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The sub-Saharan Africa (SSA) region bears the blunt of soil pollution mainly due to-
haphazard disposal and gross mismanagement of a wide assortment of pollutants
generated from within and outside the region. Pollution of agricultural soils in the
region is so intense that out of the 80 countries substantially affected by land
degradation (soil pollution, inclusive) in the world, 36 are found in Africa, the SSA, in
particular. Pollution of soils has resulted into a significant reduction in their ability to
support crop growth and yield apart from jeopardizing safety and security of
agricultural produce in SSA. Consequences of pollution of soils on human health in
the region are inadequately reported, but they range from non-fatal, life-changing
effects like skin damage due to acute, invariably fatal incidences of exposure to milt by
chronic effects. We show in this review, that while science and advancement in
technology has provided a multitude of alternative techniques to pollution control and
remediation of affected soils, such techniques are largely inaccessible to most SSA
countries. There is also lack of coordination on development, enforcement and
implementation of legal and political instruments to tackle the growing risk of
pollution to human health from soil contamination across the SSA region. Couple
with this, lack of data on status of soil pollution in most SSA countries affects the
countries’ capacity to devise and plan policies that can help reduce soil pollution.
Countries need to maximize efforts to reverse the status of already polluted pieces of
land through strengthening remediation programs, research on how best to gather,
maintain and complement soil pollution data and actions that inform decision-making.
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1 Introduction

Pollution is the world’s leading environmental cause of disease and premature death (1).
It affects sustainability of the land resources and their ability to support life systems (2, 3).
The problem is more serious in most of the SSA, where the major sources of soil pollution are
agricultural activities, mining, roadside emissions, auto-mechanic workshops, refuse dumps
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and e-waste. Studies have shown that oil spills are the biggest problem
especially in oil-rich countries such as Nigeria and Angola, where
mining, industrial activities and refuse dumps are widespread all over
such countries. In recent years, e-waste recycling has become one of
the biggest contributor to soil pollution with Pb, Cu and Zn (4). This
work reviews the interactions between pollution and agriculture,
technological options for its control, the state of the knowledge on
its magnitude and remediation technologies across the SSA

2 Soil and sediment pollution in African
agriculture: Main sources of pollutants
and extent of the problem

The Sub-saharan Africa region is facing a growing challenge on
how to maintain a balance between economic development and
sustainable environmental protection. This is because over a long
time, countries have prioritized short-term benefits from increased
production over pollution prevention technologies and initiatives.
Pollution of agricultural soils and sediments in the SSA soils can be
traced both from anthropogenic and geological origins.
Anthropogenic sources range from industrial activities, agricultural
production, mining and quarrying to waste disposal and management
(5). Consequently, predominant contaminants of soils and sediments
in SSA are trace elements, followed by pesticides, hydrocarbons and
polychlorinated biphenyls (PCBs). If the current trends are not
intercepted, Africa as whole is expected to witness an exponential
growth in waste generation in the next 20 to 50 years which may reach
a peak in the years beyond 2100 (6).. Main sources of wastes
generation in the region are discussed hereunder.

2.1 Industrial production activities

The current quantity of wastes generated in SSA remains
proportionally small when compared to that generated by the
developed regions of the world, although SSA is forecast to become
the global giant in terms of total waste generation if current trends
remain uninterrupted (7). In 2016, for example, Africa generated
around 174 million tons of wastes and that figure is expected to reach
244 million tons per year as early as 2025 (7, 8). Estimates by the
World Bank suggest that waste generation in the SSA will triple by the
year 2050 (9). Organic wastes constitute the bulk (57%) of total wastes
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produced in the SSA with the rest being plastic (13%), metal (4%),
paper (9%), glass (4%) and others (13%) (7: 8). A greater part of these
wastes is attributable to both population growth and industrialization
(8-11). Consequently, contaminants in the form of gaseous
emissions, liquid and solid wastes have ended up in land resources
including surface and underground waters, the soils, and sediments
mainly due to less stringent regulations overseeing management of
wastes in SSA countries. Total environmental pollution tends to rise
in areas where more polluting industries like petrochemicals or
cement manufacturing are increasing their share of production
leading, in turn, to tremendous stress on the entire ecosystem and
natural system components like water, air, soil, and bio-diversity
(12, 13).

On the other hand, Small-scale industrial operations ranging
from dry cleaning, auto-mechanical workshops and lead battery
recycling to cottage industries account for a significant share of soil
pollution in sub-Saharan Africa (5). Auto-mechanical workshops
through provision of a range of services such as engine repair and
maintenance, welding and paint spraying, do release a variety of
pollutants to the surrounding soils (5). The released pollutants may
include paints, paint primers and solvents, old hydraulic liquids,
lubricating oil and grease (14). All of these pollutants could be a
significant source of polycyclic aromatic hydrocarbons (PAHs), some
of which can be cancer-causing agents upon prolonged exposure.

Cottage industries, which refer to a group of home-based small-
scale industries, can act as a source of income to many families in
Africa. Nonetheless, they are also a serious source of pollutants in sub-
Saharan Africa. They are usually completely unregulated and exempt
from worker compensation laws and other occupational health and
safety regulations (15). During operations, cottage industries use
highly toxic heavy metals such as lead, mercury, cadmium and
arsenic (15, 16). Table 1 shows metals reported in literature,
characteristic of cottage industrial operations that eventually end up
polluting the environment, notably soils, and sediments.

2.2 Artisanal and small-scale mining

Gold, tin, cobalt and lead are some of the heavy metals usually
mined by Artisanal and small-scale mining activities across the SSA.
ASM is known to provide a source of income to approximately 20 to
30 million miners globally (29). Among them, tens of millions of
people in SSA rely on ASM for their disposable incomes (13).

TABLE 1 Metals originating from cottage industrial operations that pollute the soils and sediments.

Type of cottage industry/operation

Electrical appliance repair Pb, Cd, Hg, As
Car repair and garage services Pb
Welding Pb, Cd

Scrap metal recycling Pb, Zn, Cu, Nj, Cr, Cd, Cr

Spray painting Pb, Cd, Cr
Metal jewelry making

Hair dressing Pb, Cu, Co, Nj, Cr, Cd, As
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Toxic heavy metals released

Ag, Cu, Sn, B, Ni, Zn, Pb, Cd

02

Environmental segment polluted References
Air, land (soil and water bodies) (15, 17)
Soils, water, air (18-20)
Soils, water, air (15, 21)
Soils, waters (17, 22, 23)
Air, water, soils (24, 25)
Soils, air, waters (26)
Soils, air (27, 28)
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However, Most of the SSA region’s ASM activities are informal,
largely unregulated and hence surrounded by episodes of illegality,
partly because registration is often a costly and bureaucratic
undertaking. Evidence suggests that, for over the last 20 to 25 years,
majority of people in SSA, both skilled and non-skilled, have entered
into the ASM activities because of hardships in sustaining daily lives
(30). As a result, mining through ASM presents a heavy
environmental and human cost making it a source of serious
environmental pollution. Absence of legislation and government
controls in most SSA countries has opened ASM activities to little
or no waste management and health protection measures leading to
dangerous exposure of the miners as well as destruction
of ecosystems.

ASM, for example, produces about 20% of the world’s gold every
year. However, gold mining through ASM releases large amounts of
mercury into the environment. Mercury is applied for separating gold
from soil as mercury and gold combine to form a gold-mercury
amalgam effectively separating mercury from the soil and sediments,
after which gold is then extracted by vaporizing the mercury. The
mercury vapor can travel over long distances before precipitating with
rain to contaminate soils and water bodies far away from the
gold mine.

Similarly, Artisanal tin mining creates two major environmental
challenges. Over time, the undertaking creates a large area of
wastelands apart from numerous ex-tin mining ponds and tailing
dumps. Furthermore, finer tin tailing generate dusty pollution in a dry
environment. ASM, which is mainly concentrated in the Democratic
Republic of Congo (DRC), Uganda, Burundi, Rwanda and Nigeria, is
the dominant form of tin mining in SSA in spite of a few existing
industrial mines. Artisanal tin mining can cause a variety of
environmental damages, such as mine dumps, accumulation of
mine tailings that contain radioactive wastes and general
destruction of agricultural land in search for tin-containing
cassiterites (31). Mine ponds in tin mining areas have resulted into
accidental deaths, while soil erosion has caused serious loss of
nutrients and soil organic matter, leading to soil pollution
and degradation.

More than half of the world’s cobalt, a critical base metal and
essential component of lithium-ion batteries for smartphones, laptop
computers, electric vehicles, comes from the Katanga Copperbelt in
the Democratic Republic of Congo (32). Up to 20% of cobalt from the
Katanga copper belt, is extracted by artisanal miners who
characterized by thousands of diggers who usually work under
extremely precarious and hazardous conditions (33, 34).

2.3 Agricultural activities

The main contributor of soils and sediment pollution in
agricultural settings are fertilizers, pesticides and organic wastes
used in agricultural production. The term ‘pesticide’ refers to all
chemicals, natural or synthetic, applied to kill or control pests either
in agricultural fields or in other environments such as storerooms,
human houses and gardens (35). Pesticides or any other chemicals
and elements become contaminants in the soil when their
concentrations are higher than their natural level (36). Pesticides
can enter the soil in different ways, the main ones being via spray drill
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during foliage treatment, wash-off from treated foliage or release from
granulates and treated seeds in soil (37). Pesticides can also enter the
soil through direct application of pesticides and fumigants to control
soil born pests and plant (38).

Pesticide contaminated hotspots are scattered all across the SSA
region due to injudicious use of pesticides to control pests and
damping of obsolete pesticides by burying into the soils. Classical
examples include the pesticide contamination in the Gezira scheme of
Sudan and copper contamination and accumulation in soils grown to
coffee in northern Tanzania (39, 40). Contamination of soils due to
burying of DDT, a powerful insecticide that is highly persistent in
soils has been documented across the region. For example, persistent
organic pollutants (POPs) such as aldrin, DDT, dieldrin, endrin,
endosulfan, chordane and heptachlor, previously buried in five
different locations in Tanzania, were subsequently reported to have
aged but with significantly slow degradation rate (41) hence
continuing to present a significant health risk to plant, animals and
humans that come in contact with the contaminated soils.

Some chemical and organic fertilizers utilized in agricultural
production across the SSA countries, contain toxic by-components
such as trace elements inorganic acids and organic pollutants.
Primarily, toxic trace elements (e.g. cadmium), are contained in
phosphatic fertilizers, originating from phosphate rocks applied for
manufacturing P fertilizers. Naturally-occurring phosphate rocks, may
contain varying amounts of toxic trace elements depending on their
source of origin. Phosphate rocks are the largest single source of raw
materials for the production of phosphatic fertilizers in the world (42).
When the resultant fertilizers are continuously applied to soils for crop
production, the trace elements concentrations build up to toxic levels
presenting a potential health risk to plants, animals, and humans (43).
Some of the trace elements commonly found in phosphate rock ores
and consequently in phosphatic fertilizers include cadmium (Cd),
arsenic (As), lead (Pb), uranium (U) and radium (Ra) (42, 44).

Organic fertilizer materials such as sewage sludge and compost
can also be good sources of toxic trace elements when continuously
applied to farms. Although rich in important plant nutrients such as
N and P, sewage sludge is composed of a wide range of organic
compounds, macro- and micronutrients, organic micropollutants,
harmful microorganisms and non-essential trace metals (44, 45).
Without proper methods of containing the trace elements which
may include composting and chemical immobilization, sewage sludge
use as fertilizers in crop lands carries a high risk of elevating toxic
trace elements concentrations in the soils to which it is applied (44).

2.4 Natural processes as sources of
pollutants

Most of the common natural processes that may be responsible
for pollution of soils include earthquakes, volcanic eruptions, and
tsunamis. Rifting and separation of the African and Arabian tectonic
plates, presents one of the greatest examples of natural processes that
cause pollution of soils and the general ecosystem along the path of
the African Rift Valley (ARF). Associated volcanism brings with it
toxic ashes and metallic elements such as fluorine, iodine, copper,
molybdenum, mercury, cobalt arsenic, boron and lithium, thereby
contaminating rootzone soils as well as surface and groundwater

frontiersin.org


https://doi.org/10.3389/fsoil.2022.1101944
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Tindwa and Singh

bodies (46). Another, well known natural processes of soil
contamination involves the formation of perchlorates- a group of
compounds containing the perchlorate anion (ClO,") characteristic
of some dry, arid ecosystems (47, 48).

3 Bottlenecks negatively impacting the
mitigation efforts

3.1 Overview of the effects of soil pollution
on national economies

By far, pollution of African soils is caused by introduction of man-
made chemicals or other alteration in the natural soil environment.
Most of man-made pollution incidences typically arise from
application of pesticides, oil and fuel dumping, poor management
of landfills leading to leaching of its toxic contents. Other sources of
pollution include direct discharge of industrial solid and liquid wastes
to the soil and accidental discharge following rupture of underground
storage vessels. Out of all these scenarios common chemicals that end
up contaminating the soils include petroleum hydrocarbons, solvents,
pesticides, and heavy metals. Soil pollution contributes significantly to
soil degradation, which decreases crop yields and in turn reduces both
food safety and food security. Polluted soils are a major reason for
reduced quality and quantity of water supply as well as poor
sanitation conditions, which in turn, leads to the proliferation of
disease vectors and generates other public health concerns.

The problem of soil pollution and degradation is particularly large
in SSA (49), because out of the 80 countries substantially affected by
land degradation in the world, 36 are found in Africa. Data shows that
SSA accounted for 17% of the global 3.623 billion ha that experienced
land degradation that occurred between 1982 and 2006. Overall, the
eastern, central, and southern African sub-regions of the SSA
experienced the most widespread degradation (49). Ironically, most
economies of SSA countries have a high dependence on the
environment and natural resources. At the same time, environmental
pollution and/or degradation is not included in the economic analysis
and hence not reflected as a loss to the countries’ respective economies.
Consequently, the total cost related to soil degradation is ignored,
directly undervaluing its contribution to the national economies.
Instead, policies are formulated that may end up promoting
environmental degradation (50).

Some of the most common constraints to tackling soil pollution in
the SSA include lack of requisite infrastructure and inadequate political
will. Analytical infrastructure that can help detect type and magnitude of
pollution in soil samples is largely missing in the SSA. As a result,
advanced pollutant testing is usually done by transporting the samples to
facilities outside the region. Consequently, routine soil analysis as a way
of monitoring pollution becomes unaffordable in most SSA countries

3.2 Main health effects associated with soil
pollution in the region

Within the soil, contaminants or pollutants can exist in all three
phases, i.e.- solid, liquid, and/or gaseous phase. From any of these
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phases, the pollutants/contaminants can find their way and cause
harm to human beings either through direct contact of the human
skin on the contaminated soil, through inhalation of contaminated
soil dust or through consumption/ingestion of contaminated plant
products growing on a contaminated soil. Plants grown in polluted
soil may accumulate high concentrations of soil pollutants through a
process known as bioaccumulation. When these plants are consumed
by herbivores and/or omnivorous animals, man inclusive,
accumulated pollutants are passed up the food chain. This can
result in the loss/extinction of many desirable animal species. Also,
these pollutants can eventually make their way to the top of the food
chain and manifest as diseases or physical deformations in
human beings.

The type and extent of the impacts of soil pollutants on human
health are dependent on the type and level of exposure to the soil
pollutant. Considerable volume of information is available on the
impact of heavy metals contaminating the soil on human health (51-
53). For, example, some of the world’s worst cases of poisoning due to
exposure to soils contaminated by lead were documented in SSA.
Such cases occurred in towns built close to lead-mining sites,
including towns of Kabwe in Zambia, Zamfara State in Nigeria and
Aggeneys in South Africa (54). Elevated blood lead levels of up to 16
pg/dl in children of the town of Aggeneys in South Africa had been
associated with having a father who worked in the lead mine. In the
Kabwe town of Zambia, where soils lead levels had reached 51188 mg/
kg in some areas, contamination in children had reached markedly up
to 427.8 ug/dl (55). A separate study in Zamfara state had concluded
that up to 400 children who had died of lead poisoning in 2010 had
experienced convulsions prior to death (54).

Another common category of soil pollutants in the SSA is a large
assortment of agricultural pesticides used in crop production. Studies
show that most cases of acute pesticidal poisoning, both occupational
and non-occupational, are highly underreported (56). A few of the
reported cases with adverse human health effects include cases of
asthma in farm-working women in rural South Africa due to exposure
to agricultural pesticides such as organophosphates (chlorpyrifos,
diazinon, dichlorvos, and malathion) and carbaryl- a carbamate
(57). Similarly, a mass poisoning following consumption of lindane-
contaminated food by over 300 people was reported in Gombe,
Nigeria. Victims of the Gombe mass poisoning incidence exhibited
symptoms of transient loss of consciousness, jerking episodes of
convulsions and hyper-salivation (58). A recent case report (59)
revealed an incident involving four non-fatal and four other fatal
cases caused by ethion pesticide poisoning in Botswana. The victims
had ingested an ethion-contaminated homemade herbal preparation
meant to rid the victims of Sejeso- an imaginary ailment claimed to
arise from poisoning by sorcery. These are a few examples of cases of
acute pesticide poisoning that are becoming more common in
recent times.

4 Pollution assessment and monitoring
tools in the SSA region

To be able to assess and contain the dangers of soil pollution,
countries need to have requisite expertise and pollution
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assessment and control/management tools. Although the science
and technology for pollution assessment and monitoring is readily
accessible (60), the administration of the assessment and
monitoring exercises are complicated by the lack of national
mechanisms/systems of pollution monitoring and assessment. As
a result, requisite human and financial resources are not provided
by state machinery. Apart from the externally funded initiatives
such as the Stockholm Convention National Implementation Plans
(NIPs), only a few national soil pollution-monitoring systems are
available, one in Nigeria and the other in South Africa. While both
countries have voluntary systems for reporting pollution, their
approaches for collection of pollution data are different. Nigeria
mainly monitors the extent of the oil spills through the National
Oil Spill Detection and Response Agency (NOSDRA) (61).
NOSDRA encourages everyone including concerned or affected
citizens to use templates provided on its website to report
incidents of pollution and provides contact details for emergency
notifications (61). On the other hand, the South African voluntary
site reporting system is more encompassing as it gives provision
for reporting any activity that is causing or has caused soil
pollution with contaminants listed in the National Norms and
Standards for the Remediation of Contaminated Land and Soil
Quality (62). No other well-organized pollution monitoring
system in SSA region is known.

5 Remediation efforts: Available
technology and future prospects

Remediation of soil pollution in the countries of the SSA
region is still only rudimental. Inborn national mitigation
systems are either non-existent or poorly documented. Where
such efforts or some activities related to remediation of soil
pollution exist, they are likely a result of external architecture
or at least donor funded. Such interventions usually collapse
when the external funding ends. Exceptions are Nigeria and
South Africa where pollution monitoring and assessment
systems are both inborn and operational. Countries in region,
however, have subscribed to both regional and multinational legal
frameworks for soil pollution mitigation and remediation as
detailed below.

10.3389/fs0il.2022.1101944

5.1 Multinational and regional legal
frameworks on mitigation of soil pollution in
SSA region

The sub-Saharan Africa region has participated in either
ratification, accession or acceptance of at least four international
frameworks/conventions addressing soil pollution mitigation in the
region. These include the Basel convention, the Rotterdam convention,
the Minamata convention and the Stockholm convention. The Basel
Convention on the Control of Transboundary Movements of
Hazardous Wastes is a multinational agreement aimed at protecting
human health and the environment against the adverse effects resulting
from the generation, transboundary movements and management of
hazardous and other wastes. The Basel convention has international
coverage with over 175 parties globally and it been ratified, accepted or
entered into force in 47 of 48 countries in the SSA region (63). The
convention regulates toxic, poisonous, explosive, corrosive, flammable,
ecotoxic and infectious wastes by giving parties an obligation to (a)
minimize the quantities that are transported, (b) treat and dispose of
wastes as close as possible to their place of generation and (c) prevent or
minimize the generation of wastes at source. The Rotterdam
convention, on the other hand, aims to protect the environment
from hazards that would result from unregulated and irresponsible
trade and use of hazardous chemicals (64). It requires that the receiving
country provides its informed consent prior to consignment of any of
the chemicals listed in the convention. Since its inception in 1998 in
Roterdarm, the Netherlands, at least 43 countries in the SSA region
have brought the Convention into force.

Countries of the SSA have also signed, ratified and started
implementing both the Minamata convention on mercury (65) and
the Stockholm convention on Persistent Organic Pollutants (POPs)
(66). While the Minamata convention requires action by countries to
curtail anthropogenic emissions and releases of mercury and mercury
compounds (67), the Stockholm convention requires action by
participating countries to protect human health from toxic
chemicals collectively referred to as POPs. A summary of countries
that have signed and made the conventions into force in the SSA
region is presented in the Table 2.

Overall, there is progress on strengthening the legal and
regulatory frameworks for environmental pollution in the world
and in the SSA region in particular. However, governance of the
environmental issues is still very poor in most of the SSA such that

TABLE 2 Summary of countries in the SSA region where regional and international conventions related to soil pollution have either not been ratified or

not entered into force by 2020.

A (International conventions)

Country Basel Convention Rotterdam Convention Minamata Convention Stockholm Convention Reference(s)
South Sudan x x x x (68)
DR Congo x
Commoros x
C. A Republic x
Seychelles
(Continued)
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TABLE 2 Continued

10.3389/fs0il.2022.1101944

A (International conventions)

Reference(s)

Country Basel Convention Rotterdam Convention Minamata Convention Stockholm Convention
Somalia

B (Regional Conventions)

Country Bamako Convention Libreville Declaration Maputo (Revised African) Convention on conservation of nature and natural resources
Botswana x X (69-72)
C. A Republic X X

Cape Verde x x X

Djibouti x x X

Equatorial Guinea x X

Eritrea x x X

Eswatini x X

Gabon X

Ghana X

Guinea x X

Guinea Bissau x X

Kenya x X

Lesotho x

Madagascar x X

Malawi x X

Mauritania x X

Mauritius X

Namibia x X

Nigeria x X

Seychelles x X

Sierra Leone x X

Somalia x x X

South Africa x

South Sudan x x X

Zambia X

monitoring, and enforcement of environmental regulations remains
very challenging.

5.2 Most promising remediation
technologies suitable for sub-Saharan Africa

Remediation of polluted soils must start with a careful evaluation
of applicable technologies in order to, among many other things,
establish the feasibility level of the most promising of the available
alternatives. Technologies for remediation of polluted and/or
contaminated soils’ would largely depend on the predominating
pollutant-heavy metals, persistent organic pollutants (POPs) or
organic wastes. Accordingly, remediation technologies for polluted
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soils range from expensive, resource-intensive technologies to gentler
cost-effective technologies. The resource-intensive technologies are
usually unaffordable for most countries of the SSA region, and the
high costs often prevent remediation of polluted soils from being
carried out in those countries (73). Nonetheless, technologies suitable
for remediation of polluted soils in the SSA are presented below.

5.2.1 Technologies that are based on the principle
of containment

where the pollutant is either sealed in a protective barrier or
modified to limit its release to other unpolluted segments of the
environment. Most common technologies of this category are (i).
Solidification and stabilization — which uses technology that involves
physical or chemical mixing of the contaminated material (soil or
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waste) with binding materials to produce a stabilized mass (i.e.
solidification) or that makes the contaminant less-bioavailable and
less mobile (stabilization). Most common binding materials used in
this technology are fly-ash, cement, lime kiln dusts, thermoplastics
and pozzolanas. Solidification can be done in situ or ex situ but when
done in situ, the process can hinder future uses of the site (74). In-situ
chemical stabilization technology has been widely accepted because of
its efficiency, low cost and technology (75, 76). A few studies have
been demonstrated both at a laboratory and field scale, inside and
outside the SSA region. A study in Egypt, for example, showed that
treating heavy metal-contaminated soils with amendments such as
biochar, humic substances or iron oxide significantly enhances
immobilization of heavy metals leading to their reduced
accumulation in cultivated plants (77).

On the other hand, Pollutant/waste containment is a practice
where the contaminated medium (soil, sediments, and waters) is
encapsulated within an engineered waste site to limit release of the
contents (POPs, or heavy metals or other hazardous materials)
into the environment. This limits exposure of the pollutant
directly or indirectly to the public and other site users (74).
Although this technology uses a low permeability physical
containment barrier separating the contaminant/pollutant from
the uncontaminated natural ground, it is relatively expensive and
thus not a common alternative in low-income countries such as
those in the SSA.

5.2.2 Technologies designed to destroy the
hazardous pollutant such as POPs or municipal
solid wastes to less toxic products

This can be achieved either through non-combustion means like
the chemical process of dehalogenation changing the basic chemistry
of the organic molecule of the wastes (especially for POPs and other
organic wastes) or through combustion (e.g. incineration, thermal
desorption) eventually breaking down the toxic pollutant to simple
inorganic compounds such as CO,, methane (CH,) and water (H,O).
When the pollutant includes hazardous heavy metals, combustion
technologies will not destroy them but most metals with an exception
of mercury and other volatile metals will be retained in the ash in
which case application of stabilization technologies discussed above
become necessary (78, 79).

5.2.3 Technologies that involve extraction of the
contaminant from the matrix through either (i)
concentration or (ii) liberation/stripping of

the contaminant:

Examples of such technologies include ex situ soil washing, ex situ
solvent extraction, in situ soil flushing, soil vapor extraction, ex situ
bioremediation and in situ bioremediation. Soil washing is a volume-
reduction technology that maximizes the recovery of the re-usable
fraction of the soil -most likely by technologies under category A or B
above- prior to their safe disposal (80, 81). In situ approach, on the
other hand, uses a vacuum system of extraction wells creating a
concentration gradient leading to enhanced removal of volatile gases
from the contaminated matrix such as the soil (80, 81). In this
category, technologies that are less costly and may be feasible in
most SSA economies include bioremediation and phytoremediation
(80) as detailed hereunder:
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Bioremediation: This technology relies on the use of high
performing microorganisms, enzymes or amendments that would
enhance microorganism-mediated degradation or transformation of
the pollutants in a contaminated media. Through the process, toxic
pollutants are degraded and transformed into less toxic, innocuous
products like CO, and H,O. Bioremediation can either use native-
indigenous microorganisms to degrade or transform the toxins (POPs
or heavy metals) in a contaminated site or involve deployment of a
non-native strain proven to perform better than indigenous
counterparts in biodegrading a known type of pollutant. In each of
these alternatives, the process can be enhanced by supplying to the
designated site additional nutrients and sometimes oxygen to
stimulate a speedy biodegradation/biotransformation process. This
practice of adding nutrients and oxygen with the intention of
increasing bioremediation of POPs is referred to as biostimulation
or bioaugumentation. Bioremediation can be aerobic or anaerobic
done in or ex situ. Choice of bioremediation technique to deploy
depends on several factors which may include nature of pollutant,
concentration of pollutant, type of environment, cost of remediation
technique, depth of contaminant, and environmental policies (82). Ex
situ methods of bioremediation involve the removal of the polluted
medium, the soil in this case from site of pollution to another site for
treatment. The treatment options may include treatment of the
contaminated soil with solids containing bioremediators either in
biopiles, windrows, land farming, composting (83, 84). With in situ
bioremediation, polluted soil is treated right at the site of pollution
and is, therefore, more cost-effective than the ex-situ bioremediation
techniques (80, 82, 84). Techniques commonly used in the in situ
bioremediation include bioventing, bioslurping, biosparging and
bioaugumentation (82).

A few studies have demonstrated use of bioremediation
techniques to reclaim contaminated soils of the SSA region. For
example, one study demonstrated a successful natural attenuation of
Fe, Cu and Co - a phenomenon that relies on iron-oxidizing
microorganisms in aerobic conditions or sulfate reducing bacteria
(SRB) in anaerobic condition - in a Zambian copperbelt (85, 86),. A
review (87) summarized the successful use of microorganisms in
bioremediation of contaminated soils from gold, coal and other acid
rock drainage in six different studies all in South Africa. Overall,
although very promising results were obtained, most of these studies
were performed at a laboratory scale as opposed to field conditions.

Entomoremediation:- the technique of using insects to reclaim
soils contaminated by toxic wastes such as heavy metals has also been
demonstrated in SSA soils. In one ex situ study (88), researchers
demonstrated that activities of African mound termites, Macrotemes
bellicosus, significantly reduced levels of the chemical loads of the
dumpsite soils containing Fe(III), Mn(III), Zn, Cu(II), Cr(III), Cd, Pb
and Ni.

Phytoremediation: This is a technology that uses specific plants
enzymes from vegetation to accelerate the rate of isolation,
destruction, transportation, and removal of organic pollutants
including POPs and heavy metals from contaminated soils and
water. Phytoremediation can be achieved by either the sub process
of phytoaccumulation, also known as phytoextraction:- where
contaminants are taken up by plant roots and translocated into
shoots and leaves. It can also be achieved through phytodegradation
and/or phytotransformation-which refers to metabolism of the

frontiersin.org


https://doi.org/10.3389/fsoil.2022.1101944
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Tindwa and Singh

contaminant within the plant tissues that may lead to transformation
of the original contaminant into less-toxic byproducts within the
plant. There can also be phytostabilization- a process by which the
plant produces phytochemicals which help to immobilize the
pollutant at the interface between plant roots and the soil.
Furthermore, decontamination techniques also include the use of
hyperaccumulator or high-biomass crops that accumulate high trace
element levels in shoots and thus can remove the toxic metals from
contaminated soils (89). Studies on successful application of
phytoremediation techniques on contaminated soils of the SSA
region do exist. Phytoremediation of gold tailings- contaminated
soils in South Africa using Vetiver grass (Chrysopogon zizanioides)
has also been reported (90). Others include use of water hyacinth for
bioremediation of water and sediments in the Hartbeespoort Dam,
South Africa (91) and Cyperus textilis for phytoremediation of soils
contaminated with glyphosate-based herbicide pollutants along the
Breede River of the Western Cape Province of South Africa (92).
Details of a selected number of pollution remediation studies
implemented on SSA soils and or laboratories are summarized in
Table 3 below. The feasibility of each technology discussed in this
review can be evaluated based on technical, economic or operational
feasibility. Technical feasibility must take into account as to whether
the required remediation technology is available or not and whether
the required resources (e.g. manpower, and infrastructural needs) are
available, while the economic feasibility looks at how much money
and other resources would be required to bring the technology to
operational stage as they compare to returns out of the investment.
Economic feasibility helps to judge whether the expected benefits of
employing the technology equals or exceeds the costs of the

10.3389/fs0il.2022.1101944

investment. Operational feasibility, on the other hand, answers the
question if the remediation technology will be accepted and used or
not once established. In certain instances, a technology may be put in
place after a relatively huge investment only to be rejected by the
community and, therefore, left non-operational.

6 Addressing the knowledge and
Infrastructural gaps

6.1 State of policy frameworks on soil
pollution in the SSA

The policy infrastructure related to control, management and
remediation of soil pollution is weak in SSA. A few multinational
commitments do exist, that have been put forward to encourage
development of policy, laws and strategies that protect the
environment and ultimately human health against the adverse
effects of toxic chemicals and products containing toxic chemicals.
In the East African Community, for example, the protocol on
Environment and Natural Resources on Management of Chemicals
commits partner states to develop and harmonize policies, laws and
strategies to protect human health and environment in articles 28 and
29 of the protocol. In Tanzania, the overarching policies are the
National Environmental Policy (NEP) of 1997 and the Environmental
Management Act (EMA) of 2004. Both are general frameworks on the
environment, having no specific or direct insistence to protection of
the soils from pollution

TABLE 3 Examples of remediation techniques tried/applied in various parts of the SSA.

S/N Remediation Technology/ Place of study Type of Remediation agent used Reference(s)
Approach (implementation) pollutant
targeted
1 Bioremediation
(natural attenuation) Copperbelt, Zambia Cu, Fe, Co Unidentified microorganisms (86, 87)
Ex situ Bioremediation system involving Witwatersrand Basin, South Africa U(vI) Desulfovibrio sp., Geobacter sp. (93)
biostimulation of indigenous bacterial
communities
Laboratory scale bioremediation of heavy Obohia, Abia State, Nigeria Cr, Pb, Zn, Candida bombicola (94)
metals and hydrocarbons contaminated Cu, Zn, Cd
soils
2 Phytoremediation/phytostabilization
Grass species assisted phytoremediation Copper mining hill, DRC Cu Grass species (95)
Andropogon schirensis; Eragrostis racemose;
Loudetia simplex)
Tree species-assisted phytostabilization Various tailings dam soils of Cu and Acacia polycantha, Toona ciliate, Acacia (96)
Zambia other heavy sieberana, Bauhnia thoniangii, Peltothorum
metals Africanum
Phytoremediation using Golden Pride and Geita Gold Pb, Cr, Cd, Five plant species of Sporobolus (97)
hyperaccumulator plants mines in Western and North Cu, Mn, Ni, | pyramidalis, Melinis repens, Lantana
western Tanzania As camara,
Leucaena leucocephala and Blepharis
Maderaspatensis
TDetails of approach, pollutant types targeted and remediation agents deployed.
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Elsewhere, in Zambia for example, policy and legislative measures
are crafted in very general terms and, in some instances, bereft of
specificity on soil governance making it inadequate to properly guard
legal framework on soil governance in the country (98). In Nigeria,
the basis for environmental policy is contained in the 1999
Constitution of the Federal Republic empowering the state to
protect and improve the environment and safeguard the water, air
and land, forest, and wildlife. However, soil governance in the country
is dominated by inequalities and conflicts over natural resources
without specific policy on curtailing soil pollution (99).

Only two countries of the region, Burundi and Namibia, have
specific legal instruments for the prevention and management of soil
pollution. In Burundi, soil pollution is addressed in the “Decree on
Soil Conservation and Use of 1958” and in Namibia by the Soil
Conservation Act of 2001 (100). In countries of the rest of the region,
other legislation that can address sources of soil pollution such as
waste, agrochemicals and mining are also considered relevant in the
prevention and addressing of soil pollution. However, three countries
namely, Eritrea, Somalia and South Sudan have no legal instruments
or regulations at all that aim to combat soil pollution (100). In most
countries, the deficiencies in soil pollution control and remediation
can be traced back into their respective national constitutional
documents. The national constitutions do not entail explicit or
substantive provisions on sustainable soil management although
some have set out ambitious provisions on natural resources,
environmental protection and, partly, even on benefit-sharing
(100). Generally, therefore, the shortfalls in the mother law
documents give room to tendency of countries assigning low
priority in financing of projects aimed at combating soil pollution
in most of the low -income countries of the SSA region (101).

Generally, land and soil protection policies differ from country to
another ranging from barely existent to well defined frameworks.
Overall, land policy frameworks to tackle risk to human health from
soil contamination across the SSA region are either scattered or
incomplete. Although the ‘polluter pays’ principle would be the best
policy stand, it is not widely applied, leaving soil pollution largely
uncontrolled. National policies addressing socioeconomic
development have often times overlooked land degradation and soil
pollution side effects.

6.2 Inconsistence in scientific records and
data

Production and use of hazardous chemicals has declined over the
last 10 to 15 years. There exists, however, widespread inconsistencies
in scientific record on soil pollution data across the region. As a result,
the SSA countries face two main challenges - (i) lack of data on the
status and extent of environmental (soil inclusive) pollution and (ii)
inadequate capacity to put policy into actual implementation. The
lack of data affects the countries’ capacity to devise and plan policies
that can help reduce soil pollution. A few studies, however, have shed
light on the extent of pollution problem including apportioning
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contributing sources of various pollutants reaching the soils. Sub
Saharan Africa endemically lacks data and information on the fate of
contaminants once in the soils and their related toxicological effects
(102, 103).

7 Conclusions, recommendations and
research perspective

In conclusion, the soil pollution problem is growing in sub
Saharan Africa and national and reginal administrations have to
take firm actions to combat the risks associated with it. Solving the
soil pollution problem requires a multi-faceted approach in that, on
one hand, authorities will need to seek for immediate actions that help
to curtail the soil polluting activities and behaviors by instituting
actions and penalties aimed at countering soil pollution. This may
include either instituting-where they are non-existent or
strengthening regulatory systems-rules, laws and associated
incentives and/or penalties that govern handling, disposal and
penalties around mismanagement of potentially soil polluting
substances and practices. On the other hand, efforts are needed to
reverse the status of already polluted pieces of land through
strengthening remediation programs, including considerations for
cheaper alternatives such as bioremediation. Research on how best to
gather, maintain and complement soil solution data and actions will
need to be prioritized so that any decisions on how to handle soil
pollution are well informed by scientific evidence.

Author contributions

BS conceived the initial idea, reviewed the literature and
proofread the final manuscript. HT, reviewed the literature,
designed the synopsis, wrote the first draft and proofread the final
manuscript. All authors contributed to the article and approved the
submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fsoil.2022.1101944
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Tindwa and Singh

References

1. Landrigan PJ, Fuller R, Acosta NJR, Adeyi O, Arnold R, Basu NN, et al. The lancet
commission on pollution and health. Lancet (2018) 391(10119):462-512. doi: 10.1016/
$0140-6736(17)32345-0

2. Ballabio C, Panagos P, Lugato E, Huang J-H, Orgiazzi A, Jones A, et al. Copper
distribution in European topsoils: An assessment based on LUCAS soil survey. Sci Total
Environ (2018) 636:282-98. doi: 10.1016/j.scitotenv.2018.04.268

3. Rodriguez-Eugenio N, McLaughlin M, Pennock D. Soil pollution: A hidden reality
Vol. 142. . Rome: FAO (2018).

4. Fayiga AO, Ipinmoroti MO, Chirenje T. Environmental pollution in Africa.
Environ. Dev. Sustain. (2018) 20:41-73. doi: 10.1007/s10668-016-9894-4

5. FAO and UNEP. (2021). doi: 10.4060/cb4894en

6. Hoornweg D, Bhada-Tata P, Kennedy C. Peak waste: When is it likely to occur? J
Ind Ecol (2015) 19(1):117-28. doi: 10.1111/jiec.12165

7. UN-habitat. Africa’s waste problem (2022). Available at: https://unhabitat.org/
african-clean-cities-africas-waste-problems (Accessed 6th December 2022).

8. Debrah JK, Teye GK, Dinis MAP. Barriers and challenges to waste management
hindering the circular economy in Sub-Saharan Africa. Urban Sci. (2022) 6(3):57.
doi: 10.3390/urbansci6030057

9. Khan I, Chowdhury S, Techato K. Waste to energy in developing countries—a rapid
review: Opportunities, challenges, and policies in selected countries of Sub-Saharan Africa
and south Asia towards sustainability. Sustainability (2022) 7:3740. doi: 10.3390/
sul4073740

10. Kaza S, Yao L, Bhada-Tata P, Woerden V. What is waste 2. a global snapshot of
solid waste management to 2050. Washington, DC, USA: World Bank Publications, The
World Bank Group (2018), ISBN: .

11. David VE, Wenchao J, John Y, Mmereki D. Solid waste management in Monrovia,
Liberia: Implications for sustainable development. J Solid Waste Technol and. Manage
(2019) 45:102-10.

12. Patnaik R. Impact of industrialization on environment and sustainable solutions —
reflections from a south Indian region. Earth Environ Sci (2018) 120(2018):012016. doi:
10.1088/1755-1315/120/1/012016

13. Bekabil. UT. Industrialization and environmental pollution in Africa: An empirical
review. J Resour Dev Manage (2020) 69:2020.

14. Ekeocha C, Nwoko I, C. and Onyeke L. Impact of automobile repair activities
on physicochemical and microbial properties of soils in selected automobile repair
sites in Abuja, central Nigeria. Chem Sci Int J (2017) 20(2):1-15. doi: 10.9734/CSJ1/
2017/36065

15. Teare J, Kootbodien T, Naicker N, Mathee A. The extent, nature and
environmental health implications of cottage industries in Johannesburg, south Africa.
Int ] Environ Res Public Health (2015) 12:1894-901. doi: 10.3390/ijerph120201894

16. Mmbaga TM, Semu E. Contents of heavy metals in some soils of the morogoro
municipality, Tanzania, as a result of cottage-scale metal working operations. Int J
Environ Stud (1999) 56(3):373-83. doi: 10.1080/00207239908711211

17. Occupational Safety and Health Administration (OSHA). Guidance for the
identification and control of safety and health hazards in metal scrap recycling. 2008
(2008). Available at: http://www.osha.gov (Accessed 26 April, 2008).

18. Oktem F, Arslan MK, Diindar B, Delibas N, Giiltepe M, Ilhan IE. Renal effects and
erythrocyte oxidative stress in long-term low-level lead-exposed adolescent workers in
auto repair workshops. Arch Toxicol (2004) 78:681-7. doi: 10.1007/500204-004-0597-5

19. Demie G. Analyzing soil contamination status in garage and auto mechanical
workshops of shashemane city: implication for hazardous waste management. Environ
Syst Res (2015) 4:15. doi: 10.1186/s40068-015-0040-3

20. Uddin MK, Majumder AK, Hossain MS, Nayeem AA. Pollution and perceptions of
lead in automobile repair shops in Dhaka, Bangladesh. J Health pollut (2019) 9
(22):190609. doi: 10.5696/2156-9614-9.22.190609

21. Jimoh A, Agbaji EB, Ajibola VO, Funtua MA. Application of pollution load
indices, enrichment factors, contamination factor and health risk assessment of heavy
metals pollution of soils of welding workshops at old panteka market, kaduna-Nigeria.
Open ] Anal Bioanal Chem (2020) 4(1):011-9. doi: 10.17352/0jabc.000019

22. Jensen DL, Holm PE, Christensen TH. Soil and groundwater contamination with
heavy metals at two scrap iron and metal recycling facilities. Waste Manage Res (2000) 18
(1):52-63. doi: 10.1177/0734242X0001800107

23. Olatunji AS, Kolawole TO, Oloruntola M, Guinter C. Evaluation of Pollution of
Soils and Particulate Matter Around Metal Recycling Factories in Southwestern Nigeria.
Journal of health & pollution (2018) 8(7):20-30.

24. Vitayavirasuk B, Junhom S, Tantisaeranee P. Exposure to lead, cadmium and
chromium among spray painters in automobile body repair shops. ] Occup. Health (2005)
47:518-22.

25. Tahir H, JahanZeb Q, Sultan M. Assessment of heavy metal exposure around auto
body refinishing shops. Afr. ] Biotechnol (2010) 9:7862-9.

26. Gonzales M, Shah V, Bobelu A, Qualls C, Natachu K, Bobelu J, et al.
Concentrations of surface-dust metals in native American jewelry-making homes in
zuni pueblo, new Mexico. Arch Environ Health (2004) 59:245-9. doi: 10.3200/
AEOH.59.5.245-249

Frontiers in Soil Science

10

10.3389/fs0il.2022.1101944

27. Mielke HW, Taylor MD, Gonzales CR, Smith MK, Daniels PV, Buckner AV. Lead-
based hair coloring products: Too hazardous for household use. ] Amer. Pharm Assoc
(1997) 37:85-9. doi: 10.1016/S1086-5802(16)30183-8

28. Eneh OC. Health effects of selected trace elements in hairdressing cosmetics on
hairdressers in enugu, Nigeria. Sci Rep (2021) 11:20352. doi: 10.1038/s41598-021-00022-1

29. Dolega P, Degreif S, Buchert M, Schiiler D. Outlining environmental challenges in
the non-fuel mining sector. strategic dialogue on sustainable raw materials for Europe
(STRADE) no. 04 / 2016 (2016) (Accessed 27-April 2022).

30. Hilson G. Artisanal and small-scale mining and agriculture: Exploring their links in
rural sub-Saharan Africa (2016). London: IIED. Available at: https://pubs.iied.org/sites/
default/files/pdfs/migrate/1661711ED.pdf (Accessed 28 April 2022).

31. Omotehinse AO, Ako BD. The environmental implications of the exploration and
exploitation of solid minerals in Nigeria with a special focus on tin in jos and coal in
enugu. ] Sustain Min (2019) 18(1):18-24. doi: 10.1016/j.jsm.2018.12.001

32. Banza LNC, Casas L, Haufroid V, De Putter T, Saenen ND, Kayembe-Kitenge T,
et al. Sustainability of artisanal mining of cobalt in DR Congo. Nat Sustainability (2018) 1
(9):495-504. doi: 10.1038/s41893-018-0139-4

33. Tsurukawa N, Prakash S, Manhart A. Social impacts of artisanal cobalt mining in
katanga, democratic republic of Congo . Freiburg, Germany: Oko-Institut. Available at:
www.oeko.de/oekodoc/1294/2011-419-en.pdf (Accessed 10/05/2022).

34. Elenge MM, De Brouwer C. Identification of hazards in the workplaces of artisanal
mining in katanga. Int ] Occup Med Environ Health (2011) 24:57-66. doi: 10.2478/s13382-
011-0012-4

35. FAO. International code of conduct on the distribution and use of pesticides (2002).
Available at: https://www.fao.org/docrep/018/a0220e/a0220e00.pdf (Accessed 23 May
2022).

36. Usman S, Kundiri AM, Nzamouhe M. Effects of organophosphate herbicides on
biological organisms in soil medium- a mini review. J Ecol Toxicol (2017) 1:102.

37. Burauel P, Bassmann F. Soils as filter and buffer for pesticides: Experimental
concepts to understand soil functions. Environ pollut (2005) 133:11-6. doi: 10.1016/
j.envpol.2004.04.011

38. Ferencz L, Balog A. A pesticide survey in soil, water and foodstu ss from central
Romania. Carpath ] Earth Env (2010) 5:111-8.

39. Loland JO, Singh BR. Extractability and plant uptake of copper in contaminated
coffee orchard soils as affected by different amendments. Acta Agriculturae Scandinavica
(2004) 54(3):121-7. doi: 10.1080/09064710410035640

40. Semu EH, Singh BR. Heavy metals and organopesticides: Ecotoxicology, health
effects and mitigation options with emphasis on Sub-Saharan Africa. J Toxicol Cur Res
(2019) 3:010. doi: 10.24966/TCR-3735/100010

41. Mahugija JAM. Status and distributions of pesticides buried at five sites in arusha
and mbeya regions, Tanzania. Afr ] Pure Appl Chem (2013) 7(12):382-93. doi: 10.5897/
AJPAC2013.0531

42. Faridullah F, Umar M, Alam A, Sabir MA, Khan D. Assessment of heavy metals
concentration in phosphate rock deposits, hazara basin, lesser himalaya Pakistan. Geosci ]
(2017) 21:743-52. doi: 10.1007/s12303-017-0013-9

43. Gupta DK, Chatterjee S, Datta S, Veer V, Walther C. Role of phosphate fertilizers
in heavy metal uptake and detoxification of toxic metals. Chemosphere (2014) 108:134-44.
doi: 10.1016/j.chemosphere.2014.01.03010

44. Zhang Q, Hu J, Lee DJ, Chang Y, Lee YJ. Sludge treatment: Current research
trends. Bioresource Technol (2017) 243:1159-72. doi: 10.1016/j.biortech.2017.07.070

45. Buta M, Hubeny J, Zielinski W, Harnisz M, Korzeniewska E. Sewage sludge in
agriculture — the effects of selected chemical pollutants and emerging genetic resistance
determinants on the quality of soil and crops - a review. Ecotoxicol. Environ Saf (2021)
214:112070. doi: 10.1016/j.ecoenv.2021.112070

46. Davies TC. Environmental health impacts of East African rift volcanism. Environ
Geochem. Health (2008) 30(4):325-38. doi: 10.1007/s10653-008-9168-7

47. Calderon R, Godoy F, Escudey M, Palma P. A review of perchlorate (ClO4 - )
occurrence in fruits and vegetables. Environ Monit Assess. (2017) 189:82. doi: 10.1007/
510661-017-5793-x

48. Kumarathilaka P, Oze C, Indraratne SP, Vithanage M. Perchlorate as an emerging
contaminant in soil, water and food. Chemosphere (2016) 150:667-77. doi: 10.1016/
j.chemosphere.2016.01.109

49. Nkonya E, Johnson T, Kwon HY, Kato E. Economics of land degradation in Sub-
Saharan Africa. In: Nkonya E, Mirzabaev A, von Braun J, editors. Economics of land
degradation and improvement - a global assessment for sustainable development. Cham:
Springer (2016). doi: 10.1007/978-3-319-19168-3_9

50. Moyini Y, Muramira E, Emerton L, Shechambo F. The costs of environmental
degradation and loss to uganda's economy with particular reference to poverty eradication.
Eastern Africa Regional Office, Nairobi: IUCN - The World Conservation Union (2002). 8pp.

51. Li C, Zhou K, Qin W, Tian C, Qi M, Yan X, et al. A review on heavy metals
contamination in soil: Effects, sources, and remediation techniques. Soil Sediment
Contamination: Int ] (2019) 28(4):1-15. doi: 10.1080/15320383.2019.15921

52. Song L, Jian J, Tan D-], Xie H-B, Luo Z-F, Gao B. Estimate of heavy metals in soil
and streams using combined geochemistry and field spectroscopy in wan-sheng mining

frontiersin.org


https://doi.org/10.1016/s0140-6736(17)32345-0
https://doi.org/10.1016/s0140-6736(17)32345-0
https://doi.org/10.1016/j.scitotenv.2018.04.268
https://doi.org/10.1007/s10668-016-9894-4
https://doi.org/10.4060/cb4894en
https://doi.org/10.1111/jiec.12165
https://unhabitat.org/african-clean-cities-africas-waste-problems
https://unhabitat.org/african-clean-cities-africas-waste-problems
https://doi.org/10.3390/urbansci6030057
https://doi.org/10.3390/su14073740
https://doi.org/10.3390/su14073740
https://doi.org/10.1088/1755-1315/120/1/012016
https://doi.org/10.9734/CSJI/2017/36065
https://doi.org/10.9734/CSJI/2017/36065
https://doi.org/10.3390/ijerph120201894
https://doi.org/10.1080/00207239908711211
http://www.osha.gov
https://doi.org/10.1007/s00204-004-0597-5
https://doi.org/10.1186/s40068-015-0040-3
https://doi.org/10.5696/2156-9614-9.22.190609
https://doi.org/10.17352/ojabc.000019
https://doi.org/10.1177/0734242X0001800107
https://doi.org/10.3200/AEOH.59.5.245-249
https://doi.org/10.3200/AEOH.59.5.245-249
https://doi.org/10.1016/S1086-5802(16)30183-8
https://doi.org/10.1038/s41598-021-00022-1
https://pubs.iied.org/sites/default/files/pdfs/migrate/16617IIED.pdf
https://pubs.iied.org/sites/default/files/pdfs/migrate/16617IIED.pdf
https://doi.org/10.1016/j.jsm.2018.12.001
https://doi.org/10.1038/s41893-018-0139-4
http://www.oeko.de/oekodoc/1294/2011-419-en.pdf
https://doi.org/10.2478/s13382-011-0012-4
https://doi.org/10.2478/s13382-011-0012-4
https://www.fao.org/docrep/018/a0220e/a0220e00.pdf
https://doi.org/10.1016/j.envpol.2004.04.011
https://doi.org/10.1016/j.envpol.2004.04.011
https://doi.org/10.1080/09064710410035640
https://doi.org/10.24966/TCR-3735/100010
https://doi.org/10.5897/AJPAC2013.0531
https://doi.org/10.5897/AJPAC2013.0531
https://doi.org/10.1007/s12303-017-0013-9
https://doi.org/10.1016/j.chemosphere.2014.01.03010
https://doi.org/10.1016/j.biortech.2017.07.070
https://doi.org/10.1016/j.ecoenv.2021.112070
https://doi.org/10.1007/s10653-008-9168-7
https://doi.org/10.1007/s10661-017-5793-x
https://doi.org/10.1007/s10661-017-5793-x
https://doi.org/10.1016/j.chemosphere.2016.01.109
https://doi.org/10.1016/j.chemosphere.2016.01.109
https://doi.org/10.1007/978-3-319-19168-3_9
https://doi.org/10.1080/15320383.2019.15921
https://doi.org/10.3389/fsoil.2022.1101944
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Tindwa and Singh

area, chongqing, China. Int J Appl Earth Observation Geoinformation (2015) 34:1-9.
doi: 10.1016/}.jag.2014.06.013

53. Vrijheid M, Casas M, Gascon M, Valvi D, Nieuwenhuijsen M. Environmental
pollutants and child health-a review of recent concerns. Int | Hygiene Environ Health
(2016) 219(4-5):331-42. doi: 10.1016/j.ijheh.2016.05.001

54. Yabe JN, Ikenaka SM, Yohannes YB, Bortey-sam N, Oroszlany B, Ishizuka M. Lead
poisoning in children from townships in the vicinity of a lead-zinc mine in kabwe,
Zambia. Chemosphere (2015) 119:941-7. doi: 10.1016/j.chemosphere.2014.09.028

55. Nakayama SMM, Ikenaka Y, Hamada K, Muzandu K, Choongo K, Teraoka H,
et al. Metal and metalloid contamination in roadside soil and wild rats around a Pb-zn
mine in kabwe, Zambia. Environ pollut (2011) 159:175-81. doi: 10.1016/
j.envpol.2010.09.007

56. Lekei E, Ngowi AV, Kapeleka J, London L. Acute pesticide poisoning amongst
adolescent girls and women in northern Tanzania. BMC Public Health (2020) 20:303.
doi: 10.1186/s12889-020-8374-9

57. Ndlovu V, Jeebhay M, Dalvie M. Asthma associated with pesticide exposure among
women in rural Western cape of south Africa. Am J Indigenous Med (2014) 57:1331-43.
doi: 10.1002/ajim.22384

58. Samwel B, Bashir A, Issa UM, Yakubu TS, Umar AS, Nuhu K, et al. A review
of pesticide poisoning: Far reaching implications and the need for synergistic
policy implementation in gombe, northeastern Nigeria. Int J Life Sci (2014) 5
(2):63-7.

59. Norma PG, Shathani M, Thato P, Tsenang M. Multiple causalities due to ethion
pesticide poisoning: A case report. Am ] Biomed Sci Res (2022) 15(3):
AJBSR.MS.ID.002120. doi: 10.34297/AJBSR.2022.15.002120

60. Kowalska JB, Mazurek R, Gasiorek M. Pollution indices as useful tools for the
comprehensive evaluation of the degree of soil contamination-a review. Environ Geochem
Health (2018) 40:2395-420. doi: 10.1007/s10653-018-0106-z

61. Nigerian Oil Spill Monitor. Visualising oil spill data from NOSDRA (2020).
Available at: https://nosdra.oilspillmonitor.ng.

62. Department of Environmental Affairs. Annual report, 2019-2020 (2020). Available
at: www.gov.za (Accessed 30 July, 2022).

63. Basel Convention on the control of transboundary movements of hazardous wastes |
UNEP - UN environment programme . Available at: https://wedocs.unep.org/bitstream/
handle/20.500.11822/8385/ (Accessed 1st August 2022).

64. Rotterdam Convention. Rotterdam Convention (2010). Available at: http://www.
pic.int/TheConvention/Overview/tabid/1044/language/en-US/Default.aspx (Accessed
November 30th, 2022).

65. Minamata Convention on Mercury. Minamata convention on mercury (2019).
Available at: http://www.mercuryconvention.org/ (Accessed November 29, 2022).

66. Stockholm Convention. Stockholm Convention (2019). Available at: http://chm.
pops.int/ (Accessed December 8, 2022).

67. Hilson G, Hu Y, Kumah C. Locating female “Voices” in the minamata convention
on mercury in Sub-Saharan Africa: The case of Ghana. Environ Sci Policy (2020) 107:123-
36. doi: 10.1016/j.envsci.2020.02.003

68. United Nation Environment Programme (UNEP). Africa Waste management
outlook: The state of waste in Africa (2022). Available at: https://www.unep.org/ietc/
resources/publication/africa-waste-management-outlook (Accessed 30 August 2022).

69. UNEP. (2020). Available at: https://www.unenvironment.org/events/conference/
third-conference-parties-bamako-convention (Accessed 29 July 2022).

70. UNEP. The Bamako convention (2022). Available at: https://www.unep.org/
bamako-convention (Accessed 20th July 2022).

71. African Union. African Convention on the conservation of nature and natural
resources (2016). Available at: https://au.int/pt/treaties/african-convention-conservation-
nature-and-natural-resources-revised-version (Accessed 20th July 2022).

72. WHO, Africa office. Libreville Declaration on health and environment (2008). Available
at: https://www.afro.who.int/publications/libreville-declaration (Accessed 19 July 2022).

73. Boopathy R. Factors limiting bioremediation technologies. Bioresource Tech.
(2000) 74(1):63-7. doi: 10.1016/S0960-8524(99)00144-3

74. Lodolo A, Gonzalez-Valencia E, Miertus S. Overview of remediation technologies
for persistent toxic substances. Arh Hig Rada Toksikol. (2001) 52(2):253-80.

75. Nong X, Zhang C, Chen H, Rong Q, Gao H, Jin X. Remediation of cd, Pb and as
Co-contaminated paddy soil by applying different amendments. Bull Environ
Contamination Toxicol (2020) 105:283-90. doi: 10.1007/s00128-020-02940-8

76. UK Environmental Agency. Environment agency annual report and accounts 2010
to 2011 . Available at: https://www.gov.uk/government/publications/environment-
agency-annual-report-and-accounts-2010-to-2011 (Accessed December 9, 2022).

77. Elbehiry F, Elbasiouny H, Ali R, Brevik EC. Enhanced immobilization and
phytoremediation of heavy metals in landfill contaminated soils. Water Air Soil pollut
(2020) 231(5):204. doi: 10.1007/s11270-020-04493-2

78. Ajorloo M, Ghodrat M, Scott ], Strezov V. Heavy metals removal/stabilization from
municipal solid waste incineration fly ash: a review and recent trends. ] Mater. Cycles
Waste Management. (2022) 24:1693-717. doi: 10.1007/s10163-022-01459-w

79. Tian Y, Wang R, Luo Z, Wang R, Yang F, Wang Z, et al. Heavy metals removing
from municipal solid waste incineration fly ashes by electric field-enhanced washing.
Materials (2020) 13:793. doi: 10.3390/ma13030793

Frontiers in Soil Science

1

10.3389/fs0il.2022.1101944

80. Li L. Remediation treatment technologies: Reference guide for developing countries facing
persistent organic pollutants. The University of British Columbia (2010). Available at: http://
citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.586.2815&rep=rep 1 &type=pdf.

81. Yao Z, Lib J, Xie H, Yu C. Review on remediation technologies of soil contaminated
by heavy metals. Proc Environmental. Sci (2012) 16:722-729.

82. Alori ET, Gabasawa Al Elenwo CE, Agbeyegbe OO. Bioremediation techniques as
affected by limiting factors in soil environment. Front Soil Sci (2022) 2:937186.
doi: 10.3389/fs0il.2022.937186

83. Barr D, Finnamore JR, Bardos RP, Weeks JM, Nathaniel CP. Biological methods for
assessment and remediation of contaminated land: case studies. London: Construction
Industry Res Inf Assoc (2002), 1-24. CIRIA 575.

84. Sharma I. Bioremediation techniques for polluted environment: concept,
advantages, limitations, and prospects. In: Murillo-Tovar MA, Saldarriaga-Norena HA,
Saeid A, editors. Trace metals in the environment: New approaches and recent advances.
London, SW7 2QJ UNITED KINGDOM: IntechOpen (2020). doi: 10.5772/
intechopen.90453

85. Sracek O, Filip J, Mihaljevic M, Kribek B, Majer V, Veselovsky F. Attenuation of
dissolved metals in neutral mine drainage in the Zambian copperbelt. Environ Monit
Assess. (2011) 172(1-4):287-99. doi: 10.1007/s10661-010-1334-6

86. Sracek O, Kribek B, Mihaljevic M, Majer V, Veselovsky F, Vencelides Z, et al.
Mining-related contamination of surface water and sediments of the kafue river drainage
system in the copperbelt district, Zambia: an example of a high neutralization capacity
system. ] Geochem. Explor (2012) 112:174-88. doi: 10.1016/j.gexplo.2011.08.007

87. Bruneel O, Mghazli N, Sbabou L, Héery M, Casiot C, Filali-Maltouf A. Role of
microorganisms in rehabilitation of mining sites, focus on Sub Saharan African countries.
J Geochemical Explor (2019) 205:106327. doi: 10.1016/j.gexplo.2019.06.009

88. Heftt DI, Anani OA, Aigbodion F, Osadagbonyi C, Adetunji CO, Ejomah A, et al.
Ex situ studies on macrotermes bellicosus as a potential bioremediation tool of polluted
dump soil sites for Sub Saharan Africa. Soil Sediment contamination (2022) 31(7):855-73.
doi: 10.1080/15320383.2021.2017402

89. Mench M, Lepp N, Bert V, Schwitzguébel JP, Gawronski SW, Schroder P, et al.
Successes and limitations of phytotechnologies at field scale: outcomes, assessment and
outlook from COST action 859. ] Soils Sediment. (2010) 10:1039¢1070. doi: 10.1007/
511368-010-0190-x

90. Melato FA, Mokgalaka NS, McCrindle RI. Adaptation and detoxification
mechanisms of vetiver grass (Chrysopogon zizanioides) growing on gold mine tailings.
- Int J Phytoremediation (2016) 18(5):509-20. doi: 10.1080/15226514.2015.1115963

91. Auchterlonie J, Christin-Leigh Eden C-L, Sheridan C. The phytoremediation
potential of water hyacinth: A case study from hartbeespoort dam, south Africa. South
Afr ] Chem Eng (2021) 37:31-6. doi: 10.1016/j.sajce.2021.03.002

92. Jacklin DM, Brink IC, de Waal J. The potential use of plant species within a
renosterveld landscape for the phytoremediation of glyphosate and fertilizer. Water SA
(2020) 46(1):94-103. doi: 10.17159/wsa/2020.v46.i1.7889

93. Maleke M, Williams P, Botes ], Ojo E, DeFlaun A, van Heerden E. Optimization of
a bioremediation system of soluble uranium based on the biostimulation of an indigenous
bacterial community. Environ Sci pollut Res (2015) 22(11):8442-50. doi: 10.1007/s11356-
014-3980-7

94. Ahuekwe EF, Okoli BE, Stanley HO, Kinigoma B. Evaluation of hydrocarbon
emulsification and heavy metal detoxification potentials of sophorolipid biosurfactants
produced from waste substrates using yeast and mushroom. In: SPE African Health,
Safety, Security, Environment, and Social Responsibility Conference and Exhibition (2016)
SPE-183578-MS. doi: 10.2118/183578-ms

95. Boisson S, Stradic SL, Collignon J, Séleck M, Malaisse F, Shutcha MN, et al.
Potential of copper-tolerant grasses to implement phytostabilisation strategies on polluted
soils in south d. r. Congo. Environ Sci pollut Res (2015) 23(14):13693-705. doi: 10.1007/
s11356-015-5442-2

96. Kambingaa” MK, Syampungani S. Performance of tree species growing on tailings
dam soils in Zambia: a basis for selection of species for re-vegetating tailings dams. J
Environ Sci Eng (2012) B1:827-931.

97. Kahangwa CA, Nahonyo CL, Sangu G, Nassary EK. Assessing phytoremediation
potentials of selected plant species in restoration of environments contaminated by heavy
metals in gold mining areas of Tanzania (2021). Available at: https://ssrn.com/abstract=
3888157.

98. Mulenga C. Soil governance and the control of mining pollution in Zambia. Soil
Secur (2022) 6:100039. doi: 10.1016/j.s0isec.2022.100039

99. Orubebe BB. Soil governance and sustainable land use system in Nigeria: The
paradox of inequalities, natural resource conflict and ecological diversity in a federal
system. In: Yahyah H, Ginzky H, Kasimbazi E, Kibugi R, Ruppel O, editors. Legal
instruments for sustainable soil management in africa. international yearbook of soil law
and policy(). Cham: Springer (2020). doi: 10.1007/978-3-030-36004-7_9

100. Ginzky H, Ruppel OC. Soil protection law in Africa: Insights and
recommendations based on country studies from Cameroon, Kenya and Zambia. Soil
Secur (2022) 6:100032. doi: 10.1016/j.s0isec.2021.100032

101. UNEP. Towards a pollution-free planet. Nairobi, Kenya (2017). Available at:
https://wedocs.unep.org/bitstream/handle/20.500.11822/21213/ Towards_a_pollution_
free_planet_advance%20version.pdf?sequence=2&isAllowed=y#:~:text="“Towards%20a%
20pollution-free%20planet,functioning%200f%20all%20living%20species (Accessed 6
December 2022).

frontiersin.org


https://doi.org/10.1016/j.jag.2014.06.013
https://doi.org/10.1016/j.ijheh.2016.05.001
https://doi.org/10.1016/j.chemosphere.2014.09.028
https://doi.org/10.1016/j.envpol.2010.09.007
https://doi.org/10.1016/j.envpol.2010.09.007
https://doi.org/10.1186/s12889-020-8374-9
https://doi.org/10.1002/ajim.22384
https://doi.org/10.34297/AJBSR.2022.15.002120
https://doi.org/10.1007/s10653-018-0106-z
https://nosdra.oilspillmonitor.ng
http://www.gov.za
https://wedocs.unep.org/bitstream/handle/20.500.11822/8385/
https://wedocs.unep.org/bitstream/handle/20.500.11822/8385/
http://www.pic.int/TheConvention/Overview/tabid/1044/language/en-US/Default.aspx
http://www.pic.int/TheConvention/Overview/tabid/1044/language/en-US/Default.aspx
http://www.mercuryconvention.org/
http://chm.pops.int/
http://chm.pops.int/
https://doi.org/10.1016/j.envsci.2020.02.003
https://www.unep.org/ietc/resources/publication/africa-waste-management-outlook
https://www.unep.org/ietc/resources/publication/africa-waste-management-outlook
https://www.unenvironment.org/events/conference/third-conference-parties-bamako-convention
https://www.unenvironment.org/events/conference/third-conference-parties-bamako-convention
https://www.unep.org/bamako-convention
https://www.unep.org/bamako-convention
https://au.int/pt/treaties/african-convention-conservation-nature-and-natural-resources-revised-version
https://au.int/pt/treaties/african-convention-conservation-nature-and-natural-resources-revised-version
https://www.afro.who.int/publications/libreville-declaration
https://doi.org/10.1016/S0960-8524(99)00144-3
https://doi.org/10.1007/s00128-020-02940-8
https://www.gov.uk/government/publications/environment-agency-annual-report-and-accounts-2010-to-2011
https://www.gov.uk/government/publications/environment-agency-annual-report-and-accounts-2010-to-2011
https://doi.org/10.1007/s11270-020-04493-2
https://doi.org/10.1007/s10163-022-01459-w
https://doi.org/10.3390/ma13030793
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.586.2815&rep=rep1&amp;type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.586.2815&rep=rep1&amp;type=pdf
https://doi.org/10.3389/fsoil.2022.937186
https://doi.org/10.5772/intechopen.90453
https://doi.org/10.5772/intechopen.90453
https://doi.org/10.1007/s10661-010-1334-6
https://doi.org/10.1016/j.gexplo.2011.08.007
https://doi.org/10.1016/j.gexplo.2019.06.009
https://doi.org/10.1080/15320383.2021.2017402
https://doi.org/10.1007/s11368-010-0190-x
https://doi.org/10.1007/s11368-010-0190-x
https://doi.org/10.1080/15226514.2015.1115963
https://doi.org/10.1016/j.sajce.2021.03.002
https://doi.org/10.17159/wsa/2020.v46.i1.7889
https://doi.org/10.1007/s11356-014-3980-7
https://doi.org/10.1007/s11356-014-3980-7
https://doi.org/10.2118/183578-ms
https://doi.org/10.1007/s11356-015-5442-2
https://doi.org/10.1007/s11356-015-5442-2
https://ssrn.com/abstract=3888157
https://ssrn.com/abstract=3888157
https://doi.org/10.1016/j.soisec.2022.100039
https://doi.org/10.1007/978-3-030-36004-7_9
https://doi.org/10.1016/j.soisec.2021.100032
https://wedocs.unep.org/bitstream/handle/20.500.11822/21213/%20Towards_a_pollution_free_planet_advance%20version.pdf?sequence=2&isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/21213/%20Towards_a_pollution_free_planet_advance%20version.pdf?sequence=2&isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/21213/%20Towards_a_pollution_free_planet_advance%20version.pdf?sequence=2&isAllowed=y
https://doi.org/10.3389/fsoil.2022.1101944
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

	Soil pollution and agriculture in sub-Saharan Africa: State of the knowledge and remediation technologies
	1 Introduction
	2 Soil and sediment pollution in African agriculture: Main sources of pollutants and extent of the problem
	2.1 Industrial production activities
	2.2 Artisanal and small-scale mining
	2.3 Agricultural activities
	2.4 Natural processes as sources of pollutants

	3 Bottlenecks negatively impacting the mitigation efforts
	3.1 Overview of the effects of soil pollution on national economies
	3.2 Main health effects associated with soil pollution in the region

	4 Pollution assessment and monitoring tools in the SSA region
	5 Remediation efforts: Available technology and future prospects
	5.1 Multinational and regional legal frameworks on mitigation of soil pollution in SSA region
	5.2 Most promising remediation technologies suitable for sub-Saharan Africa
	5.2.1 Technologies that are based on the principle of containment
	5.2.2 Technologies designed to destroy the hazardous pollutant such as POPs or municipal solid wastes to less toxic products
	5.2.3 Technologies that involve extraction of the contaminant from the matrix through either (i) concentration or (ii) liberation/stripping of the contaminant:


	6 Addressing the knowledge and Infrastructural gaps
	6.1 State of policy frameworks on soil pollution in the SSA
	6.2 Inconsistence in scientific records and data

	7 Conclusions, recommendations and research perspective
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


