

National Environmental 
Management Act (NEMA)

(Ololade & Annegarn, 2013)
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as using renewable energy sources like solar and 
wind power (Beni & Esmaeili, 2020a).

•	 Clean technology: New technologies are being 
developed that reduce the use of toxic chemicals in 
the mining process. For example, bioreactors are 
being used to extract metals from ores, reducing the 
need for chemical leaching (Beni & Esmaeili, 2020b).

•	 Responsible sourcing: Mining companies are also 
being held accountable for the impact of their opera-
tions on local communities and the environment (Pari-
zanganeh et  al., 2010). Many companies are imple-
menting responsible sourcing practices to ensure that 
their products are ethically and sustainably sourced.

6.3 � Use of Artificial Intelligence (AI)

Artificial intelligence (AI) can reduce lead and 
zinc soil pollution around mines through various 
approaches, including:

•	 Predictive modeling: AI can be used to develop 
models that predict the likelihood of soil pollution 
based on factors such as geological characteristics, 
mining activities, and weather conditions (Gautam 
et al., 2023; Wong et al., 2021). These models can 
be used to identify areas that are most at risk of 
pollution, allowing for targeted monitoring and 
remediation efforts (Wong et al., 2020a).

•	 Monitoring: AI-powered sensors and drones can be 
used to collect data on soil quality in real-time (Wong 
et al., 2021). This data can be analyzed using machine 
learning algorithms to identify patterns and anoma-
lies, allowing for early detection of soil pollution and 
prompt remediation (Wang et al., 2019).

•	 Optimization of remediation efforts: AI can 
be used to optimize the design and implementa-
tion of remediation strategies (Wong et al., 2021). 

Machine learning algorithms can analyze data on 
soil characteristics and the effectiveness of dif-
ferent remediation methods to identify the most 
effective approach for a particular site (Ji et  al., 
2022; Wong et al., 2020a).

The use of AI in lead and zinc pollution control 
can improve the efficiency and effectiveness of soil 
monitoring and remediation efforts, leading to more 
targeted and cost-effective solutions (Ji et  al., 2023; 
Wong et al., 2021).

7 � Conclusion and Future Directions

The mining industry significantly contributes to envi-
ronmental pollution, particularly through lead and 
zinc contamination of soil. This contamination arises 
from mining activities, production, waste manage-
ment, and atmospheric deposition, impacting soil, 
water, plants, wildlife, and human health. Effective 
monitoring and assessment are vital for understand-
ing the issue and developing solutions. Traditional 
soil remediation methods have limitations, necessi-
tating innovative pollution control approaches. Green 
chemistry and sustainable practices are increasingly 
adopted to minimize environmental impact in mining. 
Policymakers should implement stricter environmen-
tal regulations, better waste management, emission 
control, and enhanced monitoring. Increased research 
funding for pollution control and remediation meth-
ods is also crucial. Ultimately, managing lead and 
zinc contamination is essential for safeguarding 
human health and the environment.

For innovative research in the field of evaluation 
and control of soil, water, and air pollution around fac-
tories and industries related to lead and zinc, you can 
pay attention to the following to conduct innovative 

Fig. 5   Graphical abstract 
of some sustainable 
practices that rely on green 
chemistry in the mining 
industry
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and effective research: Using new technologies such 
as artificial intelligence sensors, remote imaging, and 
the Internet of Things (IoT) to collect accurate and 
continuous data from contaminated areas and environ-
ments around factories. These data can help to better 
analyze pollution and provide innovative solutions. 
Using advanced modeling and artificial intelligence 
algorithms to predict pollution and provide optimal 
solutions for pollution control. These models can 
help make better decisions and make more accurate 
predictions. Research and development of advanced 
treatment technologies to remove contaminants from 
soil, water, and air. This can include nanomaterials, 
photocatalytic technologies, and biological treatment 
technologies. research on strategies to prevent future 
pollution in industries related to lead and zinc. This 
can include designing more efficient manufacturing 
systems and processes and less polluting materials. 
Actively interacting with local communities and shar-
ing information with them. This can help raise pub-
lic awareness and identify new issues. Collaborating 
researchers with different specialties including envi-
ronmental science, environmental engineering, data 
science, and public health to create multidisciplinary 
approaches to tackling pollution. using renewable and 
clean energies instead of polluting energy sources 
in industries related to lead and zinc. This can help 
reduce air pollution associated with fossil fuels.

Data Availability  Data available on request from the authors.
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