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Aims and Scope of the Series
Scientists have long researched to understand the environment and man’s place 
in it. The search for this knowledge grows in importance as rapid increases in 
population and economic development intensify humans’ stresses on ecosystems. 
Fortunately, rapid increases in multiple scientific areas are advancing our un-
derstanding of environmental sciences. Breakthroughs in computing, molecular 
biology, ecology, and sustainability science are enhancing our ability to utilize 
environmental sciences to address real-world problems.

The four topics of this book series - Pollution; Environmental Resilience and Man-
agement; Ecosystems and Biodiversity; and Water Science - will address important 
areas of advancement in the environmental sciences. They will represent an excel-
lent initial grouping of published works on these critical topics.
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Preface

Unfortunately, today the seas and oceans are increasingly polluted due to human 
activities and although much has been done to address this huge problem, the steps 
that must be taken to solve it are numerous and difficult.

This book provides a comprehensive overview of marine pollution. It includes 10 
chapters that deal with various topics related to marine pollution, ranging from 
microplastics to the dispersion of oil in the sea to contamination by potentially toxic 
elements (PTEs) such as mercury (Hg).  All the chapters emphasize the need for uni-
versally adopted policies that use common mitigation strategies to effectively address 
the problem of marine pollution in a unique way.
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Chapter 1

Heavy Metal Contamination in the 
Coastal Environment and Trace 
Level Identification
Bandara Kumudu R.V. and Pathmalal M. Manage

Abstract

Heavy metal pollution in the coastal environment is a great concern as its adverse 
effects on marine health. Heavy metals are a group of persistent organic pollutants 
and last for years in the environment. Due to their widespread distribution, high 
hydrophobicity, prolonged persistence, and negative effects on the environment and 
human health, these chemicals have raised attention. Due to a lack of research and 
advanced detection techniques, heavy metal pollution in coastal areas of some Asian 
countries is critical. Scientists have developed several methods for detecting heavy 
metals in the environment, including atomic absorption spectroscopy, inductively 
coupled plasma massspectroscopy, and high-performance liquid chromatography 
coupled with electrochemical or UV-Vis-detectors. However, a newly optimized, sen-
sitive, cost-effective, and precise technology for detecting heavy metals at ultra-trace 
levels is solid phase micro-extraction and gas chromatography mass-spectrometry. 
As a result, the book chapter will describe the theoretical, practical approach, and 
modern technology for detecting and quantifying heavy metal contaminations in 
the marine ecosystem, including the effects of heavy metals on the marine animals, 
human and environmental health, and challenges and future perspectives of heavy 
metal degradation using a green approach, as well, the effects of heavy metals on the 
marine animal, human, and environmental health.

Keywords: heavy metals, pollutant, marine ecosystem, SPME, trace level

1. Introduction

Chemical production has increased from one million tons in 1930 to over 400 
million tons now, with around 100,000 different chemical substances registered on 
the European Union market, of which 30,000 to 70,000 are used daily [1, 2]. The most 
of chemicals in water bodies, including heavy metals, derive from wastewater from 
industrial, agricultural, and domestic sources, as well as municipal sewage treatment 
plants [3]. Around 10% of the globally available runoff is being used by industries and 
municipalities, resulting in a stream of effluent that flows into rivers, lakes, groundwa-
ter, or coastal water. As a result, each year over 300 million tons of heavy metals from 
industrial and consumer products, including Cr, Cu, Zn, As, Cd, Pb, and Sn, find their 
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way into natural waters [4]. Cement plants, coal and energy bases, textiles, ship break-
ing/recycling, and tanneries are only a few examples of key types of businesses that 
have become important for macro and microeconomic growth as well as heavy metal 
pollution. Agriculture, which uses 140 million tons of fertilizers and several million tons 
of pesticides each year, contributes to further pollution [4]. Chemical pollution is mainly 
a threat to developing countries due to the lack of compliance with environmental and 
safety regulations. Low labor costs and favorable geographic locations have made the 
ship-repairing industry highly profitable, releasing considerable quantities of heavy met-
als into the environment [5]. Even at low levels of exposure, these metals are hazardous to 
the physical and chemical functions of animals and can damage their several organs such 
as brain, liver, and reproductive organs. As a result, monitoring and assessment can aid 
with coastal environmental protection management and planning. When using heavy 
metals, trace metals analysis can be used to detect and identify small amounts of metals 
in a sample, which is important for quality control and regulatory compliance.

When using heavy metals, trace metals analysis can be used to detect and identify 
small amounts of metals in a sample, which is important for quality control and 
regulatory compliance.

1.1 Heavy metals

In comparison to water, heavy metals are metallic elements with a higher density. 
Assuming that toxicity and heaviness are connected. Heavy metals also include metal-
loids such as arsenic, tin, lead, etc., which can cause harmful effects at low concentra-
tions [6]. Environmental contamination of these metals is responsible for threatening 
the environment and global public health. Due to vast development in their use in 
numerous industrial, agricultural, domestic, and technological applications, human 
exposure has increased. Heavy metals in the environment could be found in geologi-
cal, pharmaceutical, industrial, agricultural, atmospheric, and domestic effluent 
sources (Table 1). Smelters, foundries, mining, and other metal-based industrial 
operations are all major contributors to environmental contamination [7].

Heavy metals are naturally occurring elements found throughout the earth’s crust; 
however, human activities such as mining and smelting, industrial application, and 

Heavy metals Application

Nickel (Ni) Batteries processing units, Galvanization, metal refining, fertilizers, painting industries

Zinc (Zn) Painting and dye, wood preservatives, fertilizers, rubber and detergent industries

Arsenic (As) Wood preservatives, dye and automobile industries

Cadmium (Cd) Painting, galvanized, pesticide, polyvinyl plastic, refined petroleum products industries

Aluminium (Al) Aluminium phosphate Pesticide, ceramics, automotive parts industries

Iron (Fe) Engine parts and metal refining industries

Copper (Cu) Electroplating, metal refining and plastic industries

Lead (Pb) Pesticides, mobile batteries, petrol based materials and leaded gasoline industries

Chromium (Cr) Electroplating, leather, textile, pulp, tanning, and chrome plating industries

Tin (Sn) Wood preservatives, Leather, Textile dye, antifouling paint, pesticide industries

Table 1. 
Industrial uses of the heavy metals.
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domestic and agricultural use of metals and metal-containing compounds end up 
causing the vast majority of environmental contamination and human exposure. 
Heavy metals are usually found in trace amounts in the earth’s crust, ranging from 
a few parts per trillion (ppt) for noble metals to up to 5% for iron. They could be 
encountered in their elemental, metallic form. Weathering and erosion led them to 
leach into the soil, rivers, and groundwater. When the Earth’s mantle was still liquid 
4–5 billion years ago, heavy metals sank to the center and formed the iron- and 
nickel-rich core [8].

Due to their trace concentrations (ppt range to less than 10ppm) in a wide range 
of environmental matrices, heavy metals are classified as trace elements. Physical 
factors such as phase association, temperature, sequestration, and adsorption affect 
heavy metal bioavailability. Chemical parameters, such as lipid solubility, complex-
ation kinetics, and octanol/water partition coefficients, have an impact on speciation 
at thermodynamic equilibrium. Biological factors include species characteristics, 
biochemical/physiological adaptability, and trophic interactions.

1.2 The significance of heavy metals to animal and plant life

Metals are required for the proper performance of several biochemical and physi-
ological processes in humans, animals, and plants. Microelements are trace elements 
having minor dietary requirements, such as chromium (Cr), iron (Fe), cobalt (Co), 
manganese (Mn), copper (Cu), molybdenum (Mo), zinc (Zn), and selenium (Se). 
They are found in trace levels (ppt, ppb, or ppm) in a range of matrices and their 
bioavailability varies [9]. Trace elements are commonly added to animal feed as a 
nutritional supplement to enhance health and productivity. Heavy metals have been 
shown to impact a variety of cellular organelles and components, including the cell 
membrane, mitochondria, lysosome, endoplasmic reticulum, nuclei and enzymes 
involved in metabolism, detoxification, and damage repair. Excessive exposure to 
these elements at elevated concentrations has been associated with cellular or sys-
temic problems and may be a source of pollution [10].

Chlorophyll production, protein modifications, DNA synthesis, photosynthesis, 
redox reactions in the chloroplast and mitochondria, nitrogen fixation, and sugar 
metabolism are all affected by heavy metals. More than 300 enzymes and 200 tran-
scription factors required zinc as a cofactor for membrane integrity maintenance, 
auxin metabolism, and reproduction [11]. However, the remaining excess of heavy 
metals in the environment is responsible for harmful consequences.

2. Increasement of heavy metals in the coastal environment

Metal corrosion, air deposition, soil erosion of metal ions and heavy metal leach-
ing, sediment resuspension, and metal evaporation from water resources to soil 
and groundwater are all potential sources of environmental contamination. Natural 
occurrences such as volcanic eruptions and weathering are also identified as major 
contributors to heavy metal contamination. Metal refineries, petroleum combustion, 
high-tension lines, coal combustion in power plants, nuclear power stations, micro-
electronics, wood preservation, plastics, textiles, and paper processing industries 
have all been industrial sources [7]. Tin (Sn), molybdenum (Mo), cobalt (Co), copper 
(Cu), selenium (Se), zinc (Zn), chromium (Cr), nickel (Ni), magnesium (Mg), 
manganese (Mn), and iron (Fe) are reported to be essential nutrients needed for a 
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variety of physiological and metabolic activities. Deficiencies in these micronutrients 
can lead to a range of syndromes and disorders.

Land-based metal polluting industries, such as textiles, coal and energy bases, 
cement plant, leather, and ship breaking/recycling, have expanded significantly over 
the past few decades as these types of enterprises have become an important factor for 
macro and micro perspectives of economic growth. These industries release signifi-
cant amounts of heavy metals into the environment indicating opportunities and pos-
sible risks to a more globalized economy. However, about 40% of the world’s seas have 
been significantly impacted by human activity, with the most severe consequences 
occurring in coastal regions [12, 13]. Indeed, anthropogenic metal contamination in 
coastal and marine environments has been a major issue since it may have toxic effects 
on aquatic living organisms, destroy natural ecosystems, and significant health risks 
to humans through consumption of contaminated seafood [14].

2.1 Heavy metal contamination in the marine ecosystem

Metal concentrations in the marine environment are estimated to be in the 
nanogram to microgram per liter (liquid phase) or per gram range as they are found 
naturally components of the earth’s crust (solid phase). Concentrations of important 
heavy metals (Zn, Pb, Cd, Cu, Sn, and Hg) in the marine environment have increased 
by five to ten times in the past few decades compared to values recorded fifty to one 
hundred years ago [15]. The global increase in metal contamination in marine ecosys-
tems has been mainly driven by economic development and accelerated industrializa-
tion in recent decades. Metals enter aquatic systems and accumulate in various ways, 
as shown in Figure 1. Changes in physicochemical parameters such as salinity, redox 
potential, temperature, pH, and organic ligand concentrations could cause metals 

Figure 1. 
Major routes for metals contamination and bioaccumulation in the aquatic environment.



7

Heavy Metal Contamination in the Coastal Environment and Trace Level Identification
DOI: http://dx.doi.org/10.5772/intechopen.106653

to disintegrate from a solid phase once adsorbed into marine sediments. As a conse-
quence, the toxicity, mobility, and bioavailability of metals are largely determined 
by the environment [15, 16]. Important terrestrial and aquatic ecosystems, including 
mangrove forests, intermittently and permanently flooded wetlands, and tidal flats, 
are found in the coastal environment, which is highly dynamic and ecologically 
complex. These enriched ecosystems are at risk due to environmental consequences 
and human encroachment. The wastes from scrapped ships, including oils and 
persistent organic pollutants (POPs), enter the coastal bay, which is home to a variety 
of marine life, including many endangered and vulnerable species; pollution has been 
identified as one of three major transboundary issues affecting the marine ecosystem. 
Heavy metals can accumulate in aquatic habitats to toxic levels because they are 
not biodegradable, although some metals are essential to the ecosystem’s function. 
Metals are eventually integrated into the sediment at the bottom, where organisms 
(benthic organisms) can gather them. Heavy metals affect aquatic life at greater 
levels. Cadmium and copper concentrations in the water surrounding shipbreaking 
zones were high enough to affect fish spawning and death. In coastal areas, a higher 
concentration of mercury and tin has delayed the development of mollusks, and lead 
has reduced the nesting capacity of marine birds [17].

Low levels of dissolved metals in seawater may or may not present a hazard to 
marine biota but some species have shown a tendency to accumulate the metals from 
the water. Li et al. [18] studied the effects of chelating agents on the uptake and 
accumulation of cadmium by Mytilus edulis. Complexation of cadmium with either 
EDTA, humic and alginic acids, or pectin doubles both rate of accumulation and the 
final tissue concentration. Yap et al. [19] determined trace metal (Hg, Cd, Cu, Ag, 
Zn, and Pb) concentrations in mussels from the estuaries were compared with those 
of coastal and offshore regions in the southeastern North Sea. Bandara et al. [20] 
reported that tributyltin contamination in marine gastropod; Thais clavigera and 
mussels, Perana perana, Perna viridis, Crassostrea madrasensis, and Crassostrea cuculata. 
Levels of selected heavy metals in sediments collected from subtidal areas off the 
Iranian coastline of the Arabian Gulf were measured by Pourang et al. [21]. This study 
concluded that the concentrations of Cd, Pb, and Ni in the sediments (2.9, 90.5, and 
64.9 μg/ g dry weight, respectively) were notably higher than global baseline values. 
Assessment of contaminants in Dubai coastal region, United Arab Emirates, was 
conducted by Al-Darwish et al. [22]. This study found that the highest concentrations 
of the selected metals were found in chronically polluted areas and reported elevated 
levels of Cu, Ni, and Zn in comparison with background levels of unpolluted sedi-
ments in the Arabian Gulf, which is heavily occupied by a variety of industries.

3. Toxicity of heavy metals

Heavy metals: Fe, Co, Cu, Mn, Mo, Se, Zn, Cr, and Cd, as well as Hg, Pb, and As, 
have a high density compared to water and are present in trace amounts in differ-
ent matrices. Heavy metals could cause toxicity at low concentrations, hence their 
heaviness and toxicity are associated [23]. Heavy metals have a negative impact on 
the soil, water, air, plants, animals, and humans. High heavy metal concentrations in 
soil can impact soil quality, particularly pH, color, porosity, and natural composition, 
as well as crop yield and the extinction of many species of normal flora and animals. 
Their buildup in the water creates significant issues for humans and ecosystems due 
to a decrease in drinking water quality and cleanliness, as well as a decrease in water 
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supplies for all life forms. Increased acid rain, corrosion, eutrophication and haze, 
decreased agricultural yields, and a shortage of oxygen can be caused by heavy metal 
contamination in the air. They can damage plants’ roots and leaves, disrupt important 
biochemical processes such as photosynthesis, impair mineral absorption, damage 
chlorophyll, and inhibit root growth and development, leading to a reduction in total 
plant growth [24].

Heavy metal toxicity in animals shows itself with reduced body weight, renal 
damage, liver damage, shorter life span, increased oxidative stress, changes in cell 
composition, and DNA damage. In humans, they can cause renal illness, liver disease, 
lung complications, and some cancers [25]. Heavy metals accumulate in organs and 
soft tissues when they are not metabolized by the body, causing them toxic. Ingestion 
of contaminated food or water, inhalation, or skin absorption have all been routes 
they enter the human body. One of the most common ways for heavy metals to enter 
the bodies of animals is via ingestion. These metals can have inhibitory, stimulatory, 
or toxic effects on specific biochemical processes, resulting in a variety of health 
problems in the nervous system (Alzheimer’s, Parkinson’s, depression, and demen-
tia), the bone system (bone mineralization), and the reproductive system. reactive 
oxygen species (ROS) can also cause DNA and RNA damage and malignancies of the 
lungs, skin, and bladder, as a consequence of its production. The amount of exposure, 
the length of exposure, the pollutant concentration, and the organisms exposed to it, 
as well as the metal’s type and oxidation state, determine its toxicity [26].

3.1 Heavy metal toxicity amplification in plants and animals

Heavy metals persist in nature, posing a threat to human health in addition to 
their detrimental impacts on plants and wildlife. For example, lead (Pb) is one of 
the most toxic heavy metals, with a soil retention time of 150–5000 years and a 
reported concentration retention period of up to 150 years [27]. Plants that grow 
in heavy metal-contaminated areas tend to collect higher concentrations of heavy 
metals in the food chain. The main route for heavy metals into animal and human 
tissues would be through contaminated food, making them vulnerable to a variety of 
diseases.

Several heavy metals such as Cr, Cd, Pb, Hg, and Al are highly toxic even in trace 
concentrations, even though they are nonessential and have no physiological role [28]. 
Both essential and nonessential heavy metals damage plants in comparable ways, 
caused by low biomass accumulation, chlorosis, growth and photosynthetic inhibi-
tion, altered water balance and nutrient assimilation, and senescence, which leads to 
plant death.

3.2 Potential Human Exposure to heavy metals

Each year, over 300,000 employees are exposed to heavy metals and metal-con-
taining compounds in the workplace. One of the biggest sources of health concern is 
industrial worker exposure to the high risk of Cr-induced diseases. Cr is anticipated to 
be released into the environment at a rate of 33 tons per year, which poses a significant 
carcinogenic risk. The Occupational Safety and Health Administration (OSHA) in 
the United States recently established a “safe” level of 5g/m3 for an eight-hour time-
weighted average. The overall human population’s atmospheric levels range from 1 to 
100 ng/cm3, while levels near Cr-related industries can exceed this range [10].
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Nonoccupational exposure occurs when heavy metal-containing meals and water 
are consumed. Whenever it comes to chromium contamination, recorded levels range 
from 1 to 3000 mg/kg in soil, 5 to 800 g/L in seawater, and 26 g/L to 5.2 mg/L in rivers 
and lakes. The amount of chromium in food varies wildly depending on how it is 
processed and cooked. Fresh foods contain chromium levels ranging from 10 to 1,300 
g/kg [29]. Employees in chromium-related industries can be exposed to two orders of 
magnitude higher levels of chromium than the general population.

Human exposure to heavy metals seems to be mostly by inhalation, with the lung 
being the primary target organ. However, significant human exposure to heavy metals 
has also been recorded through the skin [30]. For example, exposure to chromium 
found in cement is implicated in the worldwide incidence of dermatitis among 
construction workers. Exposure to Cr(VI)-containing chemicals in the workplace and 
the environment has been linked to multi-organ toxicity in humans, including kidney 
impairment, allergy and asthma, and lung cancer.

Enormous concentrations of heavy metals in the air would irritate the nose lining 
and lead to ulcers. The numerous health problems documented in animals after 
swallowing heavy metals at detectable levels include stomach irritation and ulcers, 
sperm loss, anemia, and endocrine abnormalities [8]. Some people who are extremely 
sensitive to heavy metals have experienced allergic reactions such as edema and severe 
redness of the skin. In both humans and animals, toxic substances in drinking water 
have been related to an increased risk of stomach cancer. Ingestion of extremely 
high concentrations of these compounds by humans, whether it be by accident or on 
purpose, has resulted in severe respiratory, cardiovascular, gastrointestinal, hemato-
logical, hepatic, renal, and neurological consequences, in people who died or survived 
as a result of medical care. Strong evidence of heavy metal carcinogenicity in humans 
and terrestrial mammals has also been reported by Mahurpawar [25] and Tchounwou 
et al. [10].

3.3 Heavy metal toxicity and carcinogenicity

Heavy metal toxicity is mostly determined by their oxidation state and lipophilic-
ity. Even though the processes of biological interaction are unknown, the chemicals 
can penetrate through cell membranes, and their intracellular reduction to reactive 
intermediates may be connected to toxicity variation. It can be absorbed to some 
extent through the lungs, gastrointestinal tract, and even intact skin. It is considered 
a detoxification process when harmful substances are reduced at a distance from the 
target site for toxic or genotoxic action; nevertheless, when the compound is reduced 
in or near the cell nucleus of target organs, it may help activate their toxicity [31].

Under physiological conditions, heavy metals can be reduced by hydrogen perox-
ide (H2O2), ascorbic acid, and glutathione reductase to form reactive intermediates 
such as thiol radicals and hydroxyl radicals. Any of these heavy metal species could 
disrupt cellular integrity and function by attacking DNA, proteins, or membrane 
lipids [32].

With animal research, many harmful effects of heavy metals on mammals have 
been reported [25, 33]. After subcutaneous treatment of Cr, rats developed severe 
urea nitrogen, creatinine elevations, proteinuria, an increase in blood alanine amino-
transferase activity, and hepatic lipid peroxide production. In similar studies, Sahu  
et al. [34] found that chromium induced kidney impairment in rats when adminis-
tered as a single subcutaneous injection. Giving Cr to rats in water caused hepatic 
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mitochondrial and microsomal lipid peroxidation, as well as increased urine lipid 
metabolite excretion, including malondialdehyde.

In humans, heavy metals have been linked to harmful health consequences. 
Respiratory malignancies have been recorded among workers exposed to Cr, Sn, 
Pb, and As-containing substances in the workplace following the epidemiological 
research [35]. DNA strand breakage in peripheral lymphocytes and lipid peroxidation 
products in urine in exposed employees reinforce the proof of heavy metal-induced 
human toxicity. Oxidative damage is assumed to be the cause of genotoxic impacts, 
such as chromosomal abnormalities and DNA strand breaks. According to the current 
study by Singh et al. [36], non-oxidative processes appear to have a role in carcinogen-
esis. Carcinogenicity appears to be linked to inhalation of less soluble chemicals such 
as Sn and Cr. Surface charge, phagocytization capacity, crystal modification, and size 
are all features of chromium that may be significant in predicting cancer risk, accord-
ing to epidemiological studies (Figure 2).

4. Heavy metals in the environment

Environmental research on heavy metals requires a basis in environmental 
chemistry, ecotoxicology, and ecology. The study of xenobiotics in food chains is a 
significant field of research with important environmental, ecological, and economic 
implications. According to Ali et al. [38], marine chemistry has public health implica-
tions: “Aquatic chemistry is a key component of public health”.

Understanding heavy metal pollution in coastal areas of certain countries, such as 
Asian and Oceania countries, is vital due to a lack of research and advanced xenobi-
otic monitoring methods. In recent years, several methods for detecting heavy metals 
in environmental matrices have been developed. Supercritical fluid extractions [39], 
acid extraction, alkaline extraction digestion with sodium hydroxide, and subsequent 

Figure 2. 
Mechanism of heavy metal induced carcinogenicity (Source: Hartwig [37]).
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extraction with tetra ethyl ammonium hydroxide are examples of these methods [40]. 
When heavy metals are present in matrices at very low levels (ppb and ppt), however, 
extracting these chemicals is time-consuming, costly, and a source of inaccuracy and 
cross-contamination [41]. As a result, in many regions around the world, detecting 
heavy metals in aquatic settings has become difficult and inaccessible. solid phase 
extraction (SPE) and liquid-liquid extraction (LLE) are the most prevalent methods 
for separating metal compounds from matrices [42]. SPE cartridges, on the other 
hand, are costly and nonreusable, while LLE extraction procedures require a substan-
tial volume of organic solvents. Bandara et al. [20] have optimized an automated solid 
phase micro extraction (SPME) method to detect tributyltin at ultra-trace concentra-
tions (ppt levels) because it reduces sample preparation, solvent usage, and analytical 
costs.

For the quantitative determination of metals, atomic absorption spectrometry 
(AAS), inductively coupled plasma-mass spectrometry (ICP-MS), and gas chroma-
tography-mass spectrometry (GC-MS) are widely employed.

4.1 Heavy metal quantification

For the assessment and implementation of heavy metal pollution management 
methods, environmental monitoring and quantification are required. The concentra-
tions of potentially toxic metals and metalloids in diverse environmental media, such 
as water, sediments, and biota, should be monitored regularly. This environmental 
analysis will provide important information on the distribution, major sources, 
destination, and bioaccumulation of these elements in the environment, as well as on 
their bioaccumulation.

4.2 Assessment of heavy metal pollution using biomarkers and bioindicators

Łuczynska et al. [43] explain the use of bioindicators for heavy metal pollution 
monitoring and evaluation as follows: “Measuring metal concentrations in selected 
species of the resident biota could provide a more meaningful assessment of the 
impact of metal pollution.” To assess heavy metal contamination and environmental 
pollution, a variety of plant and animal species have been used as bioindicators. 
Bandara et al. [20] studied the impact of tributyltin contamination in the Sri Lankan 
coastal stretch employing mollusks Perna perna, Thias clavigera, and Perna viridis at 
commercial and fishery harbors as the first record of tributyltin contamination.

4.3 Atomic absorption spectrometry (AAS)

By its simplicity and the fact that it can quantify a large number of metals (cobalt, 
chromium, cadmium, copper, iron, manganese, nickel, lead, and zinc) with a 
minimum detection limit of 1 ppb, flame atomic absorption spectrometry (FAAS) is 
extensively used for metal determination from the soil, water, and biological samples. 
A graphite furnace and greater atomization temperatures are required for electro-
thermal atomic absorption spectrometry (ETAAS). This method has the advantage 
of requiring a minimal sample volume (20–50 uL) and having excellent minimum 
detection limits at parts per billion level.

The use of chemical modifiers in ETAAS analysis of volatile elements (arsenic, 
antimony) is required to stabilize the analysis, which would otherwise evaporate 
at temperatures above 400oC. One of the most successful methods for determining 
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trace elements in various matrices is chemical vapor production in combination with 
atomic absorption spectroscopy. HGAAS (hydride generation atomic absorption 
spectroscopy) and cold vapor atomic absorption spectroscopy are two examples of 
this technology (CVAAS). HGAAS is used for the analysis of hydride-forming metals 
(selenium, arsenic, tin, and lead) while CVAAS is used for mercury analysis from 
various samples.

4.4 Mass spectrometry with inductively coupled plasma (ICP-MS)

ICP-MS (inductively coupled plasma-mass spectrometry) is a method for ana-
lyzing multi elements at trace levels in a range of liquid samples. It has a high level 
of precision and accuracy. As a result, solid materials must be digested before the 
examination, and digestion methods require the use of HNO3 or HNO3 and H2O2. In 
argon plasma, the material is atomized and ionized, and the resulting ions are sorted 
by a mass analyzer according to their mass-charge ratio (m/z) before being detected 
at the detector. The detection limits of this method are 0.2 ppt in solution and 0.1 ppb 
in tissues.

4.5 Solid phase micro extraction (SPME) and GCMS method

SPME is a solvent-free method that was developed by Pawliszyn in 1989 and 
combines sample extraction and concentration in a single process [44]. It consists of 
an organic phase-coated fiber that uses absorptive/adsorptive processes to selectively 
extract and concentrate the analytes present. SPME- GCMS procedure has mainly 
four steps that include extraction, derivatization, separation, and final detection. 
Ion exchange and gas chromatographic (GC) systems have been used to detect metal 
compounds directly from aquatic samples. The advantages of heavy metal determi-
nation include the availability of compound-sensitive, simple, cost-effective, and 
selective detectors (MS) with high-resolution power methods [45]. The recovery rate 

Figure 3. 
SPME-GCMS analysis protocol of TBT. Source: Schmidt and Podmore, [46].
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of this method to detect the quantity of organotin (Sn) in marine water was found to 
be 88% by Bandara et al. [20].

Heavy metal usage and contamination of the environment could come from 
active maritime heavy boating and shipping activities in coastal areas, as well as 
other industrial activities. As a result, SPME is a cost-effective, precise, and sensitive 
standardized method to detect and quantify heavy metals at the parts per trillion level 
anywhere in the world (Figure 3).

5. Conclusions

In both aquatic and terrestrial environments, heavy metals and metalloids are 
common pollutants. The hazard of an environmental chemical is determined by its 
persistence in the environment, as well as its toxicity and bioaccumulative potential. 
Toxic environmental pollutants that are persistent and bioaccumulative are more 
hazardous. persistence, bioaccumulation, and toxicity (PBT) are the three character-
istics of heavy metals that make them hazardous. Some of the most environmentally 
hazardous heavy metals and metalloids are Cr, Ni, Cu, Zn, Cd, Pb, Hg, and As. These 
components’ trophic transmission in aquatic and terrestrial food chains/webs has sig-
nificant implications for animal and human health. The concentrations of potentially 
hazardous heavy metals and metalloids in various environmental segments as well 
as in the resident biota must be measured and monitored. Environmental chemistry 
and ecotoxicology of hazardous heavy metals and metalloids reveal that measures 
should be done to decrease their impact on human health and the environment. Some 
suggestions are as follows:

I. Heavy metal and metalloid background concentrations should be documented 
in various environmental media around the world for future reference.

II. Assess and record the levels of potentially toxic heavy metals and metalloids 
in water, sediments, and resident biota regularly.

III. Regular studies should be conducted to quantify the daily consumption of 
freshwater fish and other consumables, such as rice, by the world’s resident 
population. This data will aid in a more reliable and accurate evaluation of 
human and environmental risk.

IV. Heavy metal contamination in aquatic and terrestrial ecosystems should be 
kept to a minimum to protect the biota and the health of its consumers.

V. The adverse impacts of toxic heavy metals on human health and the environ-
ment should be made widely understood.

VI. Before being released into natural waterways, industrial wastewaters must be 
properly treated.

VII. A priority for protecting human health and the environment should be 
encouraging and promoting scientific research on the environmental assess-
ment of harmful substances, particularly heavy metals and metalloids.
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Chapter 2

Land-Based Marine Pollution: An 
Emerging Threat to Bangladesh
Md. Wahidul Alam

Abstract

Bangladesh is a densely populated coastal country in South Asia. The country has 
enormous resources in the coastal and marine environment of the northern Bay of 
Bengal. After the final settlement with India, Bangladesh has had an independent ocean 
boundary since 2014, but the country has no national policy to protect the environ-
ment from marine pollution. The chapter explores the applications of protection and 
prevention of the marine environment in Bangladesh from land-based marine pollution 
(LMP) as land-based sources have become the emerging threat to the Bay of Bengal 
in respect of marine pollution. Several relevant national laws and policies have been 
analyzed to examine the problems of LMP control in Bangladesh. This chapter also 
identifies the sources and effects of land-based pollutants, including the analysis of 
national activities, action plans, and management strategies to discover the challenges 
and gaps of the present regime for LMP control in Bangladesh. Finally, the chapter 
suggested a comprehensive approach to establishing national legislation to control LMP 
in Bangladesh by implementing the national and regional strategy.

Keywords: land-based pollution, marine environment, Bangladesh, legal analysis, 
implantation framework

1. Introduction

Bangladesh is the country of conglomerate islands in South Asia and one of the 
world’s largest deltas. The country is mainly formed by the Ganges-Brahmaputra-
Meghna (GBM) river system and consists of flat and low land. The total land area 
is 147,570 sq. km. It has a network of many rivers with tributaries and distributaries 
crisscrossing the country, whereas 405 are recognized in ‘Nod-Nodi’ [1]. It has a 
population of about 164 million, and 35.6% of the population is urban [2]. It is 
estimated that the country’s population will be 172.4 million by 2025 [3]. Increasing 
trends of population increase human activity, which is dependent on the earth’s 
environment and its natural resources system but due to industrialization and various 
effects of human activities cause, environmental pollution, including the marine 
environment. The marine environment of Bangladesh is situated at the coast of the 
Bay of Bengal (BOB), which is the northeastern extension of the Indian Ocean [4]. 
Being an extension, BOB shares many oceanic characteristics of the Indian Ocean 
and has active connections with the Andaman Sea, Malacca Strait, Palk Strait, etc. 
Bangladesh has received 118,813 sq. km. of maritime area in the BOB after the final 
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dispute settlements with Myanmar and India in 2012 and 2014, respectively [5]. In 
Bangladesh, the BOB coast covers 710 km in length, and about 36 million people live 
in this area for their livelihoods like agriculture, fishing and aquaculture, salt farming, 
forest resources, and nearshore transportation. Over 90% of living and non-living 
resources of the world are found within a few hundred kilometers of the coast, and 
nearly two-thirds of the global population lives on the coast [6]. Rapid urbanization, 
deforestation, and unplanned extraction of marine and coastal resources aggravated 
the environment complex.

The ocean produces 70% of the oxygen and 80% of the world’s animals and plants 
[7]. It is a part of the cultural and natural heritage of the world [8] and has great 
importance for tourism, mineral extraction, recreation and transportation, waters, 
beaches and cliffs, coral reefs, islands, mangrove forests, port, harbors, etc. The ocean 
compromises 95% of the global water supply [9], and the ocean water covers 72% 
of the earth’s surface. Because of the importance of the world’s oceans, the marine 
environment may have been called the ‘lungs of the earth.’ However, the marine envi-
ronment is deteriorating due to unsustainable utilization and exploitation of ocean 
resources and various sources of pollutants released into the ocean. Several studies 
have revealed that preserving and protecting the marine environment from differ-
ent deteriorating agents affects directly or indirectly like marine pollution [10]. As 
the marine environment is the vital diversity of marine resources, including marine 
animals and plants, prevention and control of marine pollution are significantly 
important and interlinked. Marine environmental protection is generally considered 
‘protection from pollution’ [11], whereas pollution has a significant threat to ocean 
life and affects the marine species, ecosystem, and human health. Bangladesh’s 
marine pollution is mainly caused by land-based and sea-based sources [12]. Several 
point and non-point sources are the leading causes of land-based sources pollution, 
whereas sea-based sources pollution occurs mainly due to shipping activities in the 
Sea [13]. Marine oil pollution can expose human health and other species to diseases 
[14]. Organic and inorganic pollutants from land-based, including ship-breaking 
activities in Bangladesh, affect the marine ecosystem essentially [15]. Although vari-
ous sources of pollution affect the marine environment, several studies have indicated 
that the sources of land-based marine pollution (LMP) are the dominant threat in 
Bangladesh [16]. Hence, it has become urgent to enact legislation to regulate marine 
resource exploitation and utilization and marine environmental Protection regarding 
the sources of LMP.

Chapter 17 of Agenda 21 states about the Marine Environment Protection from 
LMP sources like: ‘Degradation of the marine environment can result from a wide 
range of sources. Land-based sources contribute 70 percent of marine pollution, 
while maritime transport and dumping-at-sea activities contribute 10 percent each. 
The contaminants that pose the greatest threat to the marine environment are invari-
able order of importance and, depending on differing national or regional situations, 
sewage, nutrients, synthetic organic compounds, sediments, litter and plastics, met-
als, radionuclides, oil/hydrocarbons, and polycyclic aromatic hydrocarbons (PAHs). 
Many polluting substances originating from land-based sources are of particular 
concern to the marine environment since they exhibit toxicity, persistence, and bioac-
cumulation in the food chain. Currently, there is no global scheme to address marine 
pollution from land-based sources’ [17]. The above section of Agenda 21 proved 
that prevention and control of LMP are significantly essential and linked with ocean 
resources conservation and management, ocean health improvement, and maritime 
security regarding marine environment protection. Subsequently, arguments for 
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protecting the marine environment of Bangladesh have been put forward by devising 
relevant national and international legislation to achieve the goals.

2. LMP status in Bangladesh

According to National report of the Bay of Bengal Large Marine Ecosystem 
(BOBLME), LMP is discharged directly into the Bay of Bengal through rivers, floods, 
tides, groundwater, or atmospheric deposition [18]. This report also identified two 
kinds of land-based sources of marine pollution in Bangladesh: point and non-point 
(Table 1). A point source of pollution is those for which a particular point of entry 
into the environment can be identified, whereas non-point sources are harder to 
identify and cannot be as readily identified as originating from a single source [19]. 
LMP can also inflict oil sewage and industrial waste, chemical fertilizer and pesti-
cides, water from power stations, atmospheric discharges from vehicles, chimney 
fumes, and sprayed agricultural chemicals [20]. In Bangladesh, industrial wastes 
contain high organic pollutants, and most importantly, there is no waste treatment 
plant inside the industries [21]. Municipal garbage is also one of the leading factors 
for LMP in Bangladesh due to rapid urbanization, indiscriminately dumping into 
the drain, canal, or river directly [21]. Agriculture activities are also the reasons for 
LMP as pesticides and fertilizers are carried out by rivers, canals, or drains to the sea 
during the rainy season [21]. The causes of land-based sources of marine pollution 
are the same in other countries except for ship-breaking pollution because almost 
all shipyard in Bangladesh is located near the coast, and their recycling operation is 
done through the ‘beaching’ method. According to the National Program of Action 
(NPA), to protect the coastal and marine environment from land-based activities in 
Bangladesh, reported ‘ship-breaking pollution’ is one of the critical issues for land-
based marine pollution at BOB [10].

Municipal waste comprises household, industrial, commercial, agricultural, street 
sweeping, construction debris, sanitation residues, etc. The total amount of munici-
pal waste generated in the country appears to be related to socioeconomic factors, 
and also, the total amount of solid and liquid wastes of Bangladesh that could either 
directly or indirectly find their way to the coast of the BOB has not been estimated yet 
[22]. In 2005, the average per capita municipal waste generation rate was estimated to 
be 0.41 kg/capita/day, and it assumed that by 2025, the total waste generation would 
be 47,064 tons/day with a waste generation rate (WGR) of 0.6 kg/capita/day [23].

As Bangladesh has no domestic waste treatment facilities yet, effluents from city 
areas directly or indirectly enter the river. Increasing human settlement in the coastal 

Land-based sources of marine pollution

Point sources Non-point sources

Wastewater treatment plants
Untreated sewage/outfalls
Partially treated/ untreated Industrial 
effluent outfalls
Aquaculture effluents

Agricultural runoff (pesticides, fertilizers, and animal wastes)
Oil, grease, and toxic chemicals from urban runoff and energy 
production Coliform Bacteria and pathogens
Sediments (from construction), hill cutting and deforestation.
River runoff

Table 1. 
Critical sources of LMP in Bangladesh [18].
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areas is also the factor for increasing pollutants in the coastal environment and, in 
general, dumping excreta in drains and canals that go to nearby rivers and ultimately 
falls into the Bay of Bengal. Septic tank effluents are also dumped into the rivers and 
canals directly or indirectly and cause localized water pollution surrounding the 
drainage outfalls. The rivers, including the Karnafuly and Passur, receive raw excreta 
daily from dense populations on both sides of these towns. Every day a considerable 
amount of blood and intestines of slaughtered animals from the Firringee Bazar 
slaughterhouse of Chittagong find their way into the River Karnafuly and hence to 
the Bay of Bengal. The most common system currently adopted for the disposal of 
solid wastes is to dump vast quantities of the collected solid wastes on the outskirts of 
townships as landfills, creating a breeding ground for houseflies and mosquitoes. The 
decomposition process pollutes the area emitting poisonous and obnoxious smells. 
The major channels that carry domestic wastes and spread into the coastal city areas 
cause pathogenic microbial pollution and severe health hazards during the rainy sea-
son, and the severity of floods is more in the Bay [24]. Solid waste is washed by rain, 
the leachate mixes with the water, goes to the river, then to the Sea, and ultimately 
pollutes the total water body.

Pathogenic organisms are usually present in the soil and solid wastes. These 
pathogens are causative agents of different diseases in human beings [25]. There is a 
very high abundance of oligochaetes and other pollution indicators of benthic organ-
isms near sewage outfalls in the Karnaphuli River estuary, which indicates localized 
pollution in the estuary [26]. High BOD indicates oxygen depletion, endangering 
fish and aquatic species; deoxygenation induced by toxic waste occurs in the Sea. 
Harmful effects of the Chittagong Urea Fertilizer Limited (CUFL) effluents on 
aquatic organisms, particularly on plankton and fish [27]. The pollution caused 
by the tannery industry, which ranks fourth in earning foreign exchange, causes 
phenomenal environmental pollution to the soil, ecology, and human body [28]. 
Especially children and aged people suffer most from the emission of sulfur dioxide 
gas, which causes respiratory problems, and damages the lungs of the human body 
[29]. Toxic metals can pass through the food chain to human beings and damage the 
brain and nervous system. Mercury contamination on some commercially important 
shrimp and finfish species from the Bay of Bengal off the coast of Bangladesh [30]. 
The mercury concentrations show that in estuarine shrimp, contamination is higher 
than in the coastal or open sea shrimps. Heavy metals like mercury are serious pol-
lutants because they are stable compounds that are not readily removed by oxidation, 
precipitation, or other natural processes. Lower concentrations of methyl mercury 
may kill aquatic organisms.

The reduction of oxygen in water affects aquatic flora and fauna [30]. As a 
result of ship scrapping activities, various refuse and disposable materials are being 
discharged and spilled from the scrapped ships and often get mixed with soil and 
seawater. Due to shipbreaking pollution, there is a significant difference in the 
physio-chemical properties of the beach soil within and outside of the areas [31]. 
Phytoplankton organisms and algae suffer from reducing light intensity beneath 
an oil film, which inhibits photosynthesis. Coating feathers with oil, which causes 
buoyancy and insulation losses, sometimes cause damage to the marine bird [29]. 
Persistent toxic metals that settle down on the sediment from various sources threaten 
the survival of health of all organisms and biodiversity, besides several environ-
mental consequences resulting from coastal aquacultures such as Shrimp farming, 
hatcheries operation, and shrimp and fish processing units. Encroachment and 
unplanned expansion of shrimp farming within the coastal belt are responsible for the 
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destruction of forest and agricultural land, thus reducing agricultural production and 
endangering biodiversity. Residues in seafood, along with those in paddy-cum-shrimp 
culture, salt-cum shrimp culture, and several agrochemicals used in the seashore 
culture, ultimately go to the Sea and have an adverse impact [32].

3. Importance of LMP control in Bangladesh

Several scholars have argued that environmental quality conservation and 
 prevention is the cry of the day [33]. During the last few centuries, with the growth 
of the population, the environment has been subject to harsh treatment by various 
human activities [33]. Around 1.8 metric tons (MT) of pesticides enter the BOB, and 
Bangladesh imports approximately 3.5 million tons of refined and crude oil from 
different countries, contributing to around 4–6 MT of oil pollution in the BOB [34]. 
According to World Casualty Statistics 2011, the largest five-ship scrapping countries 
in the world are India, Bangladesh, Pakistan, China, and Turkey, which recycle 
97–98% of the world’s tonnage [35]. Presently, Bangladesh is the first largest country 
for ship scrapping worldwide [36]. Each ship released more than 250 kg of polychlo-
rinated biphenyl (PCB) in the BOB, whereas 194 ships were dismantled in 2015 on 
the Bangladesh coast [37]. This toxic, hazardous waste threatens marine and coastal 
environments and public health. Marine microbial pollution also occurs due to the 
excess discharge of city garbage and industrial waste, which helps grow health hazard 
pathogenic bacteria in the marine environment [38, 39]. Bangladesh has no domestic 
waste treatment facilities; therefore, all townships and human effluents, directly 
and indirectly, fall into the river with the untreated condition and hence to the BOB 
through the estuary. All the coastal city areas carry household wastes and cause 
pathogenic microbial pollution and severe health hazard diseases for coastal residents 
[26]. Although a variety of sources of pollution affect the marine environment and 
the sources of LMP are the dominant threat in Bangladesh [34] so, it has become an 
urgent task to enact legislation to regulate marine resource exploitation and utili-
zation as well as marine environmental protection regarding the control of LMP. 
Bangladesh has ratified most international conventions regarding marine pollution to 
protect the marine environment but has yet to initiate domestic laws to affect inter-
national commitments. Bangladesh has no domestic law regarding marine pollution 
control or prevention except ‘Territorial Waters and Maritime Zones Act (TWMZA’). 
In the context of maintaining the ecological balance in the Bay of Bengal (BOB), the 
TWMZA) adopted in 1974, the only act regarding the marine sector in Bangladesh, 
but there were no provisions to control marine pollution. Section 8 of this Act implies 
that ‘the government may take the initiative to make comprehensive rules regarding 
marine environmental pollution’ [40]. As Bangladesh’s final settlement of maritime 
boundary delimitation issues finished in 2014 with the ITLOS verdict, it is time to 
comply with the duty to protect the marine environment and adopt laws and regula-
tions to control, reduce and prevent the sources of LMP in Bangladesh.

Globally, Marine environmental protection regarding the LMP threat is also 
an emerging issue as marine pollution has devastating impacts on the marine 
environment. Efficient management, comprehensive regulation, and regional 
cooperation are necessary to overcome the LMP threat [41]. Before 1954s, there 
was no convention to combat marine pollution; no emphasis was placed on the 
importance of LMP control [41]. At last, in the 1960s, the Paris Convention relating 
to LMP control [42] was negotiated, and other multilateral conventions, including 
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the Helsinki Convention, were adopted with the provisions of LMP control [41]. The 
[43] was the most important, updated, and comprehensive international agreement 
regarding previous marine environmental protection laws [44, 45], which provides 
a comprehensive framework for protecting and preserving the marine environment 
[43]. UNCLOS contains various sources of marine pollution, including LMP, and 
provides a framework for developing and conserving marine living resources [44, 
46]. According to Chapter 17, Agenda 21, UNCLOS is a necessary tool for developing 
and utilizing international and regional agencies regarding ocean pollution preven-
tion [47]. The United Nations Conference on Environment and Development’1992 
(UNCED) also considered the LOSC a significant contribution to marine Protection 
and International Law. The United Nations (UN) Secretary-General states about the 
marine environmental Protection regarding international Law at the conference of 
UNCED’1992; The UNCLOS ‘provides a model for the evaluation of International 
Law and its incorporation of several newly developed concepts and principles, such as 
the prevention of Transboundary pollution; assessment; habitat protection; and eco-
system considerations; an integrated approach to the various source of pollution; and 
contingency planning against pollution emergencies’ [48]. As Article 207 and 213 of 
the UNCLOS provides, state shall prescribe and enforce legislation to reduce, prevent 
and control LMP [49], which is the only global treaty with special provisions for LMP. 
In advance, Montreal Guidelines were adopted with a comprehensive management 
framework to protect LMP, and the Global Program of Action (GPA), 1995 represents 
the significant development regarding global arrangements of LMP control [50].

According to Sir Edmund Hillary, ‘Environmental problems are social problems. 
They begin with people as the cause and end with people as victims’ [33]. As I men-
tioned, land-based pollution has been subject to harsh treatment by various human 
activities, and we have made this by our irrational and selfish conduct, so all these 
environmental problems and crises have to be analyzed and judged in the context of 
LMP control. Hence, the development and implementation of legislation are required 
to protect the marine environment regarding LMP control in Bangladesh. Ensuring 
good governance in the Sea, promoting economic growth, ensuring the security of 
maritime recourses from pollutants, improving the value of the maritime environ-
ment and ensuring their sustainability, adoption of a comprehensive Land-Based 
Marine Pollution Control Act (LMPCA) for Bangladesh is urgently needed with the 
implementation analysis of regional and international cooperation. LMPCA can be a 
safeguard for the sustainable Protection of the marine environment in Bangladesh.

4. Present status of responsible national organizations in Bangladesh

Enacting enabling legislation nationally is vital, but implementing domestic 
legislation remains the major challenge. Indeed, several institutions are responsible 
for protecting the marine environment of Bangladesh. The Ministry of Shipping 
(MoS) is the lead ministry, and the Department of Shipping (DoS) is the lead agency 
dealing with vessel-source pollution. This department is aided by several subordinate 
offices under its administrative control, including the mercantile marine department, 
marine academy, government shipping office, and seamen’s training school [51]. 
The ports of Bangladesh, Chittagong, and Mongla were established by a different law 
and treated as autonomous bodies. Other institutions like the coast guard, DoE, and 
Bangladesh Navy (BN) are entrusted with respective responsibilities to protect the 
marine environment. Besides the association of social development, the Bangladesh 
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Environmental Lawyers Association (BELA), the Center for Environmental Studies 
and Disaster Management, the Centre for Environmental Studies and Research, and 
Dhaka, Chittagong, Khulna Universities, and Bangladesh Agriculture universities are 
also engaged in marine environmental research, monitoring and enforcement oppor-
tunities (Table 2) [52].

The Ministry of Environment, Forest and Climate Change (MOEFCC) ensures 
a sustainable environment and optimum forest coverage through ecosystem and 
biodiversity conservation; controlling environmental pollution; addressing climate 
change; research, floristic survey, and developing forest resources. Section 3 of the 
Bangladesh Environment Conservation Act, 1995, establishes the DoE. The headquar-
ters of the environment department is currently organized into two main functional 
areas ‘Administration, Planning and Development, and ‘Technical’ [53]. A director 
heads each, and there is a lack of knowledge or professionalism regarding marine 
environment protection. They have no data or do not provide proper knowledge 
regarding the current status of marine pollution and their mitigation steps.

The MoS is the highest governmental institution in Bangladesh to implement IMO 
Conventions in Bangladesh. The ministry encompasses within its fold shipping and 
port sectors, including national waterways, inland water transport, ports, and ocean 
shipping, and oversees the safety and environmental matters and the regulatory 
aspects of maritime shipping and maritime education. The ministry is responsible 
for formulating policies and plans for these subjects and facilitating the quick imple-
mentation of various projects. Besides, this ministry also cares about maintaining and 
expanding viable, efficient, and dependable water transportation and communica-
tion systems as the cheapest way of economic activities in rural and urban areas. The 
DoS is an agency under the MoS, Bangladesh. Bangladesh’s maritime safety admin-
istration is responsible for formulating and implementing the national policies and 

Name Roles

Ministry of Shipping
Department of Shipping
Mercantile Marine Department
Government Shipping Office
Marine Academy
Seamen’s Training School

Implementation of all IMO Conventions
Liaison with IMO and other International Organizations
Inspections of ships
Enforcement of Merchant Shipping Ordinance, 1893, and all other relevant 
legislation.
Registration, survey, and certification of ships.
Training and certification of marine officers, engineers, and seamen.

Chittagong and Mongla Port 
Authorities

Management and development of ports
Prevention of pollution in the port area.

Coast Guard Patrolling in the maritime area of Bangladesh.
Detection of activities causing pollution of the environment in the maritime 
zones of Bangladesh and taking measures for their stoppage
Enforcement of any warrant or any other order of any court or other 
authority in respect of any ship, which has entered the territorial waters of 
Bangladesh. (Section 7 of the Coast Guard Act 1994)

Bangladesh Navy Safeguarding the country’s sovereignty over the internal waters and 
territorial sea, and sovereign rights over the Contiguous Zone, Exclusive 
Economic Zone (EEZ), and Continental Shelf.

Department of Environment Overall management and protection of the environment
Enforcement of Environment Conservation Act 1995

Table 2. 
Key government agencies involved in the prevention of marine pollution.
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legislation to ensure the safety of life and ships at Sea, development of the shipping 
industry, maritime education and certification, employment and welfare of seafarers, 
and other shipping-related matters. The department is also responsible for ensuring 
compliance with international conventions relating to maritime matters (Figure 1).

Bangladesh Oceanographic Research Institute (BORI) has started its journey at 
Cox’sbazar under the Ministry of Science and Technology (MoST) for all types of 
oceanographic research, including environmental impact assessment and oil-spill 
risk assessment. A law named ‘Oceanographic Research Institute of Bangladesh 
2015’ (Act No. 7 of 2015) has been passed in the parliament. This act provides for 
the creation of the Bangladesh Oceanographic Research Institute. It establishes the 
composition, duties, and responsibilities of the Institute mentioned above, entitled to 
undertake the research and disseminate related information results and activities of 
all concerned operations, management, and control of the Bangladesh oceanographic 
sector. Chittagong and Mongla seaport is considered the center of the economy of 
Bangladesh. Both port authorities were established under the Chittagong and Mongla 
Port Ordinance 1976, amended in 1995. Recently, the Chittagong port authority 
initiated Environment Management Unit (EMU), which will focus on protecting 
the marine environment, but it is yet to get approval from the ministry. The BN is 
entrusted with the responsibility to protect the maritime boundary of Bangladesh. 
The BN is mainly limited to coastal patrolling, yet it is an enormous scope to protect 
the marine environment from pollution. Bangladesh Coast Guard is the principal 
Law enforcement authority that implements national and international maritime 
laws. However, the Coast Guard of Bangladesh deals with only piracy operations 
rather than marine environmental Protection. Mercantile Marine Department was 

Figure 1. 
Organization under the Ministry of Shipping.
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established under the Bangladesh Merchant Shipping Ordinance 1983. The depart-
ment has an essential responsibility to deal with the accidents that may cause marine 
pollution, but it lacks effectiveness in dealing with the issue.

5. An emerging threat and regional activities on LMP control

Generally, a regional approach is based on the mechanisms of interest, traditions, 
and values of neighboring countries [54] under common interests or problems. It 
also depends on political, social, economic, and cultural cooperation and interaction 
[54]. Marine environment pollution in the Bay of Bengal sub-region is a common 
problem because every year, this Bay receives many pollutants from land-based 
and other activities [55]. These pollutants reach the marine and coastal waters 
through rivers, canal systems, or the atmosphere [55]. For example, it is estimated 
that in Delhi, 5 million gallons of water containing DDT wastes are dumped into 
the Jamuna river daily, which ultimately falls through the Bay of Bengal. The South 
Asian Seas Action Plan, Colombo Workshop on LMP Control, and Bay of Bengal 
Large Marine Ecosystem (BOBLME) program are vital regional approaches for 
researching marine environmental Protection from pollution directly or indirectly 
in this region.

South Asian Seas Action Plan (SASAP) South Asia is one of the most diverse 
regions in the world. They are bordered to the north by the Himalayas and to the 
south by the Indian Ocean. Many countries have taken action to protect and manage 
the environment. They are also parties to many multilateral environmental agree-
ments requiring them to work cooperatively to mitigate concern issues. The South 
Asian Seas Action Plan (SASAP) is a Regional Action Plan (RSP) under the UNEP 
Regional Seas Program (RSP) adopted in 1995. The Regional Seas Programs of UNEP 
have several common elements. Establishing a Regional Seas Program usually begins 
with developing an action plan outlining the strategy and substance of a regionally 
coordinated program to protect a typical body of water. The action plan is based on 
the region’s environmental challenges and socio-economic and political situation. It 
may cover issues ranging from chemical wastes and coastal development to marine 
species and ecosystem conservation.

In most cases, the action plan is underpinned by a solid legal framework in a 
regional convention and associated protocols on specific problems. The legally 
binding convention expresses governments’ commitment and political will to tackle 
common environmental problems through joint, coordinated activities. The South 
Asia Cooperative Environment Program (SACEP) has been privileged to participate 
in developing the RSP in the SASAP.

The overall objective of the SASAP is to protect and manage the region’s marine 
environment and related coastal ecosystems in an environmentally sound and sus-
tainable manner. In addition to specifying the needs under the main components of 
Environmental Assessment, Environmental Management, Environmental Legislation 
& Institutional, and Financial Arrangements, the Action Plan identified the areas 
where priority activities need to develop for implementation. The action plan is 
designed to develop financial and institutional mechanisms for protecting marine 
and coastal environments from different activities, including LMP control. The Plan 
focuses on Integrated Coastal Zone Management (ICZM), oil-spill contingency 
planning, human resource development, and land-based activities’ environmental 
effects. For LMP control, they suggest a regional action plan for reducing nutrient 
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loading into the coastal waters of the South Asian Seas Region. The key activities of 
the action plan included Inventory of point or non-point sources of nutrients that end 
up in the coastal waters, developing and undertaking actions to reduce nutrient inputs 
to agriculture, and developing a regional action plan to pursue by member countries 
[56]. Although there is no regional convention, SASAP follows existing global envi-
ronmental and maritime conventions and considers the Law of the Sea’s umbrella 
convention.

5.1 Colombo workshop on LMP control

On 22–25 October 1997, the UNEP organized a workshop on the Implementation 
of the GPA for the Protection of the Marine Environment from LMP in the South 
Asian Regions, also known as ‘Colombo Workshop on LMP Control.’ The workshop 
deliberated a draft about the overview of land-based sources and activities that 
affect marine, coastal and freshwater environment, regional action program, and 
their implementation process, including institutional activities, financial consid-
eration for the Protection of the marine environment from land-based activities 
in the South Asian Seas (SAS) [57, 58]. As India, Maldives, Nepal, Srilanka, and 
Pakistan are the representative countries of the Workshop and SACEP acted as 
Secretariat for the Workshop, the participants need special attention to protect the 
marine environment from LMP control. The Colombo workshop also suggested an 
integrated approach to developing national action programs to implement national 
environmental strategies and policies, including a regional action plan and financial 
cooperation among the related stakeholders [57]. However, Bangladesh was not 
attending this workshop so that Bangladesh could follow the recommendations of 
the Colombo workshop for effective involvement with GPA in the control of LMP in 
the SAS region.

5.2 Bay of Bengal Large Marine Ecosystem (BOBLME)

The BOBLME Project has been working closely with various bodies and orga-
nizations operating in the Bay of Bengal to improve the coordination of activities 
and enhance impacts. Bangladesh, India, Indonesia, Malaysia, Maldives, Myanmar, 
Sri Lanka, and Thailand are collaborating through the Bay of Bengal Large Marine 
Ecosystem (BOBLME) Project to better the lives of their coastal populations by 
improving regional management of the Bay of Bengal environment and its fisher-
ies. A proposal was made to develop a strategic action program (CAP) to protect the 
ecosystem’s health and manage the living resources of the Bay of Bengal. SAP-based 
on the Transboundary Diagnostic Analysis (TDA) was endorsed in March 2012 by 
the BOBLME countries. The TDA identifies the main transboundary issues and 
their causes. It reviews the driving forces at work in the BOBLME, such as the socio-
economic, institutional, legal, and administrative circumstances and the projected 
impact of climate change on the region. The negotiated policy document sets out a 
program of actions that address the causes of the major fisheries, environmental, 
social, and economic issues. However, the program did not directly relate to LMP con-
trol. However, they aimed to assist the countries of this sub-region in meeting their 
obligations to manage the marine and coastal environment, which is directly related 
to SASAP, GPA, etc. Therefore, this program is indirectly relevant to LMP control in 
this region [41].
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6. Challenges in dealing with such an emerging threat in Bangladesh

Degradation of the marine and coastal environment can result from various 
sources. A precautionary and anticipatory rather than reactive approach is necessary 
to prevent the further degradation of Bangladesh’s coastal and marine environments. 
These require the integration of social and economic components along with environ-
mental components. Environmental concerns, experimental programs, sustainable 
livelihood, economic considerations, poverty reduction, coastal development, and 
other stakeholders’ involvement are the key objectives of the national management 
strategy for LMP control in Bangladesh [10].

Innovative strategies and practices compatible with environmental sustainability 
are required to protect Bangladesh’s overall coastal and marine environment from 
land-based activities. Developing and implementing conservation practices aiming 
at harmonizing the efforts from different sectors with environmental conservation 
as the ultimate goal targeted. Strengthening and upscaling the ongoing conservation 
program activities and strategies are necessary. Moreover, efforts should have been 
made to protect the marine ecosystems of Bangladesh from further degradation by 
proposing and improving the application of legal instruments to protect the marine 
environment and strengthen existing control systems. Large-scale shrimp farming 
and disposal contribute to high coastal and marine pollution. Organic shrimp farming 
should practice and develop a sustainable model like the mangroves—aquaculture. 
The United Nations Environment Program (UNEP) formulated its 1995 GPA to 
protect land-based activities’ coastal and marine environment. In 2003, a meeting 
was held in Sri Lanka on GPA for South Asia Region. Several projects like coastal 
mangrove ecosystem, adverse impact on the marine environment and human health, 
shipbreaking activities, Coastal fisheries management, solid waste management, 
environmental flow requirement, assessment, etc., are funded by UNEP/GPA at an 
experimental scale.

Marine and coastal protection strategies would necessitate interventions to 
improve people’s capacity for sustainable livelihood. To conserve and preserve natural 
resources, including agriculture and fisheries, management activities would include 
education, training, and awareness of the local people to sustainable production con-
cepts. To improve coastal water quality, the Poverty Reduction Strategic Paper (PRSP) 
set the strategic goals by installing (Effluent Treatment Plant) ETP in all industries, 
including shipbreaking. To ensure the proper utilization of resources and compre-
hensive development of the coastal and marine areas, the Bangladesh government 
approved the 2005 ‘Coastal Zone Policy’. The policy focused on the economic devel-
opment of the coastal area, including livelihood improvement, mitigation, coastal 
resources management, land utilization planning, Protection of salinity intrusion, etc.

The MoEFCC of Bangladesh has developed relevant environmental laws like 
Environment Policy 1992, Environment Conservation Act 1995, Environment 
Conservation Rules 1997, and Environment Court Act 2000. It has also set up offices at 
the divisional level to implement environmental rules and regulations. It appears that 
the existing institutional capacity and allocated resources are inadequate compared 
to the scale and magnitude of the prevailing environmental problem. Addressing 
environmental problems related to land-based activities in Bangladesh is new and 
institutional collaboration and integration with other sectoral programs are limited.

Globally, LMP control has specific problems due to geographical location, 
ecological factors, social structure, economic activity, and scientific evidence [59]. 
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Besides the lack of scientific and technical data, industrial production restrictions 
on sovereignty are also fundamental obstacles to controlling LMP [41]. Besides the 
concept of marine pollution and its impacts, lack of legislation, separate marine envi-
ronmental protection department, political wellness, an unstable political situation, 
lack of coordination of the government officials, institutional incapacity, etc., make 
the challenges to control LMP in Bangladesh. This section also discusses the scientific, 
economic, and transboundary problems and issues to control the LMP in Bangladesh. 
Data collection, source identification, and damage determination from land-based 
sources are the main elements of scientific problems. Industrial production versus 
marine environmental pollution issues are elements of economic problems. Types 
of contaminants, regional consensus, and social priorities are the main factors for 
transboundary problems.

7. Suggested framework

In 2004, the Department of Shipping (DOS), Bangladesh drafted a ‘Marine 
Environment Conservation Act 2004,’ which has not been ratified yet. It hoped that 
the government would enact comprehensive maritime environmental protection laws 
and regulations, including LMP control, to protect the BOB from land-based sources 
of pollution. In 2006, the National Program of Action (NPA) under the United 
Nations Environment Program (UNEP) identified 12 major issues that are the critical 
sources of land-based pollution at BOB. Generally, climate change, industrial waste 
(including ship breaking yards), land-use change, deforestation, coastal zone erosion, 
sewage disposal, agrochemicals, solid waste management, salinity intrusion, rapid 
urbanization, and coastal tourism is the main creature of pollution in the marine 
environment. To prevent LMP, international soft laws, complex laws, and conven-
tions are available to deal with marine environmental pollution worldwide. However, 
Bangladesh ratified some of the laws and conventions but has not yet enacted any law 
regarding marine pollution control due to a lack of proper national legal framework 
and willingness of the government; these conventions have not yet been ratified. On 
the other hand, Bangladesh cannot fully implement international marine environ-
mental pollution related to legal issues due to a shortage of financial reasons [21]. As 
Bangladesh has an ocean boundary but no marine policy to restore the ocean resources 
at BOB, it is necessary to set up a marine policy emphasizing LMPCA.

LMPCA framework for Bangladesh can be developed based on active approach, 
responsibility, indigenization, standards, norms, practices, monitoring, assessment, 
legal compliance, etc. The layout and contents of the LMPCA can be categorized into 
four segments. The first segment covers the mission, vision, objectives, goals, and 
guiding principles. The second segment should contain the LMPCA domain discuss-
ing sea area, geography, resources, economy, sources, and impacts of marine pollution 
with an example. The third segment contains the proposed framework’s challenges, 
implementation, and monitoring mechanisms. The last segment sets out detailed 
policy guidelines for all stakeholders and leads actors. The Ministry of Environment 
and Forest (MOEF) and the Ministry of Shipping (MOS) can jointly create legisla-
tion for favorable economic and environmental conditions in ship recycling areas 
by implementing hazardous waste treatment facilities and ensuring logistic support 
for enforcing Law and order against marine pollution. Besides, the Department 
of Tourism ensures the sea beaches management and formulation of strategies to 
strengthen eco-tourism. Department of Fisheries (DOF) carries out R&D in marine 
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fishing. Department of Science and Technology (DOST) undertakes research and 
projects to conserve marine landscapes and ecosystems for sustainable management 
of marine living resources from marine pollution.

The MoEFCC, MoS, and other related departments (Figure 2) should jointly 
advise the act’s functions. The policy guidelines will be standard for their sectors but 
preliminary. The policy can follow the TWMZ act, 1974, and MEC act, 2004, to orga-
nize the policy structure. Comprehensive policy guidelines for marine environment 
protection from marine pollution are set out for all sectors and stakeholders related 
to maritime activities. So all the guidelines are directed towards the lead ministries 
where some are very common for all, and some are specific to marine environment 
protection. MoEF takes all measures to prevent pollution and Implements laws and 

Figure 2. 
A suggested framework for implementing LMPCA in Bangladesh.
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regulations to protect the marine environment from land-based sources and sea-based 
activities. This ministry also develops a marine environmental and coastal protection 
strategy and conservation. MoS take measures to develop an eco-transport network 
during the seaborne trade. Create a conductive eco-friendly policy for flourishing pri-
vate shipping industries regarding marine environmental pollution. The ministry also 
takes adequate measures to ensure the environmental safety of Bangladeshi vessels.

8. Conclusion

Bangladesh ratified the [43] on 27 July 2001. Bangladesh needs to enact a compre-
hensive law on marine pollution because there is no uniformity among the national 
laws; moreover, penalties are different for the same offenses in different laws. 
Bangladesh has plenty of mineral resources in the coastal marine area. However, there 
is no law regulating Bangladesh that defines and incorporates provisions on marine 
pollution, and the government should initiate effective mechanisms to solve this seri-
ous problem. To implement international legislation on land-based sources of marine 
pollution, the country should immediately undertake capacity-building projects for 
its marine and port administration. A budget section should be allocated on a priority 
basis to establish reception facilities and collect pollution detection equipment.

Moreover, the government may wish to seek private partnerships to provide 
reception facilities. The government should enact a comprehensive law focused on 
protecting the marine environment, including LMP control or, more specifically, 
the Land-based Marine Pollution Control Act (LMPCA), as land-based pollution is 
dominant in Bangladesh. However, Bangladesh has enormous resources in the coastal 
and marine areas, so the Protection of this region should be increased through the 
proper legislative framework. Furthermore, there are no rules to govern solid waste 
and land-dumping, which are the critical causes of LMP. Improving international 
cooperation, regional frameworks, public participation, and awareness would have to 
be built up to a high pitch of sensitivity for controlling land-based marine pollution to 
ensure a sustainable environment.
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Chapter 3

Recent Advances in Oil-Spill
Monitoring Using Drone-Based
Radar Remote Sensing
Bilal Hammoud and Norbert Wehn

Abstract

Oil spills are regrettably common and have socioeconomic implications on com-
munities and disastrous consequences on the marine ecosystem and maritime life. The
European Space Agency (ESA) has stated that worldwide spillage exceeds 4.5 million
tons of oil annually, where 45% of the amount is due to operative discharges from
ships. To alleviate the severity of oil spills and promptly react to such incidents, it is
crucial to have oil-spill monitoring systems, which enable an effective contingency
plan to dictate the best actions for dealing with oil spills. A quick and efficient
intervention requires the (1) detection of oil slicks, (2) thickness estimation, and (3)
oil classification. The European Maritime Safety Agency (EMSA) highlighted in 2016
the need to use drones as complementary systems supporting satellite maritime sur-
veillance. While multiple sensors could be used, active radars appear to be prominent
for oil spill monitoring. In this chapter, we present recent advances in drone-based
radar remote sensing as an effective oil spill monitoring system. It shows from the
system-level perspective the capability of radar systems on drones, using high spectral
resolution and parallel scanning, to perform the above-required functionalities (1, 2,
and 3) and provide valuable information to contain the damage.

Keywords: oil spills, drone, radar, reflectivity, slick detection, thickness estimation,
classification

1. Introduction to oil spills: Sources, effects, and reaction

Petroleum products are used across the globe by most industries and for different
applications, where the requirement for the presence of petroleum materials on site is
often imperative. This need stresses the necessity of moving petroleum substances
using maritime ships or underwater pipelines internationally between different con-
tinents and countries. To move the oil from its source to the final consumer, up to 15
transfers are involved [1, 2]. Several reasons could cause the occurrence of oil spills: in
addition to the intentional petroleum waste spill in seawater, transportation is vul-
nerable to involuntary oil spills from tanker collisions with rocky shoals, ship acci-
dents, and pipeline ruptures [3]. On a global scale, the European Space Agency (ESA)
has stated that the worldwide spillage exceeds 4.5 million tons of oil annually, where
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45% of the amount is due to operative discharges from ships [4]. Accordingly, spills in
seawater including light oil, gasoline, fuel, crude oil, and bulk oil have adverse long-
term repercussions on the maritime environment. They happen on a global scale,
influence maritime and human life, and have socioeconomic implications on commu-
nities [5, 6]. Depending on the ocean state and seawater currents, an oil spill can
scatter over a very wide area in the open sea within only a few hours. Once the spill
occurs, the oil quickly spreads to form a thick slick that becomes thinner over time
when moving away from the source. This thin layer is called a “sheen” and has a
rainbow-like appearance [1]. Therefore, oil spills can have varying thicknesses, rang-
ing from less than a micrometer (um) for sheens to millimeters (mm) for thick slicks
as documented in the Deep-Water Horizon case field samples [7, 8]. Based on the oil
type and its thickness, a slick can evaporate quickly or can persist in the environment
for a long time. For example, even though light oils are highly toxic, they evaporate
quickly. But heavy oils, which are less toxic, persist in seawater for a much longer time
and can get mixed with pebbles and sandy beaches where they remain for years [1].
Worldwide, fuels and crude oils account for 48% and 29% of the total oil spilled into
the seawater, respectively, highlighting again how much the impact on the environ-
ment could be severe [9].

In the last decades, thousands of tons of oil were spilled worldwide. The quantity
of oil spilled from tankers in the 1990s is estimated to be more than 1.13 million tons of
oil, while 73% of the total amount occurred in 10 incidents only [10]. For example,
during the Gulf War spill that occurred in 1991 on the sea island in Kuwait, around
800,000 tons of heavy crude oil were released from storage and ships [11]. Another
huge spill occurred in 1992 in Fergana Valley in Uzbekistan due to an oil well blowout.
During this accident, the estimation of the spilled oil is around 300,000 tons [2].
According to the international tanker owners’ pollution federation (ITOPF), the esti-
mated amount of oil spilled from tankers in the 2000s is 196,000 tons [10]. In 2010,
while 4000 tons of diluted bitumen were spilled in Kalamazoo, Michigan, due to a
pipeline rupture, an approximation of 500,000 tons of light crude oil were spilled in
the same year in the Gulf of Mexico due to an oil well blowout [11]. Very recently in
2018, an oil spill of 113,000 tons size happened off Shanghai in China [10] in the
Sanchi oil tanker collision.

While environmental rules, regulations, and strict operating procedures have been
imposed to prevent oil spills, these measures cannot completely eliminate the risk [2].
Therefore, there is a need to set up oil spill contingency plans in countries where the
chances of such disasters are high. These plans are usually prepared by the petroleum
administration in close cooperation with ministries, governmental and non-
governmental organizations as well as regional and international entities. They aim to
protect human life, natural resources, and the economy by preserving the coastal and
marine environment from any adverse effects an oil spill might pose. The main
objective of such plans is to maintain the alertness and readiness of the involved
entities to ensure a timely and effective response to oil spills and to prevent further
pollution. In most scenarios, it requires the quick mobilization of aerial surveillance
resources and consultation with international remote sensing institutions to provide
oil spill modeling data or remote sensing images. Accordingly, to permit a swift and
appropriate reaction and limit contamination, a need to establish an effective oil spill
monitoring system presents itself in utmost urgency.

The contingency plan deals with various transformation processes including
weathering, evaporation, and emulsification that occur when the oil is spilled on
water. Also, the plan considers oil movements in seawater given the oil’s physical
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characteristics and how it interacts with ocean waves. To contain the oil and prevent
its spread over time, special equipment such as booms is used on-site. Afterward,
devices such as skimmers and absorbing material such as sorbents are used to recover
oil from the surface. Other alternatives are to use surface-washing and chemical
dispersant agents to treat the oil or to have in-situ controlled burning as a cleanup
technique [2]. All previous measures are very critical to making the contingency plan
very effective. But a necessary factor for their usefulness is the pre-knowledge that is
available about the spill. The more information is collected from the spill scene, the
better the measures used for containment and cleaning-up operations are. The first
and most critical information is the spill location. Other information, including the
volume spilled or the type of the oil, is also necessary to define proper measures in the
contingency plan. Since this information is not available at an early stage in many
spills, surface techniques, as well as remote sensing techniques, are frequently used
for the first assessment and evaluation.

Remote sensing is the field that combines science and technology to extract
(“sense”) information about an object or phenomenon at a distance (“remotely”) by
instrument-based techniques. A detailed description of the state-of-the-art remote
sensing technologies for oil spill surveillance is listed in [1, 12–14]. The sensors used
are usually mounted on aircraft or satellite platforms. They target the detection,
thickness estimation, classification, or a combination of these functionalities. As an
addition to the state-of-the-art systems, the aim of this chapter is to present a new
advancement in oil spill monitoring using drone-based radar remote sensing, which
complements currently available systems for better oil spill surveillance. Section 2
provides an overview of the oil spill monitoring system and gives the necessary
background about the techniques used up to now for monitoring. It describes the pros
and cons of the sensors (2.1) and platforms (2.2) used by state-of-the-art techniques to
monitor oil spills. Furthermore, it describes the required information (2.3) and the
main features (2.4) for good monitoring and an effective contingency plan. In addi-
tion, a system-level view of the new drone-based proposed solution is presented (2.5)
and compared with recently developed state-of-the-art techniques in terms of their
functionalities and the used sensors (2.6). Section 3 elaborates more on the new
proposed approach for oil spill monitoring for oil spill detection, estimation, and
classification. It describes in detail the system model (3.1), the new probabilistic
detection algorithms (3.2), the new statistical thickness estimation algorithms (3.3),
and the neural network regression algorithm for the oil type classification (3.4). The
feature of onboard processing is elaborated more (3.5), and the system-level comple-
mentary solution is described (3.6). Section 4 concludes this chapter by summarizing
the importance of the presented approach as a complementary solution to state-of--
the-art techniques and highlights new aspects that should be considered in future
developments.

2. Oil spill monitoring system

In this section, we present a brief overview of the state-of-the-art techniques used
for oil spill monitoring in relation to the sensors used and to the platforms operated
during the oil spill. Then, we motivate our new proposed solution by listing the system
features, the required functionalities for an effective contingency plan, and how our
solution differs from relevant state-of-the-art techniques. For more details about oil
spill surveillance systems, the reader is encouraged to refer to [12–14].
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2.1 Sensors

2.1.1 Visual sensors

Despite many shortcomings, passive sensors that operate in the visible region of
the light are still used in oil spill remote sensing. The effect of some environmental
conditions such as sun glint and wind sheen would lead to a misinterpretation by
creating a resemblance to oil sheens, which is considered a limitation of such sensors
[1]. Another drawback is that visual sensors cannot operate at night because they are
using sunlight reflectance for operation. In addition, they require cloudless and clear
weather requirements. Given the limitations of visual sensors for oil spill detection,
and since they are not able to provide thickness information or oil classification, these
sensors are not used alone for oil spill monitoring. For example, in [15], optical remote
sensing images are combined with visible infrared imager radiometer suite (VIIRS)
images in a semi-automatic fashion to extract oil slick features. The technique is tested
in the North-West of the Gulf of Mexico. However, this method cannot be fully
automated and requires human intervention to set a proper threshold for feature
extraction. Optical sensors are rather used to document the spill and to provide a
frame of reference for other sensors [16, 17].

2.1.2 Infrared sensors

Infrared passive sensors are relatively cheap remote-sensing technologies that can
be used to detect oil spills [18]. The emissivity of the oil in the thermal infrared red
region is lower than the emissivity of the water. This is how the thick oil could be
distinguished from the background water by absorbing the infrared radiation from the
sun and appearing as a hot spot compared with the cold background for the water [1].
An opposite phenomenon is observed during the night when the heat loss from the oil
layer is faster compared with the water. This is the reason why they appear cooler at
night [19]. However, false-positive results could be obtained by misinterpreting the
thermal radiation from seaweeds. In addition, infrared sensors require the absence of
cloud and heavy fog for good operation [1, 2, 20]. Infrared sensors can detect oil films
with 10s–100 s um thickness. However, the brightness of the infrared sensing-based
imagery does not vary with slick thicknesses in the mm range. Therefore, we cannot
rely on infrared sensors to yield slick thickness measurements [13, 21, 22]. Chen et al.
[23] shows that thermal infrared sensors that are mounted on helicopters can detect
oil spills in the accident of the Dalian Xingang oil pipeline explosion in July 2010.
Similarly, [24] shows that using MODIS thermal infrared data, the information
obtained from the sea surface temperature identifies the oil film from seawater.
This technique is applied to the Jiyyeh spill when Israel bombarded storage tanks in
Lebanon during the war of 2006, where around 15,000 tons of heavy fuel oil spilled
into the Mediterranean Sea [24, 25].

2.1.3 Ultraviolet sensors

Very thin oil films have a strong reflectance in the ultraviolet region compared
with seawater. This allows the use of ultraviolet sensors for oil spill detection when the
thickness is not greater than 10 um. Also, look-alikes such as sun glints, wind slicks,
and biogenic material challenge ultraviolet sensors for oil spill detection [1, 3]. Huang
et al. [26] proposed adaptive thresholding for chemical spill detection (not oil
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specifically) from ultraviolet images, which shows a distinction between the
chemicals and the water background. Desbiens et al. [27] used ultraviolet range for
remote detection of hydrocarbons such as benzene. Generally, fewer ultraviolet sen-
sors are being used for oil spills in today’s remote sensing because of the low relevance
of thin slicks to oil spill cleanup [3, 13, 28].

2.1.4 Passive microwave radiometer sensors

Compared with water, the oil emits stronger microwave radiation and appears
brighter in the background. Passive microwave radiometers [29–32] are used for both
oil spill detection and thickness estimation [13]. The need to acquire knowledge about
weather conditions, the low spatial resolution of this sensor, and the a-priori knowl-
edge required about the oil characteristics all influence the microwave brightness and
decrease the effectiveness of microwave radiometers for oil spill monitoring [1].
Furthermore, the main issue with this technology tends to be the cyclical relationship
between the microwave brightness of the slick and its thickness. Currently, available
models can only measure limited thickness ranges [14]. For example, using a multi-
frequency passive microwave radiometer, the measured thickness range is limited
between 0.1 and 1.5 mm as reported in [33], or the results were underestimating the
real thickness values as in [30] where the calibration methodology and the selection of
frequencies limited the measured thickness to a maximum of 1 mm. The only com-
mercial tools currently available for measuring slick thickness are the Optimare 3–5-
channel microwave instruments. They can provide thickness up to 3 mm only [13].
Given the requirement of a dedicated aircraft to mount this sensor, in addition to their
high cost, it is complicated to put them into operation. Currently, the microwave
sensor is not being used for oil detection and slick imaging [13].

2.1.5 Radar sensors

With the absence of oil slicks, a bright image is obtained by radar sensors for clean
seawater. Once the oil is spilled into seawater, the ocean capillary waves are reduced,
and radar reflections are decreasing. Dark spots are obtained in radar imaging. This
allows for oil spill detection [34]. Synthetic aperture radar (SAR) and side-looking
airborne radar (SLAR) are the two most common types of radar, which are used for oil
spill remote sensing [35]. Imaging SAR systems [36–39] are off-nadir instruments
whose backscattering over the ocean is primarily due to Bragg scattering at relevant
incident angles. The synthetic aperture radar technique is highly prone to false targets,
however, and is limited to a narrow range of wind speeds when small ocean waves do
not yield a difference between the oiled area and the sea [2]. SAR techniques are not
used for oil thickness estimations nor for oil classification. Being widely mounted on
space-borne platforms, the radar is a very useful active sensor for a synoptic view of
the oil spill over a wide scene [1].

2.2 Platforms: Airborne to satellites to complementary drones

Most recent techniques using one sensor, or a combination of sensors, are done
remotely using airborne systems [40, 41] or satellites [42–47]. Radar satellites provide
a selection of resolutions and polarizations [13]. Serious efforts have been made to
replace airborne remote sensing with satellite remote sensing. However, satellites face
the limitations of overpass frequency and low spatial resolution [12], and the long
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time required for processing the dataset, potentially disrupting oil spill contingency
planning. This limitation has been improved using satellite constellations. A revisit
time within a few hours can be provided by a larger number of SAR satellites. Air-
borne systems, despite their high cost due to aircraft dedication, can be used directly
when needed for real-time dataset processing [1]. In addition, they provide flexibility
in terms of deployment time and choices of sensors. Therefore, a combination of
satellite and airborne sensors is used in many countries in northern Europe for oil spill
surveillance. The strategic planning is based on satellite imagery that provides a
synoptic view of the oil spill, whereas airborne sensors are used for short-term or
tactical responses [9]. Contrarily to visible and radar sensors, due to the high atmo-
spheric absorption and scattering, many sensors including the infrared and the fluoro-
sensors are not suitable to be operated on a space-borne platform [34, 48].

Despite all the effort done using space-borne platforms, only 25% of the pollution
cases are detected by satellite systems. For a quick response and rapid intervention,
the European Maritime Safety Agency (EMSA) has proposed using drones as comple-
mentary systems in satellite maritime surveillance [49]. Aerial surveillance could be
improved significantly through the introduction of drones because it is a quick
assessment tool for oil spill accidents [50]. In addition, drone-based tools will be
particularly valuable as it provides high spectral resolution, at a relatively low cost.

2.3 Required information

Once a spill occurs, the oil will spread quickly on the water surface to form oil
layers such as slicks, films, and sheens. To alleviate the severity of oil spills and
promptly react to such incidents, it is crucial to have oil-spill monitoring systems that
enable an effective contingency plan [51]. A rapid response time and a quick inter-
vention allow dictating the best actions to deal with oil spills. Therefore, monitoring
systems must perform several functionalities and provide valuable information to
contain the damage [52].

1.Functionality #1: Oil-spill detection

The most important part during oil spills is to detect oil slicks. It is important to
locate them and to determine how large the spread is. This necessary
information allows oil spill mapping for both tactical and strategic
countermeasures.

2.Functionality #2: Oil-thickness estimation

The thickness distribution of spilled oil is another critical information for spill
containment. Using the knowledge about the oil thickness, an estimation of the
total volume spilled can be performed so that adequate tools are used in cleanup
operations.

3.Functionality #3: Oil classification

Classifying the oil type is also important during spill containment. Based on this
information, the authorities estimate the environmental damage in the short-
and long term to take appropriate response activities.

4.Functionality #4: Oil-spill tracking
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Since the spill can spread quickly within a few hours, an effective contingency
plan demands the ability to track the spill over time. Tracking provides timely
and valuable information to anticipate possible damage scenarios, predict the
trajectory using additional input from weather forecasts, and assist in cleanup
operations.

2.4 Features for good monitoring

In addition to the four functionalities included in the previous section, it is also
important to take the following system requirements [1] into consideration whenever
an effective oil spill monitoring system is designed. This allows for selecting properly
the sensor and the platform. In addition, suitable and effective algorithms could be
developed.

• Spatial resolution: it is an important characteristic of the sensor that affects the
accuracy in mapping oil slicks with accurate thickness measurements.

• Quick response: oil spill surveillance requires an acceptable time frame for
collecting and processing the data, which stresses the need for real-time data
availability.

• Day-time conditions: the operation of the sensor at any time during the day and
night is essential for an effective surveillance system.

• weather conditions: it is important to limit the effects of weather conditions
including rain and fog.

• Large-scale view: the sensor that captures a synoptic view of the area allows
monitoring over a large spill spread.

• Cost and size: the acceptable size and cost of the sensor are critical to decreasing
the overall cost of the system.

2.5 New proposed solution:Wide-band radar on drone platforms

Based on the previous criteria, visible and ultraviolet cannot work at night. More-
over, infrared sensors cannot provide estimations of thicknesses. Therefore, we select
radar sensors for the proposed monitoring system because they operate during the day
and night and under all weather conditions. Whenever mounted on satellites, radar is
a very useful active sensor to detect oil over a large area. However, the synthetic
aperture radar technique is limited to a narrow range of wind speeds. The ocean’s
slight surface roughness due to very low wind speeds (below 4 m/s) leads the back-
scattering to be dominated by the specular component, challenging SAR systems for
oil spill detection [38]. Therefore, it would be advantageous to study the radar obser-
vations from nadir-looking systems (transmit and receive at zero angles from the
normal to the ocean surface) since they cover scenarios that cannot be studied by SAR
systems. Being largely independent of surface roughness, the returns from nadir (or
near-nadir) systems will benefit from the dominance of the specular scattering and
enable detection in very low wind conditions. Therefore, drone platforms are desig-
nated suitable for the proposed solution. The drone-based radar solution allows quick
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assessment of the area where the flag of possible spills is raised by witnesses. As a
drawback, operating these platforms as nadir-looking systems decreases the surface of
the scanned area viewed by the radar compared with that scanned by “side-looking”
platforms. Also, using drones instead of satellites does not allow a synoptic view of the
spill. But this can be compensated by using multiple drones at a time instead of
scanning with a single drone. The parallelization in scanning can cover a large area at a
critical time. Once a possible oil spill is announced, the drones can be directly used as
tactical-response systems to scan the scene and report results. Afterward, whenever
the spill is confirmed, the satellites can be used for strategic planning by providing a
synoptic view of the spill area. Furthermore, scanning with drones provides a high
spatial resolution compared with satellites and with a principal advantage of a rela-
tively low cost compared with dedicated airborne detection systems.

Hence, we propose a new approach for oil spill monitoring with the following
features, which are discussed in more detail in Section 3:

1.From a system-level perspective, we suggest the incorporation of both C-band
and X-band using remote sensing nadir-looking wide-band radar sensors that can
be implemented on drones as oil spill monitoring systems.

2.Our new approach targets the spills happening during calm and moderate ocean
conditions, which are challenging for state-of-the-art SAR systems.

3.Compared with the state-of-the-art techniques, the newly proposed system
implements maximum-Likelihood and machine learning statistical algorithms
that can perform simultaneously in real time:

a. functionality #1 by detecting thick oil slicks

b. functionality #2 by estimating the thicknesses of detected slicks in the mm
range

c. functionality #3 by classifying the oil type

The proposed solution is not intended to replace state-of-the-art techniques but
rather complements them by providing a complementary system to satellite SAR
systems. During the early stages of a possible oil spill, drone systems act as small-scale
tactical-response systems improving the large-scale surveillance obtained by satellite
systems. Over the spill duration and based on satellite scans, the drones can track the
spill using the high spatial resolution feature provided by the mounted wide-band
radars.

2.6 Comparison to latest state-of-the-art techniques1

Several state-of-the-art techniques have been already included when we intro-
duced the sensors (Section 2.1) and platforms (Section 2.2). To follow up on Section
2.5 where we describe the importance of the proposed approach—and for convenience

1 It is important to keep in mind that in this section we are not including all state-of-the-art techniques used

for oil spill monitoring irrespective of the sensors and platforms used.
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—we only focus in this section on the recently developed techniques that target any
of the three functionalities during oil spill monitoring (detection, estimation, and
classification) using non-satellite-based approaches.

Several drone-based techniques are recently suggested for oil spill monitoring.
Saleem et al. [53] presents thermal imaging methods and tools applied to simulated
and lab-based experimental data to detect oil spills in seawater using drones. The
simulation environment is made to be very similar to the Gulf of Mexico spill in 2010.
The drone can be used in two operational modes: the first mode is when the spill
incident is known, then the task is to locate it exactly. The second mode is when
operating to look for potential spills and for nearby ships that caused them. After
collecting thermal images using the thermal camera mounted on an unmanned aerial
vehicle (UAV), the temperature profile of collected data is studied using image
processing techniques. The proposed system shows the ability to draw a rectangular
contour around the spill region but not the accurate contour. The thickness of the spill
under test is not reported. Another drone-based solution equipped with a thermal
camera is proposed in [54]. The system is suggested for industries, especially for the
Bahrain Petroleum Company (Bapco), to inspect oil and gas leakages. It uses AI-based
(decision tree (DT), random forest (RF), and support vector machine (SVM))
onboard processing to monitor oil pipelines for possible leakages and cracks. The
training is done based on a real dataset of methane pipeline leakage detection provided
by Bapco, Tatweer Petroleum, and the National Space Science Authority (NSSA). The
proposed algorithms are accelerated on hardware using parallel processing to allow
real-time alerting with less than 100 milliseconds delay. No results for oil spill leakage
from pipelines are presented. The presented work is relying only on a single dataset
while multiple datasets should be included. Oliveira et al. [55] also targets the first
functionality of the monitoring system (detection) by presenting a UAV-based aerial
solution to automatically identify the contour and localize oil spills. This approach is
tested on simulated, experimental, and field data through simulated oil spills in the
Leixoes Harbour and the Douro river in Porto in Portugal and in the Puerto de A
Coruna in Spain. In [56], a deep-learning-based method is proposed to control marine
oil pollution. It implements an SVM approach that processes visual camera images to
identify oil-polluted areas. Afterward, it predicts the movement of the polluted area
by calculating the optical flows. The algorithm is applied to the 2016 Tegent Cruises
dataset in Shimen in northern Taiwan. The accuracy of the SVM classification varies
between 85.71 and 99.95%. Another deep learning approach is suggested by [57]. It
presents a CNN-based novel framework to detect small oil spills inside a port using a
thermal infrared camera mounted on a drone. Three kinds of oil (HFO, DMA, and
ULSFO) that are frequently used in the port of Antwerp are included during the
experiment. A mean intersection over union (mIoU) of 89% is achieved. The pro-
posed technique is functional within a 31.9 m by 42.1 m field of view and is useful for
relatively small oil spills. Jiang et al. [58] uses hyperspectral images to feed a one-
dimensional convolutional neural network to identify the type of oil spills. Using the
adaptive long-term moment estimation (ALTME) optimizer, the oil spill spectral
information is learned. The experiment is conducted 20 m away from the Yellow Sea
Shore in China, in the pool of Qingdao Scientific Research Base. The technique
achieves a detection accuracy of more than 98.09% in detecting different predefined
classes of oil films of thicknesses between 1 and 3.5 mm. To summarize, [53–57] all
target spill detection (functionality #1), whereas [58] also targets the thickness esti-
mation (functionality #2) in predefined classes (between 1 and 3.5 mm) and the oil
type identification (functionality #3). This reinforces the need for our new proposed
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system that targets the three different functionalities at the same time. Compared
with the work presented in [58], the proposed new solution is using the wide-band
radar sensor instead of a hyperspectral visual sensor (check differences in Section 2.1).
Furthermore, the new approach uses maximum-likelihood algorithms on top of dif-
ferent machine learning algorithms to provide the results for monitoring. Also, the
approach aims the thickness estimation up to 10 mm value, and it is feasible to be
implemented on drones for onboard processing.

Other techniques, which are not drone-based, are also proposed in the literature
for oil spill monitoring. Yin et al. [59] proposes an optical fiber surface plasmon
resonance for oil spill detection and thickness estimation. At the water-oil and ail-oil
interfaces, the sensor records an absolute sensitivity of 1.373%/mm and 2.742%/mm in
the thickness ranges 0–5 mm and 0–10 mm, respectively. Although their approach can
detect thicknesses in the 1–10 mm range, however, it requires in-situ sampling. Li
et al. [60] presents multiple machine learning algorithms (RF, SVM, DNN, and DNN
with differential pooling) that process images from the high-resolution hyperspectral
sensor to identify the oil type based on the reflectance spectra. Four types of oil are
tested in this work, including crude oil, diesel, lubricant, and heavy diesel. The oil
thickness and the wind conditions are not provided as inputs to the machine learning
models to test their accuracy with the minimal amount of available information. All
tested models can differentiate between heavy oils. But for light oils, RF fails to do the
correct classification, while the neural network models provide better classification
than the SVM. This technique is not remote-based and should be used after the
detection of oil spills. Dala et al. [61] develops a novel microwave oil spill sensor to
determine the thickness in the range of 10s mm using an ultra-wideband radar oper-
ating between 0.3 and 3000 MHz. The performance of the system is tested under
static experimental conditions. When deploying the system in the sea, the impact of
the waves should be considered.

A comparison between the functionalities provided by the developed techniques
above and our new approach is presented in Table 1.

3. Drone-based radar approach

In this section, we describe in detail the proposed approach for oil spill monitoring
for oil spill detection, estimation, and classification.

3.1 System model

3.1.1 Reflection coefficient for multi-layer structure

To physically model the oil slicks on top of the sea surface, we consider a multi-
layer structure: air, oil, and seawater. We study the reflection of the electromagnetic
waves from the sea layer covered by an oil layer, which is modeled as a thick slick with
a thickness of up to 10 mm [13]. Figure 1 shows such a simulated oil spill. When the
ocean is calm and the wind speed is low, such a thick layer significantly reduces the
surface roughness [37, 62], dampens capillary and short gravity waves, and calms the
smaller waves on the sea [63]. As a result, within the radar cross section, the incident
electromagnetic waves are reflected along the specular component due to the smooth
surface. By operating the radar on a nadir-looking system, the reflected power is fully
reflected for normal incident waves, without losses due to off-nadir backscattering.
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Sensor(s) Detection Thickness
Estimation

Classification Notes Reference

Thermal
camera

Yes No No Image processing [53]

Thermal
camera

Yes No No AI-based techniques (DT,
SVM, RF)

[54]

Visual/Thermal
cameras, Lidar

Yes No No [55]

Visual
camera

Yes No No SVM
Prediction of track

[56]

Thermal
infrared

Yes No No [57]

Hyperspectral sensor Yes Yes
[1–3.5 mm]

Yes Post Processing [58]

Fiber-Optic Surface
Plasmon Resonance

Yes Yes
[0–10 mm]

No Not drone-based, using
in-situ sampling

[59]

Hyperspectral sensor No No Yes Not drone-based, using RF,
SVM, and DNN

[60]

Ultra-wideband
radar

No Yes
[10s of
mm]

No Not drone-based, under
static conditions

[61]

Wideband Radar Yes Yes
[0–10 mm]

Yes Onboard processing Proposed
solution

Table 1.
Non-satellite-based state-of-the-art techniques for oil spill monitoring.

Figure 1.
Simulated oil spill with thickness range from 0 to 10 mm.
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We define the electrical properties (relative dielectric constants) for the air, oil, and
seawater to be respectively ε1, ε2, and ε3. The different media are assumed to be non-
magnetic. If radar reflections from the seafloor are neglected, we can calculate the
field reflection coefficients for the layers at the boundaries where interaction with
electromagnetic waves occurs. They are denoted for the first interface (between air
and oil) and the second interface (between oil and water) by ρ12 and ρ23, respectively.
Hence, the power reflection coefficient for the three-layer structure, also denoted by
the reflectivity R, is derived using the Transfer Matrix Approach [64, 65] as:

R ¼ ρ12ejδ þ ρ23e�jδ

ejδ þ ρ12ρ23e�jδ

����
����
2

(1)

δ is the propagation constant that is dependent on the oil’s relative permittivity (ε2Þ,
the frequency of the electromagnetic wave (the wavelength λ), and the thickness of the
oil layer (d). It is given by:

δ ¼ 2π
ffiffiffiffi
ε2

p
d

λ
(2)

3.1.2 Smooth and rough surfaces

Several statistical attributes can be calculated for a random surface [66]. The
surface height measurements may be described using standard statistical parameters,
namely:

• the height standard deviation (s), which is also called the rms-height

• the surface correlation length that measures the degree of correlation between
the surface at different locations

Based on the surface statistics with respect to the electromagnetic wavelength, we
can differentiate between two types of surfaces: a perfectly smooth (flat) or rough
surface. If the correlation length of the ocean waves is large and the rms-height of
capillary waves is very small, as it is for calm ocean conditions, then the surface is
considered smooth. In this case, radar reflections are along the specular direction and
can be calculated according to Eq. (1). Otherwise, a non-coherent component is
introduced in the scattering pattern along all directions other than the specular,
whenever the surface is rough. For this, with θ denoting the incident angle of the
electromagnetic waves to the interfaces, the reflectivity in the specular direction is
called the coherent reflectivity Rcoherent, and it is given by:

Rcoherent ¼ R:e�4 2π s cos θð Þ
λð Þ2 (3)

3.1.3 Reflectivity behavior

For our approach, we suggest the incorporation of multiple bands using remote
sensing nadir-looking wide-band radar sensors. Since frequencies from the L-band
(1–2 GHz) will not change the reflectivity value over the 1–10 mm thickness range by
more than 1 dB, they are not considered to be relevant for the proposed approach.
Instead, we will use frequencies from the C-band (4–8 GHz) and X-band (8–12 GHz).
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To better understand the reflectivity behavior at each wave frequency, Figure 2
shows the reflectivity value defined in Eq. (1) versus the oil thickness, which is varied
from 1 mm to 10 mm where different subplots correspond to different scanning
frequencies at increments of 1 GHz from 4 to 12 GHz [67]. The relative dielectric
constant of the air and thick oil is 1 and 3, respectively. We neglect the imaginary part
of the relative permittivity of the oil, which is of order 0.01 [68]. The relative dielec-
tric constant of seawater depends on the water temperature (assumed to be 20
degrees), the water salinity (assumed to be 35 ppt), and the frequency of the radar
signal [66]. For ease of reference, we also mark the mean reflectivity value in the case
of no oil spill as a constant straight line per subplot.

For instance, at 4 GHz, the curve of the reflectivity is monotonically decreasing
slowly with the thickness. It has a very small slope at small thickness values
(0–3 mm), but this slope increases with the increase of the oil slick thickness
(3–7 mm). At some thicknesses, any error in the power reflectivity measurements at
4 GHz would mislead the oil detection due to the very small variation from the water
reflectivities. In addition, for small thickness values, the difference between reflectiv-
ity values is very small, so the estimation could go easily wrong. A different pattern is
observed at higher frequencies (7–12 GHz). The reflectivity curve admits a steeper
slope for small values of thicknesses, which improves the detection of oil slick thick-
ness. However, due to the appearing cyclic behavior, many thickness values give the
same reflectivity value leading to false interpretations for detection or estimation.
Therefore, it is important to use more than one frequency to improve the detection or
estimation. To see the effect of the relative permittivity of the oil on the reflectivity,
Figure 3 studies the variation of this parameter evaluated at two frequencies: 4 and
12 GHz [69]. For the same frequency, the effect of the variation in the relative
permittivity on the reflectivity value is dependent on the oil thickness. Also, by

Figure 2.
Reflectivity (in dB) versus oil slick thickness (in mm) at different scanning frequencies. Retrieved from [67].
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looking at the reflectivity plots at the same frequency, they look very similar over the
full thickness range even if the relative permittivity of the oil slick is changing.
However, the reflectivity behavior varies a lot from one frequency to another.

3.2 Detection

To perform the detection functionality of the monitoring system, we are proposing
in this section different detection algorithms that use the statistical characterization of
the reflectivity values and their distribution under different oil thicknesses to obtain a
final decision on whether oil exists or not. Any previous knowledge about the exis-
tence or absence of oil in the surface scanned should be taken into consideration to
weigh the probability of the decision in the detector block. Nevertheless, without any
previous knowledge about the spill situation, the detector decision will be totally
based on the statistics of the measured power reflection coefficients ratio [69].

Let “o, w” be the events indicating the presence of the oil slick and the water,
respectively. Let R be the event representing the measurement of the reflectivity value
(s). R could represent one or more reflectivity values that are measured at the same or
at different frequencies. The reflectivity values are assumed to be independent events,
i.e., they are uncorrelated in the time domain at multiple observations, and in the
frequency domain at multiple frequency measurements. After some derivation steps
shown in [69], the detector algorithm evaluates the following ratio:

Pr ojRð Þ
Pr wjRð Þ ¼

Pr Rjoð Þ
Pr Rjwð Þ

> O

< w
1 (4)

With this ratio, the detector compares the probability of getting an oil or water
event given that radar reflectivities are measured. If the ratio gives a result greater

Figure 3.
Reflectivity R (in dB) versus oil thickness (in mm) at different frequencies (4 GHz, and 12 GHz) and different oil
dielectric constants. Retrieved from [69].
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than unity, the decision indicates the oil’s existence. Otherwise, the decision indicates
that the seawater surface is clean. We note that the probability of obtaining a mea-
sured reflectivity value given that the oil or water exists is evaluated using the
corresponding probability density function (pdf). For this, we propose several algo-
rithms for different detectors:

• Single observation at multiple frequencies [70]: a wide-band radar is used to scan a
target scene once, and K measurements of reflectivity are sampled at K different
frequencies.

• Multiple observations at single frequency [71]: a narrow-band radar scans a target
scene multiple times. M measurements of reflectivity are made at the same
frequency.

• Multiple observations at multiple frequencies [69]: a wide-band receiver scans a
target scene M time, and the reflectivity is sampled per scan at K different
frequencies. M*K measurements of reflectivity are collected in total.

• Joint-probability density function [72]: the thickness of the oil slick is modeled as a
random variable (RV) with an estimate of its probability density function. The
algorithm is using the joint-pdf to calculate the probability of each event. Also,
for this, a wide-band receiver scans a target scene M times, and the reflectivity is
sampled per scan at K different frequencies.

Figure 4 shows the performance of dual-frequency detectors. For clarity, we also
show the performance of the detectors running each of the two scanning frequencies
separately. Evidently, the dual-frequency detectors outperform the single-frequency

Figure 4.
Comparison between the probability of detection and the oil thickness (in mm) for different detector algorithms:
Single-frequency detectors at 4 GHz, 8 GHz, and 12 GHz, and dual-frequency detectors using combinations of
these frequencies.
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detectors. At thickness values where the accuracy of a single-frequency detector is
low, the dual-frequency detector gives more weight to the decision of the pair detec-
tor. For instance, a 12 GHz detector performs poorly for d = 7.2 mm because it has the
same reflectivity value as the water (refer to Figure 2). However, the (4 GHz, 12GHz)
detector optimally tracks the performance of a 4 GHz detector.

Although dual-frequency detectors are better than single-frequency detectors,
there are still some thickness ranges where the probability of detection is affected by
the ambiguity points. To boost the performance of the detection, we increase the
number of frequencies K and observations M. Results in Figure 5 show that a higher
probability of detection is further obtained over the full range of thicknesses. Using
three frequencies (4 GHz, 8 GHz, 12 GHz) and two scans (M = 2) of the target scene,
the detection accuracy is above 90% for all thickness values above 3 mm. Additional
scans would further be required to improve the probability of detection of thin oil
slicks. Fortunately, performance requirements are less strict for small thickness
values. By comparing the performance of the tri-frequency detector with single
observation to the dual-frequency detectors with double observations, we notice that
the first detector is better since it provides a very high percentage of correctness at the
large thickness values (i.e., cases where oil detection is crucial) and very good behav-
ior at small thickness values, which are more challenging for oil detection but less
severe in false alarm scenarios. Additionally, the performance of the detectors is
studied under a blind detection scenario in which the scanning of the scene is done
without any knowledge about the exact or the estimated thicknesses of spilled oil. This
type of detection is based on the joint-pdf that takes into consideration all the possible
thicknesses with their probabilities in order to weigh the final decision. The distribu-
tion of oil thickness is assumed to be uniform over the range (0–10 mm). Results show
the same behavior as detailed in [72]. The detector can provide correct decisions in
different thickness ranges at different frequencies. The probability of error can be
decreased by using dual- and tri-frequency detectors. Additional error can be

Figure 5.
Comparison between the probability of detection and the oil thickness (in mm) for different detector algorithms:
Dual-frequency detectors and multi-frequency detectors, using single (M = 1) and double observations (M = 2).
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compensated by using more scans. However, in the range where the oil thickness is
small (< 2 mm), the probability of detection does not exceed 65% indicating low
certainty.

Previous results are obtained under the assumption that the surface is smooth due
to very low wind speeds and calm ocean conditions. For higher wind speeds and rms-
height of the seawater, the surface roughness increases. We present the performance
of the detectors for different roughness scenarios in detail in [69]. Results show that
the performance overall is reduced.

3.3 Estimation

In this section, we complement the detection of oil spills (functionality #1) with a
new approach targeting the estimation of the oil slick thickness (functionality #2). We
present Maximum Likelihood single-, dual-, and multi-frequency estimators. The
reflectivity values evaluated at one, two, or multiple frequencies over all possible
thickness values form the constellation set that is used for the estimation. The estima-
tor uses the Minimum-Euclidean distance algorithm, in predefined 1-D, 2-D, or K-D
constellation sets, on radar reflectivities to estimate the thickness of the oil slick. Every
constellation set is divided into different mapping regions that are bounded optimally
between all the theoretical reflectivity values constituting the constellation. Any
reflectivity value R obtained in one region is mapped by the estimator to the thickness
that provides theoretically the nearest reflectivity value.

The derived algorithms are the following:

• 1-D estimator [73]: It is a single-frequency estimator. The probability of error is
minimized by choosing the thickness, which minimizes the Minimum-Euclidean
distance between the measured reflectivity R and all possible calculated
reflectivities constituting the constellation set. For the single-frequency
estimator, the constellation set is in a single dimension.

• 2-D estimator [73]: The dual-frequency estimator uses two reflectivity values in
the constellation set spanning two dimensions.

• 2-D estimator iterative approach with multiple observations [74]: The presented
algorithm uses optimized predefined 2-D constellation sets by utilizing the best
pair of frequencies for each possible thickness value. Then, it processes
sequentially the separate estimations done to optimize the estimation procedure.

• K-D estimator [67]: Using K-frequencies in the estimation, the constellation set
will span K dimensions. When using M observations that are uncorrelated in
time, we do the averaging of the measured reflectivity values in K-dimension at
each frequency of measurement.

• SVM approach [75]: A support vector regression that is following a supervised
learning approach and is trained on reflectivities calculated for three radio-wave
frequencies is proposed to predict oil thicknesses between 1 and 10 mm.

• ANN approach [76]: An artificial neural network that processes reflectivities
evaluated at nine radio-wave frequencies is proposed to predict oil thicknesses
between 1 and 10 mm.
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Using a single-frequency estimator in C-band (4–8 GHz), the mapping regions at
low thickness values will be close to each other as shown in detail in [67, 73]. A small
noise power may shift the reflectivity values from one region to another. If so, this will
be considered an error in the estimation process. At higher frequency values in X-
band (8–12 GHz), many thickness values will give the same reflectivity due to its
cyclic behavior. Therefore, even in an ideal case when no noise is introduced during
the measurements, the estimator is not capable to provide a correct estimation. This
highlights the need to use the combination of reflectivity measurements (2-D or 3-D estima-
tors) to achieve accurate thickness estimation. Using dual- and tri-frequency estimators,
one question will rise: which combination of frequencies is to be used? The best
frequency pairs and triads, for each possible thickness between 1 and 10 mm, are
derived in [67, 74] respectively. Daou et al. [74] also proposes an advanced iterative
procedure to use the 2D estimator for accurate and reliable thickness estimations.

Figure 6 shows the histograms of the thicknesses estimated by K-D estimators
when the actual thickness d is 5 mm with single and multiple (M = 3) scans. The
single-frequency (1-D) estimator uses f1 = 4 GHz, and f2 = 12 GHz. The dual-
frequency (2-D) estimator uses both f1 and f2. The 3-D estimator uses an additional
frequency f3 = 7 GHz. The 4-D estimator uses f1, f2, f3 in addition to f4 = 10 GHz. The
2-D estimator with three scans still provides thickness values from all possible values.
The 4-D estimator with three scans decreases the error in the estimation to 4 mm with
a probability of correctness of 80%. The percentage error obtained by all estimators
under different scenarios is presented in Table 2. To check the distribution of the
histograms of errors in estimation, refer to Appendix A in [67].

Figure 6.
Histograms of the thicknesses estimated by 1-D, 2-D, 3-D, and 4-D estimators with single and multiple scans
M = 3. The actual thickness d is 5 mm. Retrieved from [67].
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Although some estimators provide a good probability of correctness, it is not
sufficient to have a definite decision. We should rather look at the error distribution in
the estimation to ensure that the estimations are reliable. Therefore, we should always
increase the number of frequencies or scans done to make sure that good and enough
estimation information is provided.

We developed an experimental setup to collect radar reflectivity measurements
from an oil-spill lab experiment with calm water surface conditions for very low wind
speeds with no wave action. The experimental setup includes details about the system
model with the multi-layer structure, the radar calibration technique, and other setup
parameters [77, 78]. We applied the estimation algorithm to these experimental
values. Figure 7 shows the histograms of estimated thicknesses by 1D, 2D, 3D, and 4D
estimators based on experimental reflectivity values with a single scan (M = 1), when
the actual thickness is 3 mm. As expected, 1D estimators using a single frequency are
not providing very good results. Using f1, the highest estimations are for 4 mm, the
probability of error is 72%, and the maximum deviation from the correct value is
7 mm. Using f2, the deviation is decreased to 1 mm with a probability of error of 47%.
However, single-frequency estimators are never used alone, therefore, including f2 in
the 2D estimator again increases the probability of error to 68% but provides the
advantage of decreasing the maximum deviation to 1 mm. For the higher-order 3D
estimator, the probability of error decreases to 28% with the same maximum devia-
tion. For the 4D estimator, the performance is further improved, and the probability
of error is reduced to 6%. Thus, the results shown validate the proposed higher-order
estimators on in-lab experimental data.

Another proposed estimation algorithm is based on a machine learning approach
[75]. For this, a support vector regression (SVR) model that is following a supervised
learning approach is trained on reflectivities calculated for three radio-wave frequen-
cies to predict oil thicknesses between 1 and 10 mm. The input features to the SVR
model are the power reflection coefficients (reflectivities) evaluated at f1 = 4.39 GHz,
f2 = 6.98 GHz, and f3 = 9.07 GHz. After training the model using 80% of the simulated
data, it is validated on the remaining 20% of the simulated and on in-lab experimental
data. The model yielded an R2 score of 0.992 on the simulated data, which is very close
to 1 indicating that the regression predictions are very close to the actual oil thick-
nesses. The model is supposed to predict a continuous value of the thickness as the
predicted output. But by rounding the estimated thickness to the closest integer, we

Probability of error (%) M f1 f2 2-D 3-D 4-D

d = 10 mm 1 46 78 35 32 30

3 42 63 14 13 11

d = 5 mm 1 85 94 83 65 47

3 77 91 58 33 20

d = 1 mm 1 97 85 83 77 72

3 94 75 65 56 49

10 90 58 36 32 26

50 79 41 10 9 6

Table 2.
Percentage error obtained by different estimators for different slick thicknesses. Adapted from [67].
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get the following percentages of estimating the correct value in the confusion matrix:
[62.4, 95.5, 99.7, 97.7, 97.7, 99.6, 99.4, 95.4, 80.5, 89.6%] for the thicknesses [1, 2, 3, 4,
5, 6, 7, 8, 9, 10 mm] respectively. The R2 score obtained on the experimental data is
0.86 indicating that the experimental thickness values and the predicted thicknesses
are close even though the model is only trained on simulated data and is not exposed
to any experimental reflectivity. For further validation, even though the model is
trained on calm surface data, it is tested with rough surfaces in two scenarios for slick
thicknesses: 5 mm and 8 mm. The model’s predictions are mostly concentrated at
6 mm for the 5 mm spill. Similarly, for the 8 mm spill, the predictions are mostly at 7
and 8 mm. This shows that using a machine learning algorithm for oil thickness
estimation is an attractive approach. Another algorithm is developed in [76], but for
convenience, we will discuss it in the following section. This concept can be further
developed by using larger and more complex machine learning models and more
diversified training data to achieve better thickness estimations in varied
environments.

3.4 Classification

An important task to perform during oil spills is to specify the oil type to predict
the environmental damage to maritime life. The oil type classification could be qual-
itatively similar to what is proposed by [60, 79–81]. Another way for classification is
by analyzing the physical characteristics of the oil material, namely the relative
dielectric constant, as we proposed in [76]. In this work, we use an artificial neural
network (ANN)-based model to estimate the relative permittivity of oil slicks for

Figure 7.
Histograms of the thicknesses estimated by 1D, 2D, 3D, and 4D estimators based on experimental data with single
scan M = 1. The actual thickness is 3 mm. Retrieved from [67].
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different oil-types classification. In addition, the model can predict the thicknesses
of such oil slicks at the same time. The input features to the model are nine radar
reflectivity values measured simultaneously and selected uniformly from C- (4–8 GHz)
and X- (8–12 GHz) bands. The ANN-model post-process these measurements to
extract the implicit information about the thickness and the relative permittivity of
the thick oil layer covering the sea surface, even though the reflectivities and the
estimated parameters have a highly nonlinear relationship. To further improve the
model’s accuracy, we also incorporate multiple observations to boost the estimator’s
performance. Results show that by jointly analyzing the reflectivity behavior at mul-
tiple frequencies, the model explores their dependence over the full plausible range of
thicknesses. The predicted thicknesses are accurate to +/� 0.5 mm in most cases. For
example, testing the model at 5.5 mm would still lead to estimations between 5 and
6.1 mm. Similarly, relative permittivity values 2.9, 3, and 3.1 are approximated accu-
rately where the shift in estimations’ mean is smaller than 0.05. The error in estima-
tions for the remaining values 2.8, 3.2, and 3.3 is higher. To test the performance of the
model, we simulate an oil spill scenario when the thickness of the oil slick that is close
to the source is 10 mm, and it decreases gradually going away from the source to
1 mm. The trained ANN model shows that it can perfectly reconstruct the spill
environment with accurate estimations of the thicknesses and the relative permittiv-
ity, where the error of the average estimate for the latter over the full map is 3% only.
To further validate the performance of the model, it is applied to in-lab experimental
data when the actual thickness is 7 mm. After collecting 13 measurements, the esti-
mated thickness is 7.65 mm compared with 8.2 with a single scan measurement.
Unfortunately, we are not able to compare the estimated permittivity with the
actual value since the latter has not been measured during the in-lab experimental
procedure.

3.5 Onboard processing

Our proposed approach targets the implementation of the monitoring functionali-
ties on board, instead of collecting measurements from the site and post-processing
them offline afterward. This will ease the monitoring and most importantly will allow
the quick assessment of the spill area, to take the best measures and actions toward the
possible damage. For this reason, it is very important to check the feasibility of
implementing the proposed approach onboard, especially since the platform that we
are suggesting is the drone, which is a battery-powered device where the energy and
power consumption are of high importance. We show the feasibility of our approach
for onboard processing by selecting one of the previously described algorithms and
implementing it on a hardware platform, namely the Pynq Z1 Field Programmable
Gate Array (FPGA). While machine learning algorithms are often considered high-
power consuming and introduce a high complexity in terms of memory footprint and
computational requirements, we select the ANN model that performs the estimation
and classification functionalities for the implementation. It is also good to note that
including “0 mm” as one class for the regression estimation is equivalent to including
the detection functionality. Therefore, we believe that the implementation complexity
of this model is very significant since the latter can perform all the main required
functionalities for oil-spill monitoring at the same time. Results show that, based on
the architecture used during the implementation, only 1.13–28.37% of the available
resources are utilized by the network. Similarly, the power consumption varies
between 34 and 133 mW, which is negligible compared with the power drawn by
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drones in the order of 10th of watts. This verifies the feasibility of our ANN-based
approach and demonstrates the suitability for a practical scenario.

3.6 The proposed system: Complementary solution

For completeness of the system-level analysis, we suggest having a complete sys-
tem composed of four subsystems as shown in Figure 8:

1.Drone: It is the part used for tactical response. Whenever there is a flag raised for
possible oil spills (by witnesses or due to accidents), multiple drones that mount
nadir-looking wide-band radar sensors are sent to place. Measurements at
different frequencies are collected. Based on the weather conditions and the
ocean’s waves, multiple scans could be used to improve the accuracy of the
results. The measurements are then processed onboard using the proposed
algorithms to provide an initial assessment with respect to the detection,
estimation, and classification functionalities.

a. The detection algorithms proposed in Section 3.2 are applied. If the
probability of detection exceeds the threshold set by the persons in charge,
then there is a need to prepare to start the contingency plan.

b. The estimation algorithms proposed in Section 3.3 are applied. Thickness
values greater than 1 mm indicate the need for quick intervention because
the oil slick will persist for a long period of time.

c. The classification algorithm in Section 3.4 is applied to have an indication
about the oil type.

Figure 8.
System-level view of the oil spill monitoring system.
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d. The results are sent to a ground station to combine results from different
drones and locations on the corresponding map.

2.Satellite: It is the part that can provide the synoptic view of the oil spill scene.
After the confirmation of the spill based on the initial assessment, the satellites
are used to provide the synoptic view and to get a better estimate of how the spill
is displaced over time. The satellites are supposed to transmit SAR images to
corresponding ground stations.

3.Data collection center: It is the part responsible for data collection, analysis, and
making decisions. SAR images are analyzed and compared with results received
from drones. Corresponding measures are taken, and the oil spill contingency
plan is launched. Oil spills are then tracked over time.

4. Conclusion

This work shows that by processing radar power reflectivity values, taken from
nadir-looking systems under weather conditions suitable for cleaning operations,
thick oil slick thicknesses up to 10 mm can be detected, estimated, and classified. The
accuracy of each function is dependent on the selected statistical algorithm. This
approach is novel since it provides most of the information that is required for an
effective contingency plan at the same time during the early stage of the spill. In
addition, this novel approach being implemented on drone platforms is a suitable
system for tactical responses needed during contingency plans. Moreover, the new
approach aims to complement state-of-the-art techniques, such as satellite-based SAR,
by covering calm ocean conditions and low wind speeds scenarios that challenge other
techniques for oil spill monitoring. Maximum-likelihood and machine learning statis-
tical algorithms could be used directly to quickly assess the scene. The ANN model
shows very low complexity, low power consumption, and high accuracy. This dem-
onstrates the feasibility to apply the approach for onboard processing. Despite all the
advancement that is presented, there are still open questions, tasks, and challenges to
consider in this field for utilized practical solutions. A further investigation on the
algorithmic level is still required to make sure that the performance will not decrease
given the variable dynamics that could be introduced in the physical environment.
Also, the complexity of all proposed approaches should be studied to check the
feasibility of implementing them on hardware platforms for onboard processing.
Despite the need for detection, thickness estimation, and classification, tracking the
spill is also very important on a small scale, especially for moderate wind speeds. It
would be useful to add this functionality as a capability of the drone-based solution by
considering the weather conditions and the ocean state to track the spill over time.
Finally, the proposed work is a proof of concept and helps take the oil-spill-related
research work one step forward toward the development of operational tools for oil-
spill intervention.
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Chapter 4

Combining Predicted Seabird 
Movements and Oil Drift Using 
Lagrangian Agent-Based Model 
Solutions
Mads Nistrup Madsen, Henrik Skov and Michael Potthoff

Abstract

In traditional oil spill risk assessments, the mortality of seabirds is typically 
assessed based on a simulated amount of oil combined with a statistical and static 
(seasonal mean) number of birds within a given grid cell. The size of the cell is 
typically in the order of 10 by 10 km. Cell averaging in a coarse Eulerian grid will 
inevitably introduce a high degree of uncertainty with respect to real impact, and 
due to the patchiness in seabird distribution may result in over-estimation of impacts 
outside high-density areas and underestimation within high-density patches. 
Lagrangian agent-based modelling of species movements and oil drift directly would 
provide consistent results independent of the grid resolution and, at the same time, 
provide a fine-scale resolution of potential impacts. The robustness of this approach is 
demonstrated for a potential oil spill in the Barents Sea in an area with a high density 
of Common Guillemot, followed by a discussion on how this approach can improve 
future risk assessments during oil spills.

Keywords: oil spill risk assessments, common guillemot, Barents Sea, agent-based 
modelling, Langrangian modelling

1. Introduction

In traditional risk assessments, the mortality of seabirds is typically assessed based 
on a simulated amount of oil combined with a statistical and static (seasonal mean) 
number of birds within a given grid cell; the size of the cell is typically in the order of 
10 by 10 km [1]. It is obvious that cell averaging in a coarse Eulerian grid introduces 
a high degree of uncertainty with respect to real impact, and due to the patchiness in 
seabird distribution may result in over-estimation of impacts outside high-density 
areas and underestimation within high-density patches.

As an alternative to the Eulerian approach risk assessments may be undertaken 
using the concept of Lagrangian particle tracking. The Lagrangian approach poten-
tially improves the accuracy of risk assessments as the movement of oil particles can 
be simulated in parallel with a simulation of density and movement of seabirds using 
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the same weather and oceanographical model scenarios. In addition, the predicted 
impact will have high spatial precision as both oil and seabird particles will be 
resolved independently from any model grid. With the Langrangian model approach 
the industry standard risk assessments of oil spills [2, 3] could be further improved. 
Additionally, the approach would make the results of oil risk assessments in different 
geographical areas more comparable in the future.

The applicability of this approach in future oil risk assessments is demonstrated 
for a potential oil spill in the Barents Sea based on the results of the Marine Animal 
Ranging Assessment Model Barents Sea (MARAMBS) project.

The MARAMBS project (2018–2019) was funded by the Research Council of 
Norway and aimed for improving the knowledge of the distributional dynamics 
of seabirds in the Barents Sea. The tentative oil spill scenario was undertaken for an 
area with a high density of Common Guillemot (Uria aalge) during 30 days of the 
post-breeding period in September 2016.

2. Lagrangian modelling concept

Both the oil spill and the bird densities are simulated using a Lagrangian particle 
modelling approach. Each particle represents generally a set of variables and attached 
computations. This means that instead of simulating the distribution/concentrations 
per grid element (Eulerian model space), the density/distribution emerges as the 
result of particles moving across the model domain (Lagrangian space). Note that 
particles can move freely within the model space, i.e. they are described by a continu-
ous point location instead of stepwise grid coordinates. Parameters like flow speeds, 
water depth etc. are interpolated from the computational mesh elements to the point 
coordinates of a particle. The differentiation between a Lagrangian oil spill and an 
agent based model (ABM) for the seabirds is more conceptual as both use the very 
same underlying techniques; an ABM model usually describes particles/agents that 
control their motion based on some decision-based rules computations whereas the 
movement in simple Larangian models is mostly passive, i.e. current driven.

2.1 Agent based modelling (ABM)

As described above the movement of an oil spill particle model mainly governed 
by the underlying hydrodynamics, wind forcing and weathering process. The sea-
bird movement is the outcome of a complex agent-based model (ABM) describing 
the movement, feeding and internal states based on a set of input factors (forcing) 
and sub-models as outlined in Figure 1 and Table 1. The model template used is the 
CBIRD ABM module in DHI’s MIKE ABM Lab framework [4].

One of the main challenges related to agent-based modelling of the behaviour 
of individual sea-birds is to strike a balance between realistic parameterisation and 
heuristic representativeness of the model.

The CBIRD ABM model is described in detail in [5]. The description is repeated 
in brief below. It largely follows the ODD protocol for describing individual- and 
agent-based models [6, 7]. The ODD protocol consists of seven elements: the first 
three elements (purpose, entities, overview) provide an overview, the fourth ele-
ment (design concepts) explains general concepts underlying the model’s design, 
and the remaining three elements (calibration, parameterisation, validation) 
provide details.
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Overview of CBIRD modules with brief descriptions

Module Description

Core 
movements

Once sea-birds leave their colonies after the breeding season, they will switch between 3 states: 
resting on the water surface, swimming on or below the water surface, and flying in the air.

Bioenergetic 
Module

Governs physiological processes such as thermoregulation, energy expenditure of different core 
movements and digestion.

Day/night Sea-birds can be set to observe diurnal behavioural cycles.

Habitat 
memory

Location of past encounters with preferable habitat can be readily accessed by the sea-bird. This 
increases overall foraging success.

Ice/land Ice and land both represent obstacles that a sea-bird must avoid if it is to remain in comfortable 
environmental conditions. This module aids navigation around land masses and encroaching ice.

Wind Unobstructed on the open ocean, sea-bird movements are directly affected by wind drift 
when sea-birds are on the water’s surface or flying. Wind speeds and direction also affect 
take-off probabilities.

Social Sea-birds exhibit flocking behaviour, and tend to move in groups to feed, avoid predation, or 
react to local environmental conditions.

Storm Stormy weather can threaten sea-bird survival, especially with no shelter on the open water. 
Sea-birds will often move away from this perceived threat.

Moult Some species cannot fly while moulting at sea. Besides limiting their excursion range, the start of 
moulting is also critical to ensure that sea-birds are not initially stranded in poor habitat patches.

Moulting 
area

Once leaving their colonies for moulting areas, some species are observed to be extremely 
targeted in their trajectory towards these moulting areas. They will fly over good habitat patches 
and only begin moulting in these specific areas, mainly in the Central Barents region.

Table 1. 
Overview of CBIRD modules.

Figure 1. 
Conceptual diagram of the various parameters/sub-modules affecting movement mode decisions in the envisioned 
seabird ABM. Green box variables denote Eulerian spatiotemporal model forcings, while blue boxes indicate 
Lagrangian variables/processes. Red arrows indicate two-way feedback mechanisms.
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The purpose of the CBIRD model is to predict the dynamic spatiotemporal 
distribution of seabirds like the Common Guillemot in the Barents Sea by combin-
ing several individual movement and feeding behaviours as a function of explicitly 
modelled bioenergetics with the included effect of physical environmental forcings, 
such as ocean currents, wind drag, habitat suitability and ice cover.

The model tracks the horizontal position and internal state of individual seabird 
agents (the Lagrangian entity) inside the spatially explicit model domain. Each agent 
represents multiple individuals and can thus be considered a ‘super-individual’ [8]. 
The memory of previously visited habitat locations (x, y coordinates) is stored as 
attributes of the entity, while the strength of the habitat memory is described by a 
reference memory (dimensionless) to the previously visited habitat versus a satiation 
memory (dimensionless) relating to the perceived habitat utility (dimensionless) of 
staying in the current habitat. The time attribute, time since the last food encounter 
(minutes), controls the magnitude of swimming activity of migrating birds relative to 
drag forces imposed on agents by wind and currents.

All model calculations of state variables and updates of environmental forcings 
occur at a discrete time step over the simulation period. At the beginning of each 
model time step, the following sequential order is applied:

1. Update of environmental input forcings. For environmental forcings of different 
spatiotemporal resolution than the ABM model, spatiotemporal interpolation 
routines are applied

2. Calculation of process equations in the Eulerian Framework

3. Update of state-variables in the Eulerian Framework

4. Update of sensing functions for each agent relative to both Eulerian and  
Lagrangian frameworks

5. Calculation of Lagrangian arithmetic expressions based on updated values  
obtained from (1), (3), and (4)

6. Update of Lagrangian state-variables based on calculations listed in (5)

2.2 Oil spill modelling

The oil model is a multi-component model, i.e. the total oil mass is distributed 
among different hydrocarbon components, typically defined by their density. The 
masses and the properties of each particle may change over time due to weathering. 
Each oil component has its own weathering process. The fate of the spilled oil is typi-
cally divided into different processes:

• Drifting - (the motion of the oil caused by the ambient winds, currents and waves)

• Spreading (Figure 2) the motion of oil induced by its buoyancy and surface 
tension properties relative to water. Oil spilled on the water surface immediately 
spreads over a slick of few millimetres in thickness. The spreading is primarily 
promoted by gravity and surface tension; however, many spills of varying sizes 
quickly reach a similar average thickness of about 0.1 mm.
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• Weathering (Figure 2) processes causing physical and bio-chemical changes of 
the oil by evaporation, emulsification, biodegradation, dispersion, dissolution, 
oxidation, and sedimentation and beaching. Spreading, evaporation, dispersion, 
and dissolution can be defined as short-term weathering processes, whereas 
emulsification, biodegradation, and photochemical oxidation are recognised as 
long-term weathering processes (Figure 2).

2.3 Interaction between agents

A risk screening is carried out for Common Guillemot based on the oil spill 
model results by computing the spatial overlap of the oil slick and the simulated spe-
cies distribution. Each oil particle represents a given area with a given slick thickness 
and relevant properties such as oil viscosity and depth below the water surface. The 
latter determines whether the oil floats on the surface or the oil droplets are dispersed 
into the water column due to wave action.

For each time step in the oil spill simulation period, it is tested if the position of 
the individual sea bird agent particle is within the oil area represented by the indi-
vidual oil spill particles. If this is true, the sea bird agent particle is flagged as being in 
contact with oil. However, it is further tested before flagging if the following param-
eters exceed threshold levels for the sea-bird in question.

• Diving depth (Zmin). If the oil particle is below Zmin, there is no flagging.

• Oil slick thickness. If the oil slick thickness is lower than the threshold level, there 
is no flagging.

• Viscosity (cP). If the viscosity is higher than the threshold value, there is no 
flagging.

Figure 2. 
Processes acting on spilled oil, (modified after [9]).
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Each sea bird particle/agent represents a large number of individuals, i.e. it is a 
so-called super individual. This must be considered when assessing whether or not 
individuals of a species have been in contact with a drifting oil slick. In case of super 
individuals, the point position of the agent/particle is replaced with an area around 
the particle. It is assumed that the individual birds represented by the super individ-
ual particle are uniformly distributed within this area. If there is a spatial overlap with 
the area defined by any oil particle, the affected number of individuals corresponds 
to the relative overlap area of the bird species particle. The area covered by the bird 
species particle is then reduced proportionally or, when no unaffected individuals 
remain, the particle is removed from the analysis. This means that the number of 
affected birds serves as a worst-case estimate (Figure 3).

The risk screening for the oil spill is then expressed in terms of the number of 
birds exposed (flagged) to oil above the threshold values during the oil spill simula-
tion period. The number of birds exposed is also expressed as a fraction of the average 
population size with the model domain during the oil spill simulation period. The oil 
spill simulation will typically continue 30 days after the spill has terminated.

The above approach is based on pure Lagrangian ABM results for birds and oil, 
respectively, which in turn provide consistent results independent of the Eulerian grid 
mapping (i.e., results that are independent of the grid resolution).

3. Case study in the Barents Sea

The hydrodynamic data and most forcing parameters for the ABM and Oil spill 
model are driven by DHI’s existing 3-dimensional hydrodynamic model. The model 
domain, encompassing the Barents Sea and the colonies in Norway, Russia and the 
islands of Svalbard, Franz Josef and Novaya Zemlya is shown in Figure 4. The mod-
elling software package applied was DHI’s 3-dimensional flexible mesh model, MIKE 
3 FM [10] which includes both meteorological, tidal and oceanographic effects.

3.1 Common guillemot

Common Guillemot is a large auk species with a circumpolar distribution, breed-
ing in dense colonies between 40°N and 75°N. Like other auk species, the wings are 
used for both swimming and diving. Common Guillemots are excellent divers with 

Figure 3. 
Schematic of the calculation of the affected number of individuals based on the overlap area of the oil- and bird 
species particle.
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maximum diving depths of more than 200 m. It is a pelagic pursuit diver, and the 
primary food item in the Barents Sea is small pelagic fish such as capelin and fish 
larvae and fry. Common Guillemots leave the colony in late July - early August. The 
male follows the chick for the first two months at sea. During this period, they moult 
and are flightless for approximately 45–50 days.

The population of Common Guillemots in the Barents Sea has declined dramati-
cally since the first censuses in the 1960s. In particular, the mass mortality of birds 
during the winter of 1986–1987 decimated the populations along the Norwegian coast 
and on Bjørnøya. This incident was probably caused by food limitation due to a crash 
in the capelin stock and very low densities of alternative food items. Since then, the 
populations have been growing, but the species is still listed as critically endangered 
on the Norwegian Red List. Colonies are found in the southern part of the Barents 
Sea. The Barents Sea populations are year-round residents to the southern Barents Sea 
area, and in addition, Common Guillemots from Norwegian colonies further south 
migrate into the Barents Sea during autumn.

The population of Common Guillemot of 300,000 pairs is concentrated in colo-
nies around Bjornoya/Bear Island (83.9% of the population) and the Finnmark Coast 
(8.9%), with minor colonies at the Murman Coast (5.4%) and in the Norwegian Sea 
(1.8%). *https://www.npolar.no/en/species/common-guillemot/

3.2 Oil spill

For illustration, the oil from a hypothetical oil spill in the Barenst Sea was applied 
as a representative oil type with a spill rate corresponding to 700 m3/day and a spill 
duration of 8 days. The spill is assumed to be a topside surface spill.

Figure 4. 
Common guillemot modelled mean density September 2013. Pink dots indicate common guillemot survey sightings. The 
red circles/ellipses encompass the main colonies. Model domain extent in stereographic projection (Stereo_1670_Sc1).
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The spill was released on 1st September 2016 at (73° 34′ 40″ N, 22° 55′ 5″ E), 
and the simulation continued 30 days after the spill had terminated.

3.3 Mortality assessment

The sensitivity of different sea-bird species to oil pollution is described as a 
 function of the relative amounts of time spent on the sea surface, the importance 
of the population within the study area and the size of the world population. The 
knowledge underpinning these parameters is relatively well established due to large 
amounts of standardised data from countrywide surveys of beached dead sea-birds, 
surveys of sea-bird densities at sea, counts of the number of breeding sea-birds in 
colonies and information on specific details of breeding and survival.

Thresholds of relevant species of sea-birds in the Barents Sea to the characteristics 
of oil residues (key effect features) were provided. The key effect features of oil in 
relation to sea-birds are film thickness, viscosity, and depth of the oil in the water 
column (Table 2). Although the effect in relation to depth in the water column can 
be confidently assessed from general knowledge of the diving capacity of the differ-
ent species, the actual diving depth per species may fluctuate depending on season 
and location. It may differ in the Barents Sea from other areas. More importantly, 
the thresholds related to film thickness and viscosity have been established without 
undertaking tests on live birds [11]. Hence, they should be regarded as guidelines 
rather than well-defined thresholds.

The modelled distribution of Common Guillemots showed peak occur-
rence at the boundary between the Norwegian Coastal Current and the Atlantic 
water mass. The predicted (mean) distribution of suitable Common Guillemot 
habitat displays a well-defined concentration 150–200 km north of the Norwegian 
coast. Both oil and Common Guillemots displayed a high degree of spatio-
temporal variation which resulted in a limited intersection between the modelled 
oil slick and the main concentration of the guillemots (Figure 5). The intersec-
tion took place in the area just south of Bjørnøya. An animation of the 38 day 
simulation period can be displayed here: Video: https://www.youtube.com/
watch?v=lgzBrfiQm6g.

The estimated hourly number of impacted Common Guillemots is displayed in 
Figure 6. Due to the limited intersection between the oil and guillemot particles the 
guillemots were only impacted during three of the 40 days in the model period (2–4 
September 2016). Further, the modelled impact only took place during 15 of the 213 

Species Zmin (m) Oil slick thickness Viscosity (cP)

Glaucous Gull <20 >10 μm <3000

Black-legged Kittiwake <20 >10 μm <3000

Common Guillemot <100 >10 μm <3000

Brünnich’s Guillemot <100 >10 μm <3000

Atlantic Puffin <50 >10 μm <3000

Little Auk <30 >10 μm <3000

Table 2. 
Example of effect features of oil residues relevant for assessing impacts of oil on sea-birds in the Barents Sea. Zmin 
is the depth at which the species will be at risk from oil.
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modelled hours equivalent to 7% of the trajectory time. The total number of impacted 
guillemots during the modelling period was 50,000. With a total number of breed-
ing pairs of 300,000 the number of Common Guillemots in the western Barents Sea 
during autumn 2016 would be approximately 1 million, taking juveniles and non-
breeding immatures and adults into account. Thus, the relative impact on the popula-
tion represents 5% of the population (Figure 7).

Figure 6. 
Estimated hourly number of casualties of individual common guillemot during the oil spill simulation 
1/9–8/102016.

Figure 5. 
Overlap between modelled mean oil density (L/km2) and modelled mean density (n/km2) of common guillemot 
during the test period. - “sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, 
Aerogrid, IGN, IGP, swisstopo, and the GIS user community”.
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4. Conclusion/discussion

This demonstration has stressed the potential for applying a combined fine-scale 
Langrangian modelling design for improved prediction of the movements and 
intersections between an oil spill and seabirds. The oil spill risk modelling method 
provides a powerful tool for an initial screening of the potential impact on the various 
seabird species during a given period, even if the approach does not comply with a full 
risk assessment in line with the traditional MIRA class approach in Norwegian Waters 
[1]. Furthermore, combining the ABM model results of species movement directly 
with the result of oil particle movements provides consistent results independent of 
the grid mapping (i.e. results that are independent of the grid resolution). This makes 
results from different areas directly comparable.

More importantly, studies of the marine distribution of birds unambiguously 
point at the fine-scale distribution of most species of seabirds. Seabirds predomi-
nantly show an affinity to physical oceanographic properties such as fronts, upwell-
ings and eddies, which enhance the probability of predators encountering prey 
[12–14]. In the Barents Sea this tendency is reflected in the ubiquitous concentrations 
of seabirds in the region of the Polar Front [15].

To accurately describe the overlap between the distribution of seabirds and oil 
slicks over time, one needs to be able to take account of the high degree of clustering 
and habitat association seen in seabirds. This solution can only be achieved with a 
Langrangian modelling approach like the one tested here. By using a standard Heuristic 
approach based on mean seasonal distrubutions of seabirds predicted impacts will 
unlikely resolve the true intersection in the distribution of the oil slick and the seabirds.

In other words, if high-resolution Langrangian models are not applied as part of 
the risk assessment of oil incidents mean values rather than in situ values for oil and 
seabirds predicted intersections will rarely match reality. As a result, risk assessments 
may lead to a type II error—a result estimating an impact in an area of low seabird 
density —or a type I error—a result erroneously pointing at a smaller or medium 
impact in an area where seabirds are highly concentrated. Thus, despite the large 
number of risk assessments of oil spills undertaken in the past accurate assessment of 
the impacts of oil slicks on seabirds remains a challenge.

Figure 7. 
Cumulative impact of simulated oil spill on common guillemot population in the Barents Sea 1/9–8/102016.
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The combined fine-scale Langrangian modelling design seems to have a strong 
potential to pave the way for more realistic assessments of the concurrent distribu-
tion and movement of oil slicks and sensitive species of seabirds. Obviously, the 
calibration of the both the oil spill and seabird models requires that detailed empirical 
data are available regarding i) the oceanographic properties of the spill site, ii) the 
chemical composition of the oil and iii) the local density and distribution of the target 
species of seabird. Spatially refined assessments of the risk of seabird species sensitive 
to oil pollutions will enhance both the planning and environmental management of 
oil and gas exploration activities in the future.
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Chapter 5

Ballast Water Utopia and Some 
Environmental Protection Ideas
Fikile Portia Ndlovu

Abstract

An environmental protection plan that would resemble a true utopia might still 
be distant however, employing advanced methods and innovation that will get the 
global community on the road to the best marine and other environmental protections 
should be every generation’s intent. Ballast water management as related to shipping, 
trade, and the marine world as a special concern of this paper has been one of the most 
notable innovation drivers in the maritime space in the last couple of decades in order 
to close doors to the dangers of introducing new aquatic invasive species in sensi-
tive environments around the world (bio invasions). This paper aims to selectively 
survey some established ballast water management methods reimagined by the latest 
innovations reflecting on some latest developments. The world is constantly facing 
troubling concerns over environmental protection issues particularly related to marine 
and maritime related endeavors. For example, what it may mean to lose many Russian 
scientists that are involved in arctic research as a result of the Russia-Ukraine conflict, 
especially with ship traffic and ballast water management slated to be more and more 
of a concern in that area as shipping channels become more open in that region.

Keywords: ballast water management, ship tech, marine pollution, green ship, 
solutions to invasive species, Arctic shipping lanes, scientists in Arctic research, 
pollution monitoring

1. Introduction

The term “Ballast Water Utopia” is not the author of this paper coined phrase but 
a term stated by William Burroughs of Freedom Ballast, a company that provides an 
innovative solution of ballast water treatment as a barge or portside service [1]. The 
strong language suggested by the term “Ballast Water Utopia” by the company’s CEO 
inspired the discussion of cutting-edge innovations in ballast water management in 
this paper. To begin with, this paper’s use of the word utopia attests to the commitment 
that certain innovators have in matters related to environmental protection especially 
in the marine world by focusing on ideas supported by technology that could poten-
tially lead to the most ideal situations in dealing with invasive aquatic species (AIS) 
in shipping technologies for ballast water management. The International Maritime 
Organization (IMO) [2], dedicated over a decade of momentous efforts to react to the 
mission to control, prevent and close the door to aquatic invasive species that were or 
would be introduced by ships to foreign waters through ballast water tanks.
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When empty, ships need to be ballasted (balanced) with water however that water 
needs to be thrown overboard when cargoes are taken aboard the ship and this is 
where invasive species and sediments (which may be teeming with organisms) from 
different parts of the world may find their way to a new world where they do not 
have natural predators and thus are able to grow into dangerous and environmentally 
threatening levels, at least that is how it would be if no care is taken whatsoever to 
treat foreign water containing invasive species [3].

The dangers of AIS from ballast water tanks are well documented [4] having 
the potential of destroying entire ecosystems, entire fishing industries, and various 
environments [5]. Some of the most infamous invasions include the zebra mussel, 
which costs millions of dollars in clean-up operations in the Great Lakes of the United 
States. This mussel is native to the Black Sea, the Caspian Sea, and waters just south of 
Russia and Ukraine [6]. Further examples of notorious marine bio-invasions include 
the green crab, the Cladoceran Water Flea, certain jellyfish, the lionfish, etc. In a 
post-Covid lock-downs world, with the exception of certain areas around the world 
that still hold on to lock-downs, humanity, in general, in 2022 is even more aware of 
the dangers of uncontrollable organisms working against the life spans and the quality 
of life of human beings. This means that there will always stand a moral obligation to 
respond expeditiously to environmental threats so that commercial activity does not 
hinder and destroy human being, their livelihoods, and the environment.

The ocean is constantly under monitoring through various scientific undertakings 
around the world. Scientists warn us through data-supported, intense research that 
the ocean faces many environmental challenges and these are studied under varied 
branches of study, to name a few examples, the ocean has environmental challenges 
with, coral bleaching [7], marine neurotoxins termed the red tides [8], noise pollu-
tion from ships [9], concerns about the devastations that can arise from the melting 
permafrost, particularly in the Arctic region [10] which would be devastating to 
communities in that environment and the globe, not to mention all the pollution from 
microplastics and other effluents. In this paper, we are just focusing on the ballast 
water management field but this must be read within the context of other environ-
mental challenges that scientists are looking at. This is why we cannot afford to lose 
scientific minds in environmental threat management. Since this paper is concerned 
with ballast water management, it is important to consider the ballast water simula-
tions [11] in regions that are changing as a result of global warming such as the Arctic.

When international rules for ballast water management were initially drafted, 
technologies to enforce such rules needed to be brought up to date with the demands 
of the rules. The rules were eventually adopted and came into force in the form of the 
International Convention for the Control and Management of Ships’ Ballast Water 
and Sediments (the Ballast Water Management Convention, 2004), also known as 
the BWM Convention, 2004 [12]. On 8 September 2017, this law came into force, 
with approved systems finally being available in the ship technology market. These 
approved systems are available and listed with the IMO and several port authorities 
around the world [13].

In this paper, there will be a consideration of some of the newer methods such as 
barge and port side ballast water treatment, as part of a survey of the latest develop-
ments in ship techs for ballast water management, there will also be a selective consid-
eration of the effectiveness of a few sample ballast water management systems, as it 
would be impossible to discuss them all in this paper. Further, with the Arctic opening 
up more as a result of global warming and better ships and legal codes are developed 
to traverse that environment, naturally, concerns about ballast water management 
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also increase in that region. It will therefore be appropriate in this paper to also briefly 
consider what the loss of Russian scientists may mean for Arctic research and envi-
ronmental protection endeavors as a result of the war between Russia and Ukraine. 
Further, a consideration of other bodies of water in relation to ballast water such as 
the Mediterranean Sea and Antarctica will also be considered as examples of how 
ballast water management has affected those areas.

2. The research methods and methodology

In order to avoid a superficial discussion of the concerns around the dangers of 
discharging untreated ballast water into the seas as a result of international trade or 
other maritime-related activity, it is essential to discuss the strategy for collecting data 
for an analysis used in this paper. This will assist the reader to determine the reliability 
and validity of the findings and observations in this paper. Before discussing the strat-
egy, it is important to note that the research question to be answered in this paper may 
be couched as follows, ‘Following the IMO treaty of Ballast Water Management, the 
BWM 2004 [14], which methods have actually been considered successful and with 
the success of those methods, which of them can be considered as new developments 
that solve problems around ballast water management?’ Coupled with this question 
is, “What are some of the actual problems associated with ballast water management 
especially in sensitive ecosystems such as the Arctic, Antarctic and ancient traditional 
trading routes such as the Mediterranean Sea, as examples to sample ballast water 
management concerns as well as strategies?”

To answer these questions a combination of qualitative as well as quantitative 
methods have been employed in this research for data collection and analysis. Apart 
from the author’s survey which was directed at various companies that deal with 
ballast water development tools to determine the attitude and preparedness to comply 
with the new compliance standards of the BWM, 2004, the data studies in this paper 
to answer these questions took the form of observational, experimental literature 
reviews as secondary data of experts in the field. For example, in the excellent 
research experiment conducted by Rosenhaim et al. [11] a study of movements of 
ships during various seasons and how it affects the accumulation of environmentally 
threatening discharges of ballast water is relied on to study, analyze and problem 
solve in the Arctic region. Similar research methods are employed in this paper.

In order to study industry attitude and preparedness for compliance with the 
BWM, 2004 standards and the moral sensitivity to the seriousness of ballast water 
threats, the author created a survey that contained seven multiple choice questions 
with a Likert scale response [15], with an 8th open-ended question asking maritime 
industry and developers or users of ballast water technologies if they had any com-
ments about the ballast water regulations that were about to come into force as 
international law. Participants were given at least 5 minutes to answer the surveys 
anonymously. A hundred surveys were sent to various companies and a maximum of 
20 surveys were completed. All returned surveys were considered to sample industry 
attitudes and preparedness [16]. The surveys represent those who have been follow-
ing the alarming problem of untreated ballast water discharges from ships and have a 
direct interest in the developments and technologies to deal with the problem.

The theoretical positioning of this research paper shows the true power of col-
laborative data production and interdisciplinary engagement to solve environmental 
concerns and problem sets. Although some of the literature review is secondary in 
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nature, it is provided by those who have strong sound paradigms and compelling 
experimental results. Although the limitations of relying on secondary sources of data 
may be a reality, secondary sound data is far better that no data at all and it forms a 
powerful tool in making arguments such as the necessity of monitoring the data, if it 
exists for successful compliance with the ballast water management regulations which 
are now fully enforceable international law. The process and steps for data collection 
and analysis in this paper are logical, justifiable, and allow the questions raised above 
to be answered reasonably or raise further relevant questions that will lead to better 
future solutions.

3. Understanding the dangers of discharging untreated ballast water

It is important to note that a safe ship has to maintain balance by having water 
pumped into its ballast tanks. This gives the vessel stability as the weight of the vessel 
and its displacement in the water have to be carefully managed throughout the voyage 
which is all part of vessel stability. It has been said that water-based ballast systems 
and ship ballasting increased with the advent of steel-hulled ships [17]. Ships with 
ballast water systems are not only those that engage in the carriage of goods, for 
example, the dredger, ILembe, a Hopper Dredger flying under the South African flag, 
registered under IMO number 9741891 has a ballast water system which pumps in or 
out ballast water depending on how much sand and other by-products of dredging 
are taken on board the vessel. To keep the dredger from transporting invasive species 
around the coastline upon which it operates, the dredger’s operations in law require 
that it exchanges its ballast water with local water before it gets into the new coastal 
waters [18]. This example shows us that ballasting may affect and type and size of 
vessel and the introduction of foreign waters is something that must as a result be 
managed carefully.

In international trade, Figure 1 below shows us that ballast water discharge into 
the environment as shown in the illustration, in this case, it introduces invasive spe-
cies into a new environment if such ballast water being discharged is not sufficiently 

Figure 1. 
Ballast water management and its implications (Miami shark research, 2016).
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treated [19]. This discharge of ballast water is part of ensuring that the vessel can load 
cargo at the port of loading in a safe manner such that the illustration shows how the 
water is replaced by the cargo and vice versa. In trade, a cargo empty vessel is bal-
lasted by water and a fully cargo-loaded vessel is ballasted by a combination of cargo 
and the appropriate amount of water as the operations of the vessel require. On board 
are sensitive ballast water systems fitted with alarms and are carefully monitored 
by the captain and his or her crew who give the appropriate instructions for what is 
considered the appropriate levels of ballasting is needed for each unique situation.

It has been established by the scientific community that ship ballasting seems to 
work best with water and that coming up with a technology of ballast-less ships is 
probably a pipe dream because the current methods are safer, economical, and have 
shown ship construction soundness [20]. Unfortunately, the science of avoiding 
invasive species from entering new worlds with shipping as a vector moved along at a 
slower pace when compared with just how many invasive species were historically and 
more recently being introduced around the world.

Untreated ballast water can introduce not only dangerous robust nonindigenous spe-
cies to a new environment, but these species tend to cause economic and environmental 
harm by creating self-sustaining, dominant populations that disrupt the indigenous 
environment. Some invasive species demonstrate allelopathy, a condition that allows 
invasive species to produce chemicals that inhibit the growth of other organisms, 
particularly in plants, and this is of particular importance in cases of seaweed invasions. 
This means that billions in financial losses occur in fishing and other aquaculture sites 
as a result of ships with untreated ballast water bringing in parasites, viral and bacterial 
pathogens that may cause cholera and other cysts of toxic dinoflagellates which can 
be poisonous [21]. The IMO’s GloBallast [22] initiative which recorded this negative 
phenomenon around the world also keeps records of invasions by country as a public 
record. This report contains alarming data which is why the BWM 2004 Convention 
was eventually prepared and published as is now in force. This is also the reason, the 
author ran a survey to find out what industry attitudes were concerning readiness to 
deal with untreated ballast water and to ask those within the industry if they have 
thought of methods not only to manage new ballast water invasions but in future hope-
fully deal with current invasions with an aim to reduce them significantly with the hope 
of reviving damaged ecosystems and other affected fishing businesses, etc.

Here are the general findings of that survey which shows that the industry leaders 
in this sector have not only understood the dangers of ignoring ballast water man-
agement but are keen to turn to technologies and other methods to manage ballast 
water AIS.

• ‘The survey attracted the attention, answers, and comments from a significant 
portion of persons directly and heavily involved with ballast water management 
as their regular occupation.

• The survey also attracted members of the public who care about the marine envi-
ronment, who may not be exposed to the general daily technicalities of ballast 
water management matters but they are concerned with potential destruction of 
the marine environment through shipping activities.

• A significant portion of shipowners and port officials are prepared to implement 
the new Convention standards (as of now, the regulations have been in force for 
over 3 years already).
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• Decision makers in companies and ports that have to implement the standards 
are well aware of the new regulations and have been ready to implement them.

• In terms of financial preparedness, a smaller portion of shipowners seemed 
ready to spend higher capital investments on their ballast water management 
systems.

• A significant portion of shipowners are ready to implement the standards but 
do not wish to automatically spend high capital investments installing expensive 
ballast water treatment systems.

• A significant portion of shipowners are financially prepared for investing in 
compliant ballast water systems but seem suspicious of overly budget-friendly 
systems while some owners are most definitely interested in budget-friendly 
ballast water treatment systems.

• Morally participants care for the environment and wish to take responsibility 
for the environment being preserved. This restores hope in the technicalities of 
international trade.

• Unfortunately, there is a call for something to be done by the invasions that have 
taken over now but there is also a concern that perhaps it is too late to do any-
thing about existing invasions.

• Many shipowners believe in the D2 standard for future compliant ships and 
believe in its effectiveness and a smaller portion of shipowners do not only 
believe in the D2 standard readiness but they are also currently prepared. It is 
submitted that such shipowners probably have newer ships and have ordered 
compliant ballast water systems for such ships in time.

• Participants who wrote some comments showed serious concerns about doing 
something about current invasions, some called for standardization throughout 
the globe so there is no weak link in ballast water management across the globe 
while some participants warned shipowners to be careful not to invest in a 
system that may not pass because it simply is not effective. Last but not least, 
the survey results showed serious concerns about accurate monitoring [16]. The 
survey results show that the BWM 2004 standard is far more prepared for by 
the maritime industry and this is why it is essential to discuss some of the new 
methods and developments in ballast water management and consider the data 
following the BWM 2004 regulation coming into force.

4. New methods: Barge and port side ballast water treatment

In a now-published book in 2022 written by the author of this paper with several 
authors who are also researchers, scholars and practitioners, in the field of ballast water 
management [16], it is recorded that the ballast water technologies and innovations 
tabulated in Table 1 below are currently available in general on the market and they 
are usually employed by various shipowners. These methods have been passed by 
the IMO [23, 24]. The IMO has rigorous standards established in sound standards for 
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passing these technologies however many of them still need to be further developed 
and improved their effectiveness double-checked against data available after years 
of employment of these methods. The use of chlorine in ballast water treatments, for 
example, which has been one of the more simpler and popular methods of ballast water 
treatment, has been criticized for its potentiality to form toxins in the water because, 
further chlorine still carries the status of extremely dangerous chemical because in its 
gas form, it is so harmful that it was a chemical weapon in the first world war [25].

The IMO and ballast water management of just laws of nations around the world 
obviously seek only safe methods of managing ballast water to comply with IMO 
standards [26]. This is why it is crucial to have an understanding of technologies as 
recorded in Table 1 below. This table provides us with performance data for technolo-
gies that have been popularized by the industry in its zeal to comply with the BWM 
2004. The fact that there are complaints about some of the methods being considered 
‘dangerous’ for human health means that we still have to work more on compliance 
methods as well as monitoring. Otherwise, this means that we are still ignoring 
environmental impact problems created by shipping and the necessity of trade.

In Table 1 below the technologies which could be considered new generation to 
make compliance with the BWM 2004 Convention possible seem to be more popular 
because they deliver the D2 standards for water approval for safe discharge. These 
technologies also provide for easy monitoring or more developed monitoring systems 
which the survey conducted showed was of particular importance to the industry. The 
monitoring of ballast water has had its traditional systems for testing and monitoring 
that have been part of the shipping industry however now that the standard is raised 
for the management of ballast water discharges it is clear that a customer, shipowner 
who buys into the popular new technologies in Table 1 will have a great chance of 
being able to prove ballast water management compliance.

Innovators in the ballast water management space have shown us according to the 
table above that technologies in the market are capable of achieving regulatory com-
pliance for IMO and Port State control, therefore let us consider how these methods 
have been technically and operationally advanced to provide ballast water treatment 
shore side or by barge as an example of the latest developments. It is important to 

Physical Filtration Systems

Screens/Discs

Hydrocyclone

Coagulation

Magnetic Field Treatment

Chemical Disinfection Ballast Water Treatments

Oxidizing Biocides

Non-Oxidizing Biocides

Ultra-Violet Treatment Method

De-Oxygenation

Electric Pulse and Plasma Treatment (also available on the market is Acoustic (Cavitation Treatment) and 
Thermal (Heat) Solutions

Table 1. 
Table of ballast water treatment systems on the market.
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consider how this innovation is contributing towards a greener ship, port and ballast 
water management system. Green shipping is the future because without a stable 
environment there is no life, commerce, or trade to sustain. This cannot be ignored 
because it leads to devastation. We must applaud, support, and encourage those who 
use modern technologies for greener safer shipping [27].

The leading innovators on barge and port-side ballast water management are the 
company, Freedom Ballast [28]. The technology used is illustrated in the company’s 
patented system which works as follows before ballast water is discharged from a ship 
it passed through the patented and patent pending UV and pasteurization technology 
of Freedom Ballast. This technology without the use of active substances and chemi-
cal compounds treats the ballast water before it is discharged. The system itself works 
with high throughput at 1000 M3/hour, this would please the shipowners seeking that 
just-in-time speed for port operations.

Upon the author of this paper is granted an interview with the CEO of Freedom 
Ballast, it was clear that the CEO was focused on technologies to stop invasions before 
the technology to deal with current and existing invasions is discussed. In his discus-
sion, the CEO discussed a world where ship hulls can be repurposed to provide logistical 
possibilities for this system to be available at ports throughout the globe. This means 
that there is much research and development behind this company to make these green 
ideas of not toxic, effective, recycling ballast water management to reach their full 
potential. The Freedom Ballast system is accepted in North America with concessions 
to operate in the lower Mississippi. What will be interesting to see is whether or not this 
technology is suitable for the mega-size class vessels and if it were to be used in ultra-
sensitive marine environments like the Arctic region whether or not it would be one of 
the most acceptable methods. Considering the non-toxic nature of the technology, this 
system might be one of the latest applications that may be most suitable.

It is submitted that the spirit of environmental protection and innovation in 
marine environments should continue as shown with the barge port side ballast water 
treatment system demonstrated above. In US law, which we may use as a significant 
example of a global benchmark for regulatory compliance on ballast water manage-
ment, new innovations in ballast water management, whether local or foreign are 
supported. In the case of foreign innovations and other unique methods, a request 
to pass these under the United States Coast Guard (USCG) is encouraged. This mean 
that practically it is required that a formal request is made to the USCG to decide on 
any new Ballast Water Management Systems (BWMS) approved by a foreign admin-
istration. This is why it can be said that standards for BWM in the US are high, see the 
Code of Federal Regulation particularly, Title 33 CFR, ‘§ 151.2026. It is submitted that 
governments around the world should as research grows and data becomes available 
in the area of ballast water management that an innovatively open mind to even better 
technologies be kept to continue to encourage the finding and investment in the best 
technologies.

In the US, again, for example, to illustrate this innovation encouraging the best 
solution for ballast water management strategies, when a shipowner wants to use or 
is using an Alternate (ballast) management systems (AMS), as long as such a system 
is in agreement with the aims of the BWM 2004 Convention and request to use it 
in writing is made to the USCG, that system can be approved and usable in the USA 
subject to the discretion of the port authority, of course. This means constant research 
and development is being encouraged in the USA, this is the commitment to the 
environment. It is submitted that the same commitment that is shown in stopping 
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new invasions should also be applied in finding solutions to current invasions. For, 
example, can we use plasma solutions on zebra mussel infestations in the great lakes 
by demarcating certain areas and treating them with this application or more effective 
ones? This is a question that innovators and research and development can answer but 
the encouragement of these ideas is called for by this paper.

5. Ballast water in the Arctic region

The Arctic Region is regulated by the Polar Code developed by the IMO [29]. 
According to the Polar Code, The Ballast Water Convention (BWM Convention, 2004) 
and its Regulations D-1, regarding ballast water exchange (a method that requires 
foreign ballast water carried on a ship to be exchanged with local water before the 
ship enters the region’s marine environment), an exercise that may prove dangerous 
in adverse weather but accepted to be effective and an acceptable practice, and D-2, 
regarding ballast water performance standards, are methods currently considered to be 
appropriate for the Arctic region [30]. The fact that Polar Code so clearly encourages 
compliance with the treatment of Ballast Water in that region by providing as follows:

“4 Additional Guidance Under Other Environmental Conventions And 
Guidelines 4.1 Until the International Convention for the Control and Management 
of Ships’ Ballast Water and Sediments enters into force, the ballast water manage-
ment provisions of the ballast water exchange standard, set out in regulation D-1, or 
the ballast water performance standard, set out in regulation D-2 of the Convention 
should be considered as appropriate. The provisions of the Guidelines for ballast 
water exchange in the Antarctic treaty area (resolution MEPC.163 (56)) should 
be taken into consideration along with other relevant guidelines developed by the 
Organization. 4.2 In selecting the ballast water management system, attention 
should be paid to limiting conditions specified in the appendix of the Type Approval 
Certificate and the temperature under which the system has been tested, in order to 
ensure its suitability and effectiveness in polar waters.”

The Polar Code is a strong risk management and safety instrument mandated and 
applied together with the Safety of Life at Sea (SOLAS) [31] IMO instrument as well 
as the environmental protection law in the form of The International Convention for 
the Prevention of Pollution from Ships (MARPOL) [32]. This means that ballast water 
laws must be effective in the Arctic to protect that region (Figure 2).

In a paper, simulating ballast mater movements and management in the Arctic 
region authors Rosenhaim et al. use a ballast water tracer as a pathway to highlight 
through their experiments that ballast water accumulation in the Arctic is strongly 
linked to seasonality, this essential data for environmental protection and planning. 
Through their experiments, the authors demonstrate that conditions linked to sum-
mer, winter, and autumn conditions affect ballast water accumulation in the region. 
Most importantly, the authors through experimentation show that there is a risk of 
contamination of the environment through ballast water accumulation [11]. Here is a 
ballast water management warning from the experiment of the authors in the Arctic:

“In winter, due to the small number of vessels navigating the Northeast Passage, the 
amount of ballast water tracer released in the model was small. Following the increase 
in the number of vessels towards spring and especially in summer, the amount of bal-
last water tracer increased, and thus the risk of environmental contamination (e.g., by 
nonindigenous species, anthropogenic contaminants, pathogens, and toxins) [11].”
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The authors above are telling us that when the Arctic waters open up more as a 
result of trade, ballast water methods on ships should be updated to comply with the 
BWM 2004 Convention, so that environmental contamination is a smaller risk for 
winter months (trades and voyages significantly shrink), or whether the contami-
nation is more significant in the summer months, their tracer experiments should 
be able to (with the right ballast water technologies on board vessels trading in the 
Arctic) show that in general employing such technologies actually through the proof 

Figure 2. 
Extent of Arctic waters as per IMO polar code, source: (IMO, polar code, 2017).
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of data decreases contamination through ballast water. This is a powerful experiment 
to test for the success of ballast water management technologies.

6. The loss of Russian scientists in Arctic research

Protection of the environment is a global effort, where experts through effective 
and established and hopefully ethical methods put forth efforts to collaborate on 
sharing information on keeping environments safe whether it is space, land, or sea. 
This is why it is concerning that reports such as, “Russian and Western scientists no 
longer collaborate in the Arctic” [33] are quite disturbing. This situation is one of the 
direct results of the Russia-Ukraine conflict. It is submitted that from an international 
perspective policies ought to be developed concerning matters where the common 
interests of mankind are not abandoned to the extent of ignoring environmental 
protection since it is in the immediate interest of all, whether in conflict or not to 
continue collaborating on threat prevention efforts to protect the environment. 
For conflicting nations, basic survival takes precedence over all other interests that 
are understood however it is submitted in this paper that such situations should be 
treated in a special manner at the international level.

The maritime world is a global, interlinked one therefore having considered the 
impact of war on scientific minds, it is essential that we briefly consider ballast water 
management and impacts of other trade regions as a way of random global sampling 
in order to have a clearer perspective on some of the latest issues around ballast water 
management in the world. We will be considering Ballast Water management around 
Antarctica and the ancient trade route of the Mediterranean Sea, all areas where 
scientific minds globally have contributed.

6.1 Ballast water in the Antarctic region

It is important to note that the BWM 2004 Convention applies to the Antarctic 
region. There is also an important document in the form of the Antarctic Treaty, 1959 
which guides the use, exploration and exploitation of the Antarctic. While dynam-
ics of Antarctica are different from those of the Arctic in that the Antarctic is not a 
populous area with attractive shipping lanes for trade. However, due to untreated 
ballast water being introduced in the area, researchers also warn of the dangers of 
foreign waters being introduced together with AIS into the Antarctic Treaty region 
[34]. Authors, Dulière et al. in a scientific experiment running along a 9-year period 
conducted along the location of the Western Antarctic Peninsula, evidence of the 
introduction of AIS from ballast water can be overcome by encouraging ships to 
exchange foreign ballast water at least 200 nautical miles from the Antarctic region. 
This is the observance of the D1 standard of the BWM 2004 Treaty. This clearly 
means that the risk is extremely serious for the environmental future of the region 
and it will be essential for international parties to tighten sanctions for offending 
parties who traverse this region and pollute with impunity.

6.2 Ballast water in the ancient trade route of the Mediterranean Sea region

In a cutting-edge, very first study of its kind in the Mediterranean Sea conducted 
by Matej et al. [35], a sampling of 15 ships calling at the Port of Koper, Slovenia 
showed that ballast water management and the sometimes irreversible effects and 
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damage on the environment are still very serious issues, particularly for a trade 
rouse as busy as the Mediterranean Sea shipping lanes. The results of the experiment 
showed that invasive species were being introduced with shipping as a vector, how-
ever, this was prior to the compliance and technological methods introduced by the 
coming into force of the BWM 2004. As part of ongoing research and monitoring, it 
would be very interesting what a repeat of this experiment might produce following 
the coming into force of the ballast water treaty.

7. Monitoring in environmental protection efforts

One of the concerns as to the effectiveness of ballast water management efforts 
and other environmental protection methods is the issue of monitoring. Monitoring 
helps in establishing a record of the success of the environmental protection innova-
tions that we are using. In terms of innovation and technological developments, there 
have been impressive monitoring systems by various innovators. In this paper, the 
author highlights systems for monitoring by CEMTEK [36]. Without proof of data 
for compliance, even showing and measuring regulatory compliance is difficult. It is 
therefore proposed that ballast water management systems should also be equipped 
with tried and tested monitoring techs that will make it easier to reach standards and 
regulatory compliance while supporting ship management efficiency and protecting 
the environment.

8. Conclusion

Ballast water management has created excellent results in encouraging research 
and development as well as international cooperation on environmental protection to 
keep bio-invasions in the marine environment at bay. However, more data needs to be 
collected in order to measure the true effectiveness and human/biosafety of the more 
popular and now existing technological innovations to treat ballast water. The use of 
chlorine on the scale that it is being used to treat ballast water and the concerns raised 
about it must encourage even better solutions. This is true progress.

Further, taking special care for the ballast water management of a sensitive regions 
like the Arctic, the Antarctic, and the ancient traditional routes of trade around the 
world such as the Mediterranean Sea will need to continue. Collaborations to use 
science to create sustainable and bio-safe maritime activity must be the inspirational 
goal through which scientific studies for innovation, monitoring and record-keeping 
must be done while protecting sustainable maritime commerce.

The best and most environmentally sound ballast water management systems 
must be encouraged for that region to protect the environment and directly the 
communities of that region. In terms of the loss of Russian scientists because of the 
Russian-Ukraine conflict, cutting-edge research, ground-breaking findings of scien-
tists should not be so easily abandoned, negotiation, and respect for scientific answers 
should still be protected, conflicting nations also have a vested interest in the environ-
ment and this must be protected. Finally, since the surveys conducted and experi-
ments discussed in this paper have demonstrated where the strengths and weaknesses 
are (for example, consider the experiments in the Arctic and Antarctica, there are 
still problems with lack of compliance with the BWM 2004 Treaty that seriously 
threaten those environments), this should be very useful to guide different budgets 
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to be prepared by governments, business entities, and various commercial interests to 
invest in making sure that ballast water management is taken very seriously.
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Chapter 6

Microplastics in the Marine 
Environment: A Review of Their 
Sources, Formation, Fate, and 
Ecotoxicological Impact
Fatima Haque and Chihhao Fan

Abstract

Global plastic production is on the rise, and improper plastic management leads 
to the disposal of plastic in the environment, wherein it enters the environment, 
after degradation, as microplastics (size < 5 mm) and nanoplastics (size < 1 μm). The 
most common sink for the microplastics is the marine environment, including the 
sediment, deep sea, shorelines, and oceans. The objective of this study is to collate 
the environmental impact assessment of the microplastics in the marine habitat, 
focusing on the following main elements: (a) source and type of microplastics, 
specifically leading to the marine sink; (b) degradation pathways; (c) ecotoxicologi-
cal impact on marine biota, since the smaller-sized microplastics can be digested by 
the marine biota and cause threats to them; (d) fate of microplastic in the marine 
environment, including the modes of transport and deposition. This chapter aims 
to provide a deeper insight into the fate of microplastics once it enters the marine 
environment, and the information could be a useful reference for the development of 
microplastic risk management strategies.

Keywords: microplastics, plastic waste, marine habitat, ecotoxicology, degradation

1. Introduction

Global plastic production is on the rise wherein 1.3 million tons of plastics were 
produced in 1950, and 359 million tons of plastic waste were generated in 2018  
[1, 2]. It is estimated that the increase in plastic waste will reach 250 million metric 
tons by 2025 [3]. This adds additional pressure on the plastic management system. At 
present, 9% of the plastic waste is recycled, 50% ends up in landfills, 19% is inciner-
ated, and the remaining 22% ends up being discarded as litter (and is categorized as 
mismanaged plastic waste) [4, 5]. The mismanaged plastic waste is often dumped 
on terrestrial lands or in marine habitats [6]. It has been estimated that 10% of the 
mismanaged plastic waste ends up in the marine environment where it will persist 
and accumulate over the coming years [7]. The large fragments of plastic debris found 
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in the environment are termed macroplastics [8], and they are known to harm turtles 
and sea birds via entanglement [9, 10].

Once these macroplastics enter the environment, they undergo degradation and 
decompose into smaller fragments known as microplastics (size < 5 mm) and/or 
nanoplastics (size < 1 μm) [11, 12]. Microplastics can be differentiated into primary 
microplastics and secondary microplastics, depending on their sources. Primary 
microplastics are the ones manufactured for direct applications such as microbeads in 
personal skin care products [13–15]. Secondary microplastics are the ones formed as a 
result of the degradation and decomposition of the macroplastics [16]. The most com-
mon sink for microplastics is the marine environment, including the sediment, deep sea 
[17, 18], shorelines [19, 20], oceans [21, 22], and interestingly coral reefs as well [23].

Globally, microplastics are recognized as pollutants, and the United Nations 
Sustainable Development Goals (UN SDG) has assigned Goal 14 specifically to 
conserve and sustainably use the oceans, seas, and marine resources [24]. The con-
tamination by microplastics and nanoplastics has been an issue of concern over the 
past decade. Owing to their small size, micro/nano plastics are readily bioavailable for 
consumption by marine organisms [25]. Once ingested by smaller marine organisms 
(primary consumers), they will be further transferred to the secondary consumers 
(e.g., large fishes) and eventually reach the tertiary consumers (e.g., humans), thus 
disrupting the food chain [26].

Though the sources, degradation pathways, and sinks (specifically marine habi-
tat) of the microplastics are often discussed, the fate of microplastics is elusive after 
perusing various articles and literature. Through this chapter, we aim to collate the 
environmental impact assessment of the microplastics in the marine habitat, focus-
ing on the following main elements: (a) sources of microplastics, their transport to 
the marine environment, as well as their types; (b) degradation pathways including 
photodegradation, weathering, corrosion, or mechanical forces of water; (c) ecotoxi-
cological impact on marine biota, since the fragmented microplastics can be readily 
digested by the marine biota and cause a threat to them; (d) fate of microplastic in the 
marine environment, including the modes of transport and deposition. This chapter 
aims to provide a platform for the development of microplastic risk management 
strategies and also to provide a deeper insight into the fate of microplastics once it 
enters the marine environment.

2. Sources, transport, and type of microplastics

In this section, we examine the main sources of microplastics, followed by how 
they reach the marine environment. Lastly, the types of microplastics predominant in 
the marine ecosystem are summarized.

2.1 Sources of microplastics

The sources of microplastics can be categorized into primary and secondary 
sources, and each category is discussed as follows.

2.1.1 Primary sources

Primary sources of microplastics include: plastic pellets, also known as nibs 
(diameter: 2–5 mm), which are used to make various types of plastic products [27]; 
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microbeads, which are used in the manufacturing of personal care products, face 
wash, face cleansers, facial scrubs, hair products, nail polish, deodorants, sunscreen, 
and eye shadows [13–15]; glitters, which are shiny substances found in cosmetics 
and textile products. They are usually made of polyethylene terephthalate (PET) 
polymer, acrylic, polyvinyl chloride (PVC), and/or polymethyl methacrylate 
(PMMA) [28]. These primary plastics vary in shape, size, and composition depend-
ing upon their applications [15]. For example, certain cosmetic products contain 
granules of polyethylene and polypropylene (<5 mm), spheres of polystyrene 
(<2 mm) [29], or irregularly shaped microplastics (<0.5 mm) [15]. Apart from cos-
metics, these primary sources of microplastics also find applications in air-blasting 
technology [14, 29]. This technology uses acrylic, melamine, or polyester as scrub-
bers at high pressure on machines, engines, and water vessel hulls to scrape off rust 
buildup or paint [13, 30].

2.1.2 Secondary sources

2.1.2.1 Effluent from water and wastewater treatment plants

Water and wastewater treatment plants are one of the main sources of releasing 
microplastics into the marine environment [31]. They are found in the primary stages 
of water treatment. Because of their small size, they can pass through the filters and 
enter the secondary units [32]. Microplastics detected in the influents ranged from ~1 
to 10,000 particles per liter, and after treatment, microplastics in the effluent ranged 
from ~0 to 450 particles per liter (as summarized by a number of studies reviewed by 
Sun et al. [33]). Microfibers, including polyester, acrylic, and polyamide, are detected 
in the effluent of wastewater treatment plants [34], which implies the limitations of 
these treatment facilities to remove these microplastics.

2.1.2.2 Wear and tear from normal plastic use

The most common example of such a source type is the microplastic released as a 
result of washing clothes and textiles during laundry [35]. As a result, microplastics 
released from laundry activities eventually reach the marine environment. It is esti-
mated that laundry activities are responsible for 500,000 tons of microplastics in the 
ocean per year [36, 37]. Apart from textiles/clothes weathering, use of fishing gears, 
including nets and ropes [38], wear and tear of car tires [39], as well as weathering of 
household items, including toys, plastics wares, and plastic disposables items [40].

2.1.2.3 Airborne dust

Plastic dust is released from a number of activities including plastic manufacturing 
facilities, incineration of plastic wastes, traffic emissions, weathering of roads and 
streets, and urban mining activities [41, 42]. Airborne dust is carried by wind and can 
settle in indoor settings including schools and houses [43, 44]. In houses, airborne 
microplastic comes from plastic items used in household items including food pack-
aging, plastic wear, and plastic furnishings [45]. Most recently, during the COVID-19 
pandemic, the requirement to wear face masks was made mandatory to prevent 
the spread of coronavirus. The surgical facemasks were made up of PP, PE, PS, and 
polyester. Studies showed that wearing these masks exposed the humans directly to 
inhalation of micro (<1 μm) and nanofibers (<100 nm) [46–48].
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2.1.2.4 Secondary microplastics

Primary microplastics may also contribute to the secondary sources of microplastics. 
Once exposed to the environment, plastic wastes and primary sources of microplas-
tics undergoes weathering and degradation to form secondary microplastics [12]. 
Details on the degradation process of plastic waste are given in Section 3. Plastic 
litters including disposable plastic cutlery, plastic cups, food containers, as well as 
face masks in the era of COVID-19 pandemic (that started in 2019 and is still ongoing 
in the current year of 2022) end up being dumped on coastal shorelines, where they 
undergo further degradation and decomposition [48–50].

2.2 Transport

There are four main pathways through which microplastics from different sources 
reach the marine environment: (a) as surface runoff when the plastic wastes are 
thrown on the terrestrial lands and eventually travel along with the runoff due to 
rainfall. Transport via surface runoff is responsible for 44% of the total micro-
plastics being released into the marine ecosystem; (b) via wind, which transports 
the plastic waste on the terrestrial zone to seas/oceans along with the atmospheric 
currents. Transport via wind is responsible for 15% of the total microplastics being 
released into the marine ecosystem; (c) as wastewater discharge in which micro-
plastics can enter the receiving water bodies and is responsible for 37% of the total 
microplastics released; (d) and lastly, through direct disposal of plastic wastes into 
the marine environment, which is responsible for 4% of the total microplastics 
release [7, 13, 30, 51]. Direct disposal of plastic wastes activities includes washing 
clothes in the rivers, usually in the rural areas [52], coastal tourism activities includ-
ing fishing and recreational activities resulting in disposable cups and litters [53], 
and commercial fishing resulting in nets and litters [54].

2.3 Types of microplastics

Microplastics can be categorized into primary and secondary microplastics 
depending on their sources, as discussed in Sections 1 and 2.1. Depending on 
their density and chemical compositions, microplastics can be classified into dif-
ferent types including polystyrene (PS), low-density polyethylene (LDPE), high-
density polyethylene (HDPE), polypropylene (PP), polyvinyl chloride (PVC), 
polyethylene terephthalate (PET), and others (e.g., nylon, polyester) [55, 56].  
The different plastic types, properties, and functions where these plastics are 
commonly used are given in Table 1. Microplastics can also be differentiated on the 
basis of shape: pellets, microbeads, foams, fibers, films, fragments, and microfibers 
(Figure 1) [57].

3. Degradation pathways

Plastic wastes undergo environmental weathering resulting in the formation of 
microplastics or even smaller fragments of nanoplastics. These degradation pathways 
can be classified into abiotic and biotic processes [62–64].
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3.1 Abiotic degradation pathway

Abiotic factors include mechanical forces that are responsible to damage the plastic 
wastes physically, temperature increase (thermal degradation), chemical degrada-
tion, and light irradiation (leading to photodegradation) [12].

3.1.1 Mechanical degradation

Mechanical degradation refers to the action of external forces caused by wind cur-
rent, ocean waves, or physical wear and tear resulting in breakdowns of plastics [12]. 
Plastic litters on coastal shorelines are exposed to collision and abrasion with beach 
rocks and sands as a consequence of motion caused by wind and ocean circulations. 
In the colder zones, repetitive freezing and thawing of ice can cause the degradation 
of the plastics accumulated in the ice and eventually result in their flow back into the 
marine habitat [65, 66]. One example of mechanical degradation of plastic is wear 

Plastic type Abbreviation Properties Common applications

Polystyrene PS Density (1.04–1.08 g/cm3) 
transparent, hard.

Personal care products (as 
microbeads), household items 
(utensils and containers), disposable 
cups, plastic components of 
electronic instruments, and 
packaging.

Low-density 
polyethylene

LDPE Density (0.89–0.94 g/cm3), 
translucent, soft.

Clingy plastic wraps and films, 
containers, plastic bags, and flexible 
pipes and tubing.

High-density 
polyethylene

HDPE Density (0.94–0.97 g/cm3), 
opaque, hard/semi-flexible.

Food packaging (cereal box liners, 
milk bottles), freezer bags, plastic 
stools, courier envelopes, and toys.

Polypropylene PP Density (0.89–0.91 g/cm3), 
translucent, hard.

Straws, packaging tapes, snack bags 
(chips and biscuit bags), fishing 
gears (nets and ropes), bottle caps, 
clothing, textiles, and microbeads in 
skin care products.

Polyvinyl 
chloride

PVC Density (1.3–1.58 g/cm3), 
transparent (clear), hard.

Medical supplies (blood bags, 
surgical gloves and face masks), 
building structures (floorings, 
roof plates, swimming tanks, and 
fittings), shoes, and tents.

Polyethylene 
terephthalate

PET Density (1.29–1.4 g/cm3), 
transparent, hard.

Food packaging (clamshell 
packaging in takeaway containers 
such as salad domes, biscuits and 
snack trays), thermal insulations, 
and textiles.

Others Ex.:polyester, 
polyamide 
(nylon)

Density of polyester 
(1.01–1.46 g/cm3), Density of 
polyamide (1.13–1.35 g/cm3).

Packaging, nylon products, textiles, 
abrasives in cleaning supplies.

Table 1. 
Properties and common applications of different types of plastic found in the marine environment [55, 56, 58–61].
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and tear on the road as a result of friction caused by the moving car tires [67]. Tire, 
road, and brake wear happens because of the mechanical forces being exerted on 
the brake pads, tire threads, and the road surface, resulting in material stressing and 
fatigue [68].

3.1.2 Thermal degradation

Plastic waste litters on the coastal shorelines are exposed to elevated temperatures, 
leading to a thermo-oxidative breakdown of the plastic. Thermal degradation of 
plastics involves absorption of heat and breaking of polymeric chains thus releas-
ing radicals that react with atmospheric oxygen to produce hydroperoxide, which 
eventually cleaves into hydroxyl and alkoxy free radicals. These radicals result in 
the formation of aldehydes, ketones, esters, or alcohols, causing plastic degradation 
[69]. Chain scission and cross-linking of the polymers are responsible for the thermal 
degradation process [70, 71]. In the environmental matrix related to beaches and 
coastal shorelines, slow thermal degradation of plastics may occur concurrently with 
photodegradation (due to the presence of sunlight), resulting in enhanced plastic 
degradation [72].

3.1.3 Chemical degradation

Chemical pollutants are present in the atmosphere (e.g., sulfur dioxide, nitrogen 
dioxide, ozone, and volatile organic compounds) and the marine environment 
(e.g., acidity and salinity). The atmospheric pollutants can directly degrade the 
plastics or catalyze the radical formation by photochemical reactions leading to 
plastic degradation [73]. Sulfur dioxide and nitrogen dioxide can enhance the for-
mation of ozone in the atmosphere, as a result of UV excitation and photochemical 
reaction with oxygen [74]. The ozone formed can break the carbon double bonds 
present in the plastic polymers (chain scission mechanism). In the marine environ-
ment, the acidity or alkalinity of the water can catalyze plastic degradation such as 
polyamides [75].

Figure 1. 
Characterization of microplastics based on source, size, type, and shape.
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3.1.4 Photodegradation

Photodegradation of plastic is mediated by sunlight UV radiations, both UVB 
(290–315 nm, high-energy radiation) and UVA (315–400 nm, medium-energy radia-
tion) [12, 76]. Photodegradation of plastic involves free radical formation and oxida-
tion of the plastic polymers, resulting in the formation of peroxides, which eventually 
breaks into alkoxy and hydroxyl radicals, similar to the thermal degradation mecha-
nism. Photodegradation in the atmosphere results in the formation of free radicals 
to break different plastics depending on their chemical structures. For example, the 
presence of chromophores (alternating or conjugating carbon double bonds) in PP, 
PE, and PVC, phenyl rings in PS, and ethylene glycolate and terephthalate groups 
linked with ester bonds in PET mediate the free radical formation reactions as a result 
of photodegradation [12].

3.2 Biotic degradation pathway

Plastic degradation by microorganisms present in the marine habitat results in the 
biodegradation of plastic wastes. However, macroplastics (larger plastic debris) are 
not the ideal feedstock for biotic degrading agents owing to their size, which poses 
a hindrance to the degradation mechanism, either the enzymes produced by the 
microorganisms are not enough to degrade the macroplastics, or they are not readily 
bioavailable for microbial cell uptake. During the degradation process, polymeric 
plastics need to be first converted into monomers before they can be mineralized by 
the biological agents. The molecular size of plastics (i.e., polymers) is larger than the 
pore size of microorganism’s cell membrane. Hence, they need to be depolymerized 
into smaller fragments before they can be absorbed and biodegraded within the 
microbial cells. Therefore, smaller fragments of plastic formed as a result of abiotic 
degradation are of the appropriate size to be further degraded by microorganisms 
[12]. Microorganisms predominantly present in the marine environment include 
bacteria, fungi, and algae.

3.2.1 Bacteria

Bacillus species are commonly found in the marine environment, for example, 
Bacillus subtilis and Bacillus cereus. These bacteria were found to secrete extracel-
lular hydrolytic enzymes such as lipase, xylanase, keratinase, chitinase, and protease, 
which lead to plastic degradation [77]. PVC, the most common plastic polymer, can 
be degraded by Methanosarcina barkei. They can adhere to the surface of the PVC 
surfaces and release exopolymeric substances to form a biofilm on the PVC, fol-
lowed by the release of enzymes to degrade the plastic via hydrolytic cleavage of the 
polymeric bonds [78, 79]. Similarly, PE can be degraded by Rhodococcus ruber, which 
produces an enzyme laccase that results in PE degradation [80]. PS can be degraded 
by Azotobacter spp., which produces hydroquinone peroxidase. PET can be degraded 
by Alcanivorax, Hyphomonas, and Cycloclasticus species, which can change the surface 
chemistry via hydrolysis of the ester bonds [81].

3.2.2 Fungi

Fungi can also result in biotic degradation of plastics. For example, Aspergillus 
clavatus has been shown to biodegrade LDPE [82]. Oceans’ predominant fungal 
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species Zalerion maritimum can degrade PE [83]. Similar to bacteria, the main mecha-
nism of plastic degradation by fungi involves the adherence of the fungi to the plastic 
surface, where they grow to form a biofilm and produce enzymes to break down 
the chemical bonds present in the plastic. These enzymes can catalyze oxidation-
reduction reactions and break down plastic into smaller fragments (e.g., oligomers, 
dimers, and monomers). For example, manganese peroxidase, lignin peroxidase, and 
laccase are produced by fungi present in marine habitats, such as Penicillium citrinum 
(degrades PET), Fusarium oxysporum (degrades PET), and Trichoderma harzianum 
(degrades PE and PU) [83].

3.2.3 Algae

Some algae have been shown to produce secondary metabolites that can biodegrade 
microplastics. For example, Phormidium lucidum and Oscillatoria subbrevis can bio-
degrade PE and LDPE [84]. Algal biofilms formed by Discostella spp., Navicula spp., 
Amphora spp., and Fragilaria spp. have shown to degrade LDPE, PP, and PET in the 
marine environment [85]. Once forming a biofilm on the plastic surface, algae utilize 
the carbon present on the plastic as a source of nutrition, thus weakening the strength 
of the plastic and making it fragile. Moreover, algae produce extracellular polymeric 
substances and enzymes such as PETase that result in the degradation of PET [86]. 
Plastic degradation by algae is still in its nascent phase and needs further research.

4. Distribution and fate of microplastic

The distribution and fate of the degraded plastic and microplastic in the marine 
system are attributed to anthropogenic activities (e.g., tourism, wastewater treatment 
effluent) in the form of primary microplastics [87]. Environmental factors lead to 
the introduction of secondary microplastics into the marine habitat, as discussed in 
Section 3. For example, the wastewater treatment plant effluent releases ~7 million 
microplastic particles every day [87, 88]. Hence, the marine environment serves as 
the primary sink for microplastics. Once into the marine system, their accumulation 
and distribution depend on a number of parameters pertaining to microplastics (e.g., 
density, size, shape, and chemical composition) and environment (e.g., wind and 
ocean current speed) [89, 90]. The fate of microplastics is related to their immediate 
source of disposal, and they can be translocated to remote areas such as artic seas 
and ice-capped regions [91]. Depending on the density of the microplastics, they can 
either remain suspended in the surface water or sink into the deep sediments. The 
density and other chemical properties of the most common types of microplastics are 
given in Table 1. If the density of the microplastic is lesser than that of the seawater 
(usually ~1.025 g/cm3) [61], the microplastic may remain suspended in surface 
water and would be transported to distant locations through horizontal distribu-
tion driven by ocean circulations (Section 4.1). If the density of the microplastic is 
greater than that of the seawater, the microplastic may sink to the sea floor through 
a pathway of vertical distribution (Section 4.2) [61, 92, 93]. Data show that around 
15% of microplastics remain in the suspended form, whereas 70% of microplastics 
accumulate in sea sediments [94]. In the United States, ~260 tons of PET are released 
from the used containers of personal care products alone, and this contributes to 
25% of microplastics in the North Atlantic Ocean gyre [95]. Due to the variation in 
degradation mechanisms of different plastics, the continuous generation of plastic 
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waste, and the dynamic nature of the environmental conditions (since the velocities 
of wind and ocean circulation vary along with the changing weather conditions), the 
fate of microplastic is not constantly steady and difficult to predict. This necessitates 
a proper understanding of the distribution of the microplastics once it enters the 
marine system.

4.1 Horizontal distribution

Coastal current, rainfall, and wind are responsible for the movement of the 
plastics from the coastal shorelines/beaches into the marine system [96–98]. Once the 
macroplastics enter the marine environment, they can undergo further degradation 
as a result of ocean abrasion or biotic degradation, as discussed in Section 3. The fate 
of the microplastics, those carried from the terrestrial shorelines and/or formed as the 
result of degradation in the marine system, depends on their intrinsic properties and 
ambient conditions. Depending on the velocity and direction of flow of the regional 
wind and water current, these microplastics can either be transported to remote 
regions or return to the coastal shorelines/beaches [32, 87, 99], resulting in the accu-
mulation of microplastics in the oceanic/regional water gyres in the marine environ-
ment. Meanwhile, 5–13 million tons of plastic debris enter the ocean (data for 2010) 
[3], and approximately 7–35 thousand tons of suspended microplastics remained 
in the ocean surface water [100]. This implies that the remaining plastic debris was 
translocated (either by horizontal or vertical distribution pathways). Figure 2 shows 
the distribution pathways for plastic and microplastics in the marine environment.

4.2 Vertical distribution

As stated previously, microplastics with density greater than that of the marine/
region water may sink to the seabed. This process is mediated by vertical turbulent 
mixing, biota transfer (via fishes or other marine organisms), biological fouling (also 
known as biofouling), and aggregate formation [61, 101]. Biofouling is the accumula-
tion of existing marine microorganisms, planktons, algae, microalgae, and small 
marine organisms on the plastic debris/microplastics [102]. This process depends 
on the polymer type, surface area, and size of the microplastic, as well as the micro-
organisms present in the marine environment, temperature, salinity, pH, nutrient/
metals, and oxygen concentration of the water [66, 103–106]. For example, the pres-
ence of a plethora of bacterial species (Alteromonas, Zoogloea, Ruegeria, Roseobacter, 
Nautella, and Pseudomonas) in the benthic (6 m in depth) and the planktonic (2 m 
in depth) zones of the Arabian Gulf resulted in the biofouling of PET and PE [107]. 
Another study showed that the water conditions, primarily oxygen concentration and 
the presence of iron in the water resulted in biofouling of PET, PE, and PS by cyano-
bacteria, bacteria, and algae [108]. Biofouling starts with the attachment of the organ-
isms, nutrients, flocculants, and dissolved organic compounds on the microplastic 
surface [109]. Subsequently, extracellular polymeric substances are released by the 
microorganisms to form a biofilm, which further attracts other marine invertebrates 
and worms [110]. As a result, the aggregate forms, the overall density of the micro-
plastic increases, and it eventually sinks.

The density of marine water varies at different depths. Therefore, depending on 
the density of the aggregate formed, different layers can serve as a sink to accumulate 
microplastics [102]. Heavier aggregates can sink into the deep oceanic layers. The 
fate of the microplastics accumulated in the marine sediments is affected by the 
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disturbance in the sediment zone, resulting in releasing the accumulated microplas-
tics back into the water zone [111]. Also, similar to surface water currents, bottom 
water currents can also lead to the transportation of the microplastic to remote 
regions (Figure 2) [101].

5. Ecotoxicological impact on marine biota

Owing to their small size, microplastics have the potential to be ingested by an 
array of marine biota [112]. There are several studies indicating the ingestion and 
accumulation of microplastics in marine organisms, and most of the studies were 
conducted on fishes. Table 2 lists a number of studies demonstrating the impact 
of microplastics on different marine organisms, categorized into fishes, inverte-
brates, and other miscellaneous biota. These studies indicated the accumulation 
of microplastics in various marine organisms including fishes (mackerel, Scomber 
japonicus), copepods (Calanus helgolandicus), and shorebirds (whimbrel, Numenius 
phaeopus), and pacific golden plover (Pluvialis fulva) [113–115]. When a microplastic 
accumulates in the organism’s body tissues, it may influence the organism’s health in 
numerous ways, including stunted growth, infertility, and impact on egg’s hatching 
[114, 116]. Once ingested by the marine organisms, the microplastics can translocate 
through the food chain, starting from the primary consumers (e.g., planktons, small 
fishes), to the secondary (e.g., larger fishes, birds, turtles), and eventually to the 
tertiary ones (humans) [117]. Such a process is known as biomagnification, which 
may cause human health risks [32]. Moreover, microplastics can bind to various 
marine pollutants such as heavy metals, enhancing their accumulation in the marine 
environment [118]. In addition, marine invertebrates such as mollusks (e.g., mussels, 
oysters, clams) and crustaceans (e.g., shrimps, crabs, lobsters) do not possess the 
required digestive enzymes to break down the microplastics into simpler nontoxic 

Figure 2. 
Distribution pathways and fate of microplastics in the marine environment.
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compounds. Therefore, these invertebrates would release the microplastics back 
into the water as fecal matters [119]. As a result, the microplastic might not have any 
toxic impact on the marine organisms once the ingested microplastics are egested. In 
certain cases, microplastics can act as a vector of co-pollutants present in the marine 
system and prevent its translocation to the marine organisms, thus exhibiting a posi-
tive impact on the organism. For example, in the presence of co-pollutant (zinc oxide) 
and microplastics (PE), marine microalgae (Dunaliella salina) showed higher growth 
than in the absence of PE. This is because PE could attach to zinc oxide, leading to 
its leaching and preventing its uptake by the microalgae [120]. The ecotoxicological 
risk and impact of microplastics on the marine environment can be categorized into 
physical, chemical, and biological damages. Physical damage to marine organisms 
includes gastrointestinal tract blockage and damage, leading to the organism’s death 
and affecting the mortality rate [121]. Chemical damage includes the property of 
microplastics acting as carriers or vectors for pollutants such as heavy metals (e.g., Cr, 
Ni, Cd, Zn) that are eventually ingested by marine organisms [122]. For instance, PE 
was found to facilitate the sorption of chromium (Cr) in common Goby fish, which 
led to a decrease in acetylcholinesterase (AchE) enzyme activity and resulted in acute 
toxicity [123]. Lastly, biological damage to marine organisms includes gene manipula-
tion and the evolution of microorganisms with antibiotic resistance genes and metal 
resistance genes [124]. However, more research is needed to confirm the impact of 
these damages on marine organisms.

Table 2 also summarizes the ultimate marine sinks for the microplastics. The 
marine organisms impacted by the microplastics are primarily present in the fol-
lowing major oceans: the Pacific ocean, Atlantic ocean, and Indian ocean. Pacific 
ocean serves as a marine sink to microplastic generated from the United States (e.g., 
California [125]) and South America (e.g., Peru and Chile coastlines and Northern 
Patagonia in Chile [126, 127]). These examples represent the East Pacific Ocean as the 
marine sink for microplastics, where the main sources of these microplastics include 
plastic manufacturing industries in the United States (e.g., California [125]), and tex-
tile industries and domestic washing of clothing in South America (e.g., Peru and Chile 
[126, 127]). Likewise, the West Pacific Ocean serves as a microplastic source for marine 
habitats including zebrafish, rotifers, copepods, shrimps, scallops, crinoids, (China 
[128–130], gastropods, bivalves, and crabs (Hongkong [131]), as well as seabirds and 
turtles (China [115, 132]). Based on recent studies summarized in Table 2, the main 
source of microplastic in the West Pacific Ocean is China. The increased consumption 
of plastic in China is directly linked to its high population (1.41 billion [133]), plastic 
manufacturing industries, and mismanaged plastic wastes [134].

Similarly, increased fishing activities, tourism, and high population are the main 
reasons for the microplastic source of the Indian Ocean, including India (primarily 
the high population of 1.38 billion [133]) and Thailand (primarily the tourism activi-
ties and fishing activities, [135]). The source of microplastic to the Atlantic Ocean 
is due to the increased amount of plastic waste generated (e.g., United Kingdom), 
and the mismanaged plastic waste that makes it to the ocean [134]. For example, the 
East Atlantic Ocean serves as a microplastic source to marine organisms including 
common goby (Iberian coast, [123]), different pelagic and demersal species in the 
English Channel (UK, France [136–138]), gilthead seabream and European seabass 
(Murcia, Spain, [139]), mussels (Port Quinn Cornwall, UK, [140]), copepod (English 
Channel, UK, [114]), insects (Italy, [141]), whale (the Netherlands, [142]), and otters 
(Norway, [143]). Similarly, for the West Atlantic Ocean, the United States, and South 
America serve as a microplastic sink/source for different marine organisms including 
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commercial fishes, seabass, and mackerel found along the Portugal coast ([113, 144]), 
discus fish found in the Amazon basin, Brazil [145], sea cucumbers in Florida and 
Maine (the USA, [146]), and seals in Massachusetts (the USA, [147]).

Lastly, there are several studies conducted under laboratory conditions to under-
stand the impact of microplastics on marine organisms. These include investigating 
the impact of PS and PE on goldfish [148], the effect of PS on fathead minnow [149], 
and the effect of PP on marine copepod [150]. Please note that for the laboratory 
simulated studies, the major ocean sink information has not been included in Table 2.

6. Conclusion

The microplastics in the marine environment pose adverse effects on marine 
organisms, which eventually impact human health. Therefore, for the well-being 
of humans as well as the conservation of the environment, microplastic pollution is 
extensively investigated by researchers and scientists around the world. This study 
summarizes the sources of microplastics (primary and secondary), along with their 
characterization based on chemical composition, size, and shape. The abiotic and 
biotic degradation of these microplastics is discussed, showing how various macro-
plastics (i.e., plastic debris) break down into smaller fragments under the effects of 
various environmental factors (e.g., temperature, sunlight, and biological agents), 
chemical damage, and mechanical abrasion. Once formed, the marine habitat serves 
as the primary sink for the microplastics. The distribution and fate of the micro-
plastics in the marine environment depend on the density, size, shape, and chemical 
composition of the microplastics, as well as the environmental factors (primarily 
wind and ocean current velocities). If the density of the microplastic is lower than 
that of the regional water, the microplastics remain suspended in the gyre (surface 
waves) and are prone to horizontal distribution because of wind and ocean current 
velocities. If the density of the microplastic is higher than that of the regional water 
or its density increases because of biofouling and aggregate formation, it would sink 
to the bottom of the marine habitat. Once sunk, microplastics can either accumulate 
in the marine sediment, or they can be redistributed because of bottom water current 
or bioturbation. Therefore, it is challenging to predict the fate of marine microplastics 
and requires the attention of researchers to fill the knowledge gap, specifically on the 
ecotoxicological impact of microplastic on the marine environment. An investigation 
is needed to study the mechanism of microplastic and chemical pollutant sorption by 
marine organisms as well as their mode of interaction, evaluate the route of transfer 
of these contaminants along the food web, and investigate the risk of microplastics on 
marine organisms as well as human.
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Abstract

In the late 1950s, residents of a Japanese fishing village known as “Minamata” 
began falling ill and dying at an alarming rate. The Japanese authorities stated that 
methyl-mercury-rich seafood and shellfish caused the sickness. Burning fossil 
fuels represent ≈52.7% of Hg emissions. The majorities of mercury’s compounds 
are volatile and thus travel hundreds of miles with wind before being depos-
ited on the earth’s surface. High acidity and dissolved organic carbon increase 
Hg-mobility in soil to enter the food chain. Additionally, Hg is taken up by areal 
plant parts via gas exchange. Mercury has no identified role in plants while exhib-
iting high affinity to form complexes with soft ligands such as sulfur and this 
consequently inactivates amino acids and sulfur-containing antioxidants. Long-
term human exposure to Hg leads to neurotoxicity in children and adults, immu-
nological, cardiac, and motor reproductive and genetic disorders. Accordingly, 
remediating contaminated soils has become an obligation. Mercury, like other 
potentially toxic elements, is not biodegradable, and therefore, its remediation 
should encompass either removal of Hg from soils or even its immobilization. 
This chapter discusses Hg’s chemical behavior, sources, health dangers, and soil 
remediation methods to lower Hg levels.

Keywords: Hg sources, soil contamination, Hg poisoning, chemical behavior, 
remediation techniques
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1. Introduction

In the late 1950s, people and animals of a Japanese fishing village, called Minamata 
fell ill one after another and suffered from the same symptoms then died [1, 2]. The 
Japanese government named this strange disease “Minamat” and announced officially 
that its cause was the consumption of fish and shellfish that contained high levels of 
methyl-mercury due to mixing the bay water therein with industrial wastes coming 
from a chemical factory [3]. Since then, the scientists and government administra-
tors tried hard to avoid a repeat of such type of incidents [4]. Mercury (Hg) is one of 
the 10 leading worldwide chemicals of concern [5, 6]. This element is denoted by the 
symbol “Hg” with atomic number equal to 80. Its melting point is −38.83°C while the 
boiling point is 356.73°C. In the periodic table, only Hg is a metal found in a liquid 
state at standard temperature and pressure [6]. Generally, mercury level increases 
progressively in the environment due to anthropogenic activities [7]. All mercury 
forms that are released during mining and other industries will eventually wind up 
in soils or surface water representing a potential threat to human health, and the sur-
rounding ecosystem. Every living organism, in the environment (humans, animals, 
and plants to the smaller ones such as bacteria), is vulnerable to the effects of mercury 
poisoning. As a result, countries stand to lose millions of dollars in earning potential 
every year due to mercury contamination.

2. Forms of mercury in the environment

Mercury (Hg) is recognized by its characteristic shiny silver appearance. In the 
environment, it occurs in different inorganic (mercurous ion (Hg+1) and mercuric ion 
(Hg+2), and organic forms (methyl mercury (CH3Hg+), ethyl mercury (C2H5Hg+), and 
phenyl mercury (C6H5Hg+). The elemental mercury is the purest form [8, 9] and, at 
the same time, exhibits the least toxicity [10]. Under anoxic and suboxic conditions, 
inorganic Hg can be transformed into CH3Hg+ through sulfate-reducing and iron-
reducing bacteria [6].

2.1 Sources of mercury

Mercury is introduced into the environment via natural and anthropogenic 
pathways. The first route results from volcanoes, weathering of rocks, forest fires, 
and soils [11]. The second one represents one-third of its content in nature which is 
related to anthropogenic activities coming from industrial processes [12] such as the 
burning of fossil fuels which represent up to 52.7% of Hg emissions [13], gold mining, 
cement production [9] and combustion of fossil fuel and agricultural additives that 
increases Hg levels in soil, for example, municipal [6], sludge, fertilizers, lime, and 
manures [10].

Long-term mining and smelting activities could bring considerable amount of 
Hg to the surroundings [14]. The majority of mercury’s compounds are very volatile 
and thus travel hundreds of miles with the wind before being deposited on the earth’s 
surface, hence contaminating the surrounding areas [15]. Generally, mercury in air 
can be carried by rain and eroded soils and run off to the surface waters and no one 
becomes safe [13]. In a study by Rodríguez Martín [16], most emitted Hg results from 
power plants that burn coal to create electricity; they account for about 42% of all 
manmade mercury emissions.
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The main countries, contributing to the majority of emitted mercury (kg year−1) 
according to the United Nations Environment Program report in 2018, are: China 
(572,195), India (205862), Indonesia (156766), Brazil (71470), and Russia (60,949 
tonnes), representing an average percentage of 25.73, 9.25, 7.05, 3.21, and 2.74% of 
total emitted mercury, respectively [17].

3. Mercury in medicine

Mercury is used in dental amalgam fillings to increase its strength and longevity; yet it 
plays a negative role in increasing human toxicity [18, 19]. Although this type of pollution is 
going down as the number of medical waste incinerators is reduced, the health community 
is concerned about patients and other vulnerable groups who are exposed to in healthcare 
products [20]. Thiomersal is an organic compound used as a preservative in vaccines, and 
Merbromin (Mercurochrome) is a topical antiseptic used for minor cuts and scrapes and is 
still in use in some countries [21]. Mercury compounds are found in some over-the-counter 
drugs, including topical antiseptics, stimulant laxatives, diaper-rash ointment, eye drops, 
and nasal sprays [22]. The skin-whitening cosmetic products can also be a source of Hg 
pollution [23]. Even some traditional medicines in China as Siddha and Ayurveda may 
contain mercury that causes chronic poisoning [24]. Overall, air, water, food, cosmetics, 
and even vaccines are potential sources of human pollution with Hg [25]. Mercury and 
most of its compounds are extremely toxic and must be handled with care.

4. Mercury in food chain

Mercury enters the food chain via various pathways. Chloralkali industry is one of 
the European users that pollute Europe’s aquatic environments with tones of mercury 
[20]. In aquatic environments, inorganic mercury biotransforms into methyl mercury, 
which makes mercury biomagnify in food chains [13]. High acidity and high concen-
tration of dissolved organic carbon in the water enhance the mobility of mercury that 
enters the food chain [26, 27]. People, who eat a lot of fresh or marine food, have the 
high risk of mercury intake [28].

On the other hand, this pollutant (Hg) is highly mobile in soils; and can be 
absorbed easily by plant roots [12]; yet, in the presence of organic additives, the 
mobility of inorganic and organic forms of Hg could be diminished considerably, 
forming low mobile complexes [29]. Also, Hg in the atmosphere is taken up in 
substantial amounts by areal plant parts via gas exchange [30], accumulates in edible 
plant parts [8], and hence enters the food chain [6, 18, 19]. Additionally, sewage 
irrigation practices account for further soil contamination with Hg [31]. Anyhow, this 
contaminant has no identified biological role in plants [8]; nevertheless, it exhibits 
high affinity to forms complexes with soft ligands such as sulfur in the form of 
insoluble and stable compounds [32]. This in turn inactivates numerous enzymatic 
reactions, amino acids, and sulfur-containing antioxidants [33].

5. Mercury in sewage effluents

Municipal sewage has been noted as a significant environmental mercury (Hg) 
source. Mercury in the effluents of waste water treatment plants and mercury-based 
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fungicides increase the discharge of mercury to the aquatic environment [34, 35]. 
Consumption of Hg-containing foods [12, 36] and exposure to common items like 
batteries [29] would increase the risks of mercury being excreted and flushed away 
in the city’s sewage system. The mercury released by hospitals, dentist clinics, and 
other service facilities is a major source of Hg in sewage [37]. A total of 30 tons of 
total Hg (organic and inorganic) was loaded into sludge in China in 2019, accounting 
for around 3.6% of the total anthropogenic Hg release (including direct and second-
ary anthropogenic releases). It is worth noting that sludge treatment methods such as 
incineration, carbonization, and sludge/brick/cement manufacture pose the greatest 
threat to atmospheric Hg pollution [27]. Therefore, attention should be paid regard-
ing Hg pollution of sewage effluents and standard regulations should be formulated 
in order to prevent the environment and human health.

6. Health risks associated with mercury hazards

The excessive population growth, Industrial Revolution, and unmanaged develop-
ment led to negative impacts on the surrounding environment [34, 35].

Consumption of food high in its content of mercury is the main route of 
Hg-mediated health risks [12, 36]. Long-term human exposure to Hg increases its 
level in blood, sometimes exceeding 150 ng mL−1 [37], and this results in negative 
health risks related to neurodevelopment and neurotoxicity in children and adults 
[8, 23, 38], immunological, cardiac, motor reproductive and genetic disorders [13], 
nephrotic syndrome, peripheral neuropathy complications, Alzheimer’s, Parkinson’s, 
autism, lupus and amyotrophic lateral sclerosis [39]. Other symptoms may be 
included such as poor muscle coordination, tingling, numbness in fingers and toes 
[40, 41], reduced oxidative defense, thrombosis, vascular smooth muscle dysfunc-
tion, endothelial dysfunction, and dyslipidemia [33].

7. How to reduce human exposure from mercury sources

• Using clean renewable energy sources rather than the coal;

• Eliminate the use of mercury in mining, gold extraction and other industrial 
processes;

• Phase out use of non-essential mercury-containing products and implement safe 
handling, and use and disposal of remaining mercury-containing products [42].

Selenium and fish containing omega-3 fatty acids are thought to diminish mercury 
toxicity [33] via “restoring seleno protein activity” protection against mitochondrial 
injury and DNA damage, demethylation of methyl mercury and sequestration in 
complexes, as well as redistribution in the blood away from brain [43].

8. Remediation of Hg-contaminated soils and water

Increasing Hg emissions due to anthropogenic activities caused severe soil pollu-
tion issues [44–46]. As a crucial link between the atmosphere and water, soil plays 
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a central role in the global Hg cycle [47]. Soil is not only an Hg sink, receiving Hg 
input from the environment but also reemitting it to the atmosphere [48, 49], water 
[42, 50], or the plants grown thereon [39].

Mercury, like other potentially toxic elements, is not biodegradable, and there-
fore, its remediation should encompass either removal from soil or immobilization 
[32]. The main Hg removal technologies are physical and chemical remediation 
methods, as well as bioremediation technology. Adsorption of Hg2+ and Hg(0) from 
water on surfaces of high surface area and high porosity such as chitosan deriva-
tives, synthesized thioether-functionalized covalent triazine nanospheres, pentasil 
zeolite (type ZSM-5), and utilized silica-coated magnetic nanoparticles are the most 
common physical approaches for remediating Hg-contaminated soil [51]. Other 
techniques could help such as soil replacement, physical separation, soil vapor 
extraction, fixed/stabilized soil, vitrification, thermal desorption, and electroki-
netic remediation technology [6]. The latter technique (electrokinetic remediation) 
depends on passing a direct current between electrodes through the soil to make the 
Hg ions move through an ion exchange membrane from the soil to the electrodes. 
The addition of chelating agents to soil could effectively increase the solubility and 
removal efficiency of Hg [6]. Recently, He and his research group introduced a novel 
in situ immobilization technology by injecting stabilized iron sulfide nanoparticles 
into soil to immobilize Hg [32].

The in situ thermal desorption is a promising technique of Hg remediation that 
does not need to dig up the contaminated soil; instead, thermal conductive heat-
ing (TCH) elements are inserted into the soil in order to directly transfer heat to 
above 600°C to volatilize various species of mercury, such as HgO, HgS, HgCl2, and 
mercury associated with organic matter and thus achieve an acceptable decontami-
nation level [51].

Biological remediation/bioremediation depends on plant and microbial in 
remediation soils [6]. In particular, genetically engineered plants can change meth-
ylmercury complexes, and mercury ions into metallic forms of lower toxicity, and 
then extract, detoxify, and/or sequester this contaminant from soil and water [10]. 
Phytoremediation is an umbrella term, which refers to the different low cost and eco-
friendly technologies that utilize plants in decontaminating areas [52]. This includes: 
phytostabilization, phytoextraction, and phytovolatilization. This in situ application 
of phytoremediation lessens the disturbance of the surrounding environment and 
also declines the spread of contamination via air and water [32]. There are many other 
technologies such as the use of nanoparticles to remove/absorb Hg from soil, water, 
and flue gas, owing to their high adsorption capacity, small dimension, and other 
unique electrical, mechanical, and chemical properties [53].

Continuous monitoring of Hg levels in air, soils, water, and foods is necessity to 
ensure their sustainable safe use in order to protect human health and the surround-
ing ecosystem. In addition, increasing the awareness of humans about the danger of 
Hg is a proactive step to prevent and reduce the danger of Hg pollution. Furthermore, 
remediation protocols should be followed in Hg-contaminated areas to lessen its 
toxicity.
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Chapter 8

Mercury in the Colombian 
Caribbean: The Bay of Cartagena, 
A Model in Resilience
Néstor Hernando Campos and José Luis Marrugo-Negrete

Abstract

The Caribbean Sea in Colombia maybe being subjected to discharges of ter-
rigenous solid waste and with these probably, the natural metallic constituents of 
the sediments, through the discharges of the Magdalena River since the time of the 
conquest. With the opening of the Dique canal in the mid-seventeenth century, which 
linked pipes, swamps, and branches from the Magdalena River to its mouth at the 
southwestern end of the bay, great changes could be caused from the point of view 
of mixing the fresh and turbid water of the channel with the clear and marine waters 
of the bay, which led to the beginning of the deterioration of the coral ecosystems 
present in the bay. Mercury contamination in the Colombian Caribbean has different 
origins. Artisanal gold mining has the greatest impact and has generated mercury 
contamination in many ecosystems, particularly in Bolívar and the Mojana region 
(department of Sucre and Cordoba). In this study, published information on mercury 
contamination along the Colombian Caribbean coast is compiled. The concentrations 
present differences between different areas of the coast. The bay of Cartagena is one 
of the areas most impacted by this pollutant, mainly due to the discharge of waste 
from a salt processing plant. Other areas are impacted by mercury, the product of the 
artisanal exploitation of gold, the discharges as a result of this activity are transported 
mainly to the Magdalena River, and through the different arms that form the delta, 
they are deposited in the Colombian Caribbean.

Keywords: mercury, Caribbean, Colombia, marine pollution, biota

1. Introduction

Marine pollution has received great attention a long time ago. In 1959, the first 
international conference on marine pollution problems was held in Berkley (United 
States) [1]. This problem is of great importance because the oceans have become the 
place of deposit and storage of a large part of the waste of all kinds, produced by man. 
These residues drain into the main river arteries and are transported by this means to 
their final destination in the marine environment. An important role in the transport 
of pollutants occurs through the lower layers of the atmosphere, which by precipita-
tion or deposition reach the marine environment.
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Mercury is, in very small amounts in seawater, a poison and a danger to life pro-
cesses. Where an enrichment of this metal occurs, catastrophic consequences occur. 
It is a ubiquitous environmental toxicant. It exists in three forms, elemental (Hg(0)), 
inorganic (Hg2+), and organic forms. Hg (0) takes a liquid form at room temperature 
but readily evaporates into mercury vapor. Hg2+ occurs naturally in the environment 
in the form of divalent cationic salts of mercury, such as HgCl2 and Hg(OH)2, among 
others. Among the three forms, organic mercury, primarily methylmercury (MeHg), 
is the most dangerous form.

Methylmercury is a bioavailable form and can bioaccumulate through food webs. 
Shellfish consumption, especially fish consumption, is the main source of human 
exposure to MeHg. In 1956, “Minamata methylmercury poisoning” (MPM) was 
recognized, this being the first incident in the world, although there were some events 
in which several people had suffered direct health damage from exposure to mercury. 
organic mercury in a laboratory or factory [2].

According to Yokoyama [2], MPM is a neurological syndrome that was caused 
by the ingestion of fish and shellfish contaminated by methylmercury compounds, 
generated in the acetaldehyde production process. The first and second outbreaks of 
this type of disease in Japan were caused by effluent discharged from a Shin-Nippon 
Chisso Hiryo (hereinafter referred to as Chisso) factory in Minamata, Kumamoto 
Prefecture, and a Showa Denko factory in Kanose Town, Prefecture of Niigata, 
respectively.

MeHg is a stable organic mercury compound and is the most toxic form of mer-
cury in the environment not only for humans but also for wildlife (Wolfe et al. 1998, 
Henriques et al. 2015, in [2]). Because methylmercury is lipid-soluble, it crosses the 
blood-brain barrier and accumulates in the brain. Methylmercury in the brain causes 
lysis of central nervous system cells, resulting in irreversible, permanent cell damage 
(Rabenstein 1978, in [2]). Therefore, MPM is widely recognized as a disorder in the 
brain, while Shiraki (1979, in [2]) suggested that MPM produces lesions not only in 
the brain but also in the vascular and endocrine systems.

In 2005, the European Environmental Bureau and the Mercury Policy Project 
formed “The Zero Mercury Working Group” (ZMWG), an international coali-
tion of more than 95 public interest non-governmental organizations defending 
the environment and health. from more than 52 countries. The ZMWG strives to 
eliminate mercury supply, demand, and emissions from all anthropogenic sources, 
in order to minimize the presence of mercury in the global environment. Its 
mission is to advocate and support the adoption and implementation of a legally 
binding instrument containing the necessary obligations to eliminate, as far as 
possible, and if not minimize, the global supply and trade of mercury, its global 
demand, the release anthropogenic release of mercury into the environment, and 
human and wildlife exposure to mercury, these actions gave rise to the “Minamata 
Convention” [3].

In the agreement, in article 19, it establishes the research, development, and 
monitoring of the contaminant, especially with the elaboration of models and the 
geographically representative monitoring of the levels of mercury and its compounds 
in vulnerable populations and the environment, including biotic media such as fish, 
marine mammals, sea turtles, and birds, as well as assessments of the effects of 
mercury and its compounds on human health and the environment, as well as the 
social, economic, and cultural effects, especially with regard to vulnerable popula-
tions, among others [4].
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2. The bay of Cartagena

The bay of Cartagena is located in the middle part of the Colombian Caribbean 
coastline, between 10°16′–10°26′ N and 75°30′–75°36′ W.

The bay of Cartagena is a semi-enclosed body of water, in which two parts stand 
out, an external one that connects it with the Caribbean Sea through two mouths 
(Bocachica and Bocagrande); and the internal one located in the northeastern part 
and is not directly connected to the sea. The bay of Cartagena has estuary characteris-
tics due to the contributions of continental waters from the Canal del in Pasacaballos.

The first studies focused on the study of mercury contamination in the bay were 
carried out with the support of the National Institute for the Defense of Renewable 
Resources—Food and Agriculture Organization of the United Nations (INDERENA-
FAO, Acronym in Spanish) [5]. Between 1978 and 1979, a study was carried out 
with the support of the Oceanographic and Hydrological Research Center of the 
Colombian Navy (CIOH) to evaluate the dynamics and the chemical and sedimen-
tological characteristics, in the study mercury was analyzed, and eight samplings 
were carried out quarterly; however, they only present the results of two contrasting 
periods.

Figure 1 shows the results of the two seasons [6]. According to these authors, in 
the December−April, dry period, the maximum concentrations were measured in the 
southwestern part, at stations E37 and E31, in the Mamonal industrial zone and where 
the Petrochemical and Acalis de Colombia were located, with values between 2.0 
and 1.4 μg Hg/l, respectively. In the August−December, rainy seasons, a three-year 
period, three important foci were detected, one in the Internal Bay (E3) where the 

Figure 1. 
Mercury content in μg l−1 < in water samples at 42 stations in the Bay of Cartagena, in two seasons,  
December−April and August−November, 1979−1981. Modified from Pagliardini et al. [6].
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Los Pegasos dock is located with heavy traffic and possibly strongly influenced during 
this time of year by the currents, with contents of 1445 μg l−1. The second in Mamonal 
with contents of 1180 μg l−1, slightly lower than those measured during the windy 
period. The third is the mouth of the Canal del Dique with a content of 1 μg l−1, which 
corroborates the importance of the semi-artificial canal in the discharge of sediments 
and pollutants into the bay. This was corroborated with the horizontal profile that 
allowed us to observe that the Canal del Dique during the rainy season is the main 
factor in the distribution of pollutants due to the amount of sediment it transports 
(see fig 46 and 47, page 86).

In 1996 [7] conducted a study to compare the Hg concentration in two species of 
estuarine fish, between the Bay of Cartagena and the Ciénaga Grande de Santa Marta, 
in addition to the content of sediments of these two ecosystems.

The results in sediments (Figure 2) clearly show a difference between the sta-
tions of the Bahía de Cartagena and the Ciénaga Grande de Santa Marta (CGSM), 
being the contents measured in the Bay were substantially higher than in the CGSM. 
The average content for the bay was 1876 ± 578 μg Hg g−1 p.s., with extreme values 
of 94–10,293 μg Hg g−1 p.s. A heterogeneous distribution was determined between 
the different stations of the bay. The maximum values were determined in sediments 
from station 3, which corresponds to the area of influence of the old chlor-alkali 
plant, and a decrease in the contents towards the north (stations 3–5) was determined. 
It is noteworthy that these authors determined the lowest concentrations at station 1 
located on the southwestern side, to the right of the mouth of the Clarín Channel, and 
to the south of the area of influence of the Alcalis discharge, with values of 154 ± 21 
μg Hg g−1 p.s., which corresponds to station E37, also with the highest values in water 
published by Pagliardini et al. [6].

Compared to the concentrations measured in the Ciénaga Grande (20–109 μg Hg 
g−1 d.w.), they are very low, to the point that the maximum concentration measured is 
compared to the lowest value in the Bahía de Cartagena (94–10 293 μg Hg g−1 d.w.).

Cogua et al. [8] determined the contents of total mercury (HgT) and methylmer-
cury (MeHg) in sediments and seston (Suspended organic and inorganic matter) of 
the Cartagena Bay, in five stations, collected quarterly for one year in 2006. The aver-
age content of HgT was 0.18 ± 0.001 μg Hg g−1 d.w. The highest contents were mea-
sured in front of the industrial zone (0.55 ± 0.03 μg Hg g−1 d.w.), with concentrations 

Figure 2. 
Average content and standard deviation of total mercury (μg Hg g−1 d.w.) in sediments of Bahía Cartagena (six 
stations) and Ciénaga Grande de Santa Marta (three stations), between March and October 1996. Modified from 
Alonso et al. [7].
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decreasing towards the north and east. Likewise, it was observed that the highest con-
tents corresponded to the months of influence of the rainy season (April to October), 
being higher in April at the beginning of the rains. According to these authors, 10% of 
HgT corresponds to MeHg and they are positively related (r = 0.87, p < 0.04).

For the contents in the suspended material, a similar behavior was presented, 
although with a lower average content (0.16 μg Hg g−1 d.w.), with the highest concen-
trations in the rainy season (June 0.19 μg g−1 p.s.), and a process of dilution from the 
station in front of the industrial zone (Figure 3).

Although the contents measured in sediments in the study by Cogua et al., [8] 
are lower than those of Alonso et al. [7], the values were always higher in the area 
of influence of the industrial zone, where the chlorine—alkali was located, which 
discharged its waste through the Casemiro pipe to the Bay.

3. Organisms

Table 1 shows the mercury content measured in the two species of fish, the mullet 
and the silver mojarra (Mugil incilis and Euguerres plumieri), during the sampling period.

The contents in the two species of fish showed large fluctuations, which is to be 
expected, since they are two resident species in the bay, but they move throughout the 
study area and are, therefore, subjected to different concentrations for short periods 
of time. The highest concentrations for the two species occurred during the March 
sampling followed by November. During the four samplings, the contents were higher 
in the mojarra. According to the authors, significant differences were determined in 
the contents (p < 0.001), and the differences were 7.3 times greater in E. plumieri than 

Figure 3. 
HgT and MeHg contents (μg Hg g−1) in sediments (A) and seston (B) during the four sampling periods. Modified 
from Cogua et al. [8].

Mugil incilis Euguerres plumieri

X ± SX Extremps X ± SX Extremps

March 87 ± 22 30–166 334 ± 117 37–852

May 10 ± 2 LD–16 160 ± 74 19–582

August 19 ± 10 LD–77 104 ± 22 29–194

November 41 ± 11 LD–89 255 ± 104 43–837

Values are taken from Alonso et al. [7]. X = average value; SX = standard deviation.
The mean value and standard error are given. LOD Limit of detection (7.4 μg Hg g−1 < d.w.).

Table 1. 
Total mercury content (μg Hg g−1 d.w.) in two species of fish from the Bay of Cartagena, collected between March 
and November 1996.
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in M. incilis. These results are understandable, taking into account that the mojarra is 
a secondary consumer, while the mullet is a detritivore. The contents in the fish from 
the bay were 7.3 times higher than those from the swamp.

The content of HgT has also been measured in species of crab for human con-
sumption, crabs or swimming crabs (Callinectes sapidus and C. bocourti) from 
different collection points (Cartagena and Coveñas), along the Caribbean coast in 
Colombia [9]. Unfortunately, these authors did not include the HgT content in the 
crab samples, they only give the values   of the percentage of crabs in which Hg was 
determined.

Figure 4 shows the HgT contents in crab muscle. The highest contents were mea-
sured in the specimens collected in the area of influence of the old chlor-alkali plant, 
followed by those collected in the Charcoal port, on the western side of the mouth 
of the Clarín Channel. The contents of the crabs collected in the other stations were 
lower. These results show that despite the chlor-alkali plant having been closed for so 
long, the presence of Hg in the environment is still notorious.

4. The coastal region of the department of Magdalena

The coastal marine zone of the Department of Magdalena is located between 
11°15′33″ N and 73°34′48″ W on the border with the Department of La Guajira 
and 11°05′42″ N and 74°50′55″W, in Bocas de Ceniza, on the eastern bank of the 
Magdalena River. There is a great diversity of ecosystems, from sandy beaches, coral 
reefs, seagrasses, mangroves, rocky coastlines, and sedimentary bottoms, which are 
considered strategic for the region and the country and provide environmental goods 
and services that influence the culture. and the economy of the human population of 
the department, due to its importance in tourism, fishing, and port activities. This 
region is influenced by the presence of the Sierra Nevada de Santa Marta (SNSM) in 
which numerous rivers are born and flow into the coastal area of the department and 
determine the structure of the coast in a series of cliffs and bays.

The outer delta of the Magdalena River is located on the western side of the 
strip, giving shape to the Ciénaga Grande de Santa Marta (CGSM), the largest 

Figure 4. 
Total mercury concentrations in muscle of two species of crab of the genus Callinectes in two areas of the 
Colombian Caribbean, Gulf of Morrosquillo and Bahía Cartagena. COV: Coveñas, BOC: Bocachica; CHA: 
Puerto Charcoal; ALC: Planta de cloro-alkalis; MAN: Manga; CGR: Castillo Grande; LOM: Lomarena in the 
Departamento del Atlántico. From Oliveros et al. [9].
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lagoon-coastal system in the country and in which the Magdalena River and several 
rivers from the SNSM interact, and the surrounding seawater.

Even though numerous studies on marine pollution have been carried out on this 
coastal strip, there are few in which Hg content has been measured. Since 2000, 
the Marine and Coastal Research Institute [10] has been leading the “Diagnosis 
and Evaluation of the Quality of Marine and Coastal Waters in the Colombian 
Caribbean and Pacific” program, with the participation of several government 
entities (CARs: Autonomous and Regional Corporations), only in the period 
between June and November 2017 and between February and July 2018, determina-
tions of Hg content in sediments were made [11]. The content of Hg in sediments 
from 18 points along the coastal strip of the department and during the two sam-
pling periods (rainy 2017 and dry 2108) was determined. The contents fluctuated 
between values lower than the detection limit of the method (<3.0 ngHg g−1 p.s.) up 
to 496 ngHg g−1 p.s. During the rainy season, the contents were low and in nine of 
the stations, the presence of Hg was not detected, while in the dry season it could be 
measured in most of the stations. The highest contents were determined in the Bay 
of Santa Marta and the highest value corresponding to the station in the north of the 
bay near the cabotage dock of the port of Santa Marta (205 in the rainy season and 
296 ngHg g−1 d.w., in the dry season) and 192 ngHg g−1 p.s. at the south bay station.

5. La Ciénaga Grande de Santa Marta

This physiography comprises the eastern sector of the great delta of the Magdalena 
River and extends between the same river and the Ciénaga Grande de Santa Marta 
and up to the foothills of the Sierra Nevada de Santa Marta. On the other hand, this 
region extends from the Caribbean Sea on the Island of Salamanca, to the Caño Ciego, 
which later flows into the Fundación River, taking before flowing into it, the name of 
Caño Schiller.

Figure 5. 
(A) Location of the sampling stations in the Ciénaga Grande de Santa Marta. (B) Average content and standard 
deviation of total mercury (μg Hg g−1 d.w.) in sediments of the Ciénaga Grande de Santa Marta (four seasons), 
between March and October 1996. 1. Islas del Rosario. 2. Boca de Caño Grande, 3. Centro, 4. Boca del Río Sevilla. 
Modified from Alonso et al. [7].
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In the REDCAM program [10], six stations were included in the area of influ-
ence of the CGSM, apparently, they were only measured in the dry season and 
the contents fluctuated between 8.0 and 89.4 ng Hg g−1 d.w. The maximum value 
was measured in front of the mouth of the Sevilla River in the central part of the 
eastern side (Figure 5A Station 4), which drains from the SNSM, followed by the 
sediments collected near the mouth of the Fundación River, which, in addition to 
being born in the SNSM, receives the discharges of the Magdalena River, followed 
by the concentrations determined in sediments from other rivers of the SNSM 
fluvial system.

According to Alonso et al. [7], the Hg content in sediments fluctuated between 
20 and 109 μg Hg g−1 d.w., with an average value of 58±6. These values are close to 
natural values (Figure 5). Although the authors did not determine significant dif-
ferences, a slightly greater influence on Hg discharge is observed at the mouth of the 
Sevilla River, which belongs to the SNSM water system, which is consistent with the 
REDCAM results.

6. Organisms

Alonso et al. [7] determined Hg contents in sediments and fish (Eugerres plumieri 
mojarra and Mugil curema mullet) in the CGSM.

E. plumieri is a resident species in the CGSM, a secondary consumer, predomi-
nantly of the bivalve Mytilopsis sallei that forms banks on the bottom of the swamp, 
a filter-feeding species, while the mullet (M. incilis) is purely detritivorous. In the 
first, the contents were always about twice as high as in the second. The highest 
contents corresponded to the samples at the beginning of the year, corresponding 
to the end of the dry season and the beginning of the rainy season. As mentioned 
for the bay of Cartagena, the contents in the two species were 7.3 times lower than 
in BC (Table 2).

Campos [12] made the first determinations of Hg in the oyster Crassostrea rhi-
zophorae, in samples collected in January 1987 at two stations located in the northern 
fringe, one on the western side at the mouth of the Clarín channel that transports and 
discharges water from of the Magdalena River and the second in the eastern part of 
the strip, near the mouth of the CGSM in the sea. The contents fluctuated between 
0.04 and 0.18 μg Hg g−1 p.s., the latter corresponding to the samples from the Clarín 
channel.

Mugil incilis Euguerres plumieri

X ± SX Extremps X ± SX Extremps

March 15.7 ± 7 LD–51 26 ± 8 LD–68

May 10 ± 2 LD–17 28 ± 6 13–52

August 8 ± 2 LD–17 9 ± 3 LD–22

November 6 ± 1 LD–10 12 ± 3 LD–20

Values taken from Alonso et al. [7]. X = average value; SX = standard deviation.
The mean value and standard error are given. LOD Limit of detection (7.4 μg Hg g−1 d.w.).

Table 2. 
Total mercury content (μg Hg g−1 d.w.) in two species of fish from the CGSM collected between March and 
November 1996.
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Pinzón-Bedoya et al. [13] determined the concentrations of Hg (μg/kg f.w, fresh 
weight) contained in the muscle of fish species usually consumed by inhabitants 
of the area (Table 3). The compilation of the data shows that the results presented 
by Alonso et al. [7] an increase in the concentrations of Hg has been presented, 
which could demonstrate that the contributions of this metal persist, whether due 
to anthropic or natural origin, to the ecosystem; Likewise, it is possible to affirm the 
existence of accumulative and magnifying processes of Hg from the sediments to fish 
and bivalves.

Alonso et al. [7] indicated that the concentrations of Hg measured in the ecosys-
tem components of the Ciénaga Grande de Santa Marta could be attributed to atmo-
spheric deposition processes since this area did not present a significant industrial 
development. However, Caballero-Gallardo et al. [14] warn that the CGSM receives 
contaminants from intensive agriculture, especially bananas and African palm. 
Regardless of the source, the truth is that in the results of Pinzón-Bedoya et al. [13] 
Hg concentrations were positively correlated with morphometric variables (weight 
and length), evidencing Hg bioaccumulation processes in the aquatic biota of this 
ecosystem.

7. Cispatá Bay

For this coastal ecosystem, Burgos-Núñez et al. [15] reported that the bay of 
Cispatá-Colombia has been affected by chemical fertilizers, herbicides, pesticides, 
domestic wastewater, and spillage of substances such as hydrocarbons and heavy 
metals; These reasons were enough for them to determine the polycyclic aromatic 
hydrocarbons and heavy metals present in the tropical marine ecosystem of this 
bay (Table 4).

The results allowed us to observe that Hg concentrations increased with the 
trophic level in environments with very low levels of this metal, indicating bioac-
cumulation in the Cispatá Bay ecosystem. The distribution of Hg in the food web was: 
sediments < fish < birds. Seabirds can tolerate high concentrations of Hg, due to their 
ability to demethylate Hg in the liver and then store it as inorganic Hg [15, 16]. Lucia 
et al. [17] pointed out that the feathers in birds serve to excrete excess metals such as 
Hg; However, Tsipoura et al. [18] assured that concentrations higher than 5.0 μg Hg 
g−1 could impair the reproductive performance of birds.

Species of fish Sample Hg

Eugerres plumieri Muscle 18.7 ± 5 μg/kg

Cathorops mapale 18.1 ± 14.6 μg/kg

Centropomus undecimalis 28.2 ± 10.1 μg/kg

Elops smithi 36.6 ± 44.0 μg/kg

Eugerres plumieri 13.1 ± 11.3 μg/kg

Mugil incilis 16.1 ± 21.4 μg/kg

Values taken from Pinzón-Bedoya et al. [13].

Table 3. 
Total mercury content (μg kg−1 fresh weight) in fish species from the CGSM collected between January and 
December 2018.
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8. Mercury and malformation in crabs

In two recent studies, the impact that Hg can have on marine organisms was evalu-
ated. The first is related to the high incidence rate of malformation in crabs collected in 
Cispatá Bay [19]. According to these authors, malformations occurred throughout the 
sampling year, fluctuating between 2.78% and 25.09% (Table 5).

Figure 6 shows the malformations of two specimens of the Xanthoidea superfam-
ily, multiple malformations are observed in both. In (A) malformations in the two 
anterolateral borders. (B) The left side shows the separated teeth, the fifth reduced, 
the third subquadrate projected posteriorly, and the first and second fused. (C) The 

06/05 09/05 12/05 03/06

No. D % D No. D % D No. D % D No. D % D

C. 
Salado

0 0 9 9.68 0 0 0 0

C. 
Mocho

2 10.91 0 0 0 0 3 4.11

P. 
Nisperal

69 25.09 13 6.34 8 2.78 28 11.62

% Total 55.8 15.94 5.8 22.46

Information taken from Campos et al. [19].

Table 5. 
Number of crabs of the superfamily Xanthoidea with deformities (No. D) and percentage in relation to the 
number of individuals collected (% D) of the superfamily, in three stations of Cispatá Bay, in four seasons of one 
year.

Type of sample Species of Fish Sample Hg

Sediments 31.7 ng/g d.w.
(1.63–135.6)

Fish Cetengraulis edentulus Muscle 0.10 μg/g f.w.

Eugerres plumieri 0.14 μg/g f.w.

Centropomus undecimalis 0.38 μg/g f.w.

Trichirus lepturus 0.67 μg/g f.w.

Birds Blood 0.23 ± 1.09 μg/L

Pelecanus occidentalis Feathers Juveniles (1.77 ± 0.71 mg/kg f.w)
Adults (5.15 ± 1.52 mg/kg f.w)

Phalacrocorax brasilianus Juveniles (1.76 ± 0.65 mg/kg f.w)
Adults (4.99 ± 1.47 mg/kg f.w)

Fregata magnificens Juveniles (2.10 ± 1.36 mg/kg f.w)
Adults (10.2 ± 4.99 mg/kg f.w)

Thalasseus maximus Juveniles (0.96 ± 0.46 mg/kg f.w)
Adults (3.57 ± 1.37 mg/kg f.w)

Values taken from Burgos-Núñez et al. [15].

Table 4. 
Concentrations of THg in sediments, fish, and birds of the Bay of Cispatá-Colombia.
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deformed abdominal segments do not cover the abdominal cavity; the telson ends in 
a subtriangular shape, the right edge longer than the left. (D) Malformation of the 
dactyl of the third left pereopod and of the orbits and teeth of the right anterolateral 
border. (E) The right sternites, fifth and sixth, separated, and those of the left side 
completely fused. (F) There is an overgrowth of the appendages of the abdomen 
(pleopods) protruding and the abdomen is twisted to the right due to shortening of 
the right border of the sixth abdominal segment (Figure 6).

The highest incidence of malformations occurred during the sampling of June, 
with 55.8% of the total malformations and corresponds to the period immediately 
after the first rainy season (April-May). While the lowest incidence was determined 
in December, in the full dry season. In Punta Nisperal, crabs with malformations were 
collected throughout the three sampling periods and with a high prevalence (25.9% in 
June and 11.62% in March 2006). December was the only season in which specimens 
with malformations were captured, although with the lowest incidence (2.78%).

9. Methylmercury in sharks

In a recent study Rueda et al. [20], evaluated the methylmercury content (μg 
MeHg kg−1 w.w.) in muscle and stomach content of the Antillean dogfish shark 
(Rhizoprionodon porosus), in three different areas in the Colombian Caribbean. The 
first in Cabo de la Vela north of the Caribbean coast, scarcely intervened by man and 
influenced by the upwelling of the same name. The second is in the Las Flores station, 
near the mouth of the Magdalena River, and the third is in the southern part of the 
Caribbean on Isla Fuerte.

Figure 7 shows the MeHg contents in the dogfish shark. The highest contents 
were determined at the Las Flores station (B) and the lowest at Cabo de la Vela (A). 
Regarding the sampling periods, it was observed that the maximum values occurred 
in the rainy season in Las Flores and in the dry season in Isla Fuerte and Cabo de la 

Figure 6. 
Two examples of multiple malformations in crabs. (A) Dorsal view of a crab of the Xanthoidea superfamily. 
(B) Approach to the malformation of the right anterolateral border of the specimen. (C) Malformations in the 
abdomen. (D) Dorsal view of another crab of the superfamily Xanthoidea, the formation of the dactyl of the 
third left pereopod is observed. (E) Abnormal growth of the pleopods. (F) Malformation of the abdomen [19].
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Vela. The lowest values in MeHg concentrations in shark tissues occurred, in general, 
during the transition period (July to August). For the three samplings in Isla Fuerte 
and in Las Flores in the dry and rainy seasons and only in the dry season in Cabo de 
la Vela, the contents exceeded the limits given by the World Health Organization 
(WHO, 2000) as permissible for the daily consumption per person. It is probable 
that the intensification of the upwelling by the trade winds, which are stronger, has 
transported the Hg from the sediments (Figure 7).

Figure 8 shows the concentrations of MeHg in μg kg−1(w.w.) in the stomach 
content of Rhizoprionodon porosus according to the season and at each of the study 
sites. Only one sample was presented in a single sampling site in which the contents 
exceeded the permissible limits for daily human consumption (500 μg kg−1 WHO, 
2000). The lowest concentrations were measured at Cabo de Vela, while the maxi-
mum was measured at Las Flores station in the dry season (408.6 μg k−1 g w.w.), while 
in the remaining samples, the contents were less than 200 μg/kg w.w., additionally and 

Figure 7. 
MeHg content in μg kg−1(w.w.) in Rhizoprionodon porosus muscle according to the season and at each of the 
study sites. Due to the values obtained, the Y axis of the graph belonging to Cabo de la Vela presents a different 
scale than the others. Red line indicates the maximum concentration recommended by the WHO (2000) for food 
consumption. Modified from Rueda et al. [20].

Figure 8. 
MeHg concentrations in μg/kg(w.w.) in the stomach content of Rhizoprionodon porosus according to the season 
and in each of the study sites. The red line indicates the maximum concentration recommended by the WHO 
(2000) for food consumption. Modified from Rueda et al. [20].
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with the exception of the flowers in the dry season, there were no significant differ-
ences between the samplings and the seasons.

Based on the MeHg concentrations in the muscle and stomach contents of the sharks, 
the biomagnification factor was determined for each of the sampling sites (Figure 9). 
Regarding the total data from the Colombian Caribbean, the Kruskal-Wallis test showed 
significant differences (p = 0.05) between the values of this factor in the different sea-
sons. However, when doing the analysis with the data from each site separately, the only 
place where there were significant differences between the seasons was the Las Flores 
station. In Cabo de la Vela and Isla Fuerte, the temporal variation was not significant, 
although when analyzing the average values of each site in their respective seasons, they 
coincided in terms of the notable increase during the dry season.

10. Conclusions

Due to its ubiquity, mercury can be present in a wide range of spaces and environ-
mental matrices that, due to its presence, can alter the balance in aquatic and terres-
trial ecosystems. The concentrations, reported in the different studies addressed for 
this compilation, reveal the diversity of the possible sources for the marine environ-
ment of the Colombian Caribbean, generating a cause for concern due to the connota-
tions that this metal has for human and environmental health.

Despite the limitations in accessing financial and logistical resources to carry out 
each of these investigations, the scientific community has been able to join efforts 
to show the current status of mercury contamination in coastal ecosystems, under-
standing that it is necessary to continue with the efforts to understand or elucidate in 
greater depth the impacts that mercury is having on marine-coastal organisms and 
on the human population of the Caribbean region. In this sense, the environmental 
control and surveillance authorities must seek mechanisms to control mercury emis-
sion or contamination sources for the protection of marine ecosystems, as established 
in article 12 of the Minamata Agreement. Also, the same agreement in its article 19, 
establishes the need to carry out monitoring studies in the environment and in the 
vulnerable population for the evaluation of the impacts on ecosystems [4].

Contribution No. of the Institute for Studies in Marine Sciences, CECIMAR, of the 
National University of Colombia, Caribbean Campus.

Figure 9. 
Biomagnification factor (FB) in Rhizoprionodon porosus according to the season in each of the study sites. 
Modified from Rueda et al. [20].



Marine Pollution - Recent Developments

158

Author details

Néstor Hernando Campos1* and José Luis Marrugo-Negrete2

1 Institute of Studies in Marine Sciences – CECIMAR, National University of 
Colombia, Caribbean Campus, Bogotá, Colombia

2 Universidad de Córdoba, Colombia

*Address all correspondence to: nhcamposc@unal.edu.co

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Mercury in the Colombian Caribbean: The Bay of Cartagena, A Model in Resilience
DOI: http://dx.doi.org/10.5772/intechopen.107240

159

References

[1] Gerlach SA. Meeresverschmutzung. 
Berlin: Springer Verlag; 1976. p. 145

[2] Yokoyama H. Mercury Pollution in 
Minamata. Singapore: Springer Briefs in 
Environmental Science; 2018. p. 74

[3] Lennett D, Gutiérrez R. Convenio 
de Minamata sobre el Mercurio Manual 
de ratificación y aplicación. Natural 
Resources Defense Council y BAN Toxics. 
2015

[4] UNEP (United Nations Environment 
Programme). Minamata Convention on 
Mercury-Text and Annexes. 2017

[5] Escobar JJ, Granados J, Polensky E, 
Valle V. Estudio de la contaminación 
por mercurio en la Bahía de Cartagena. 
Colombia: Invest; 1977. p. 39

[6] Pagliardini JL, Gómez MA,  
Gutierrez H, Zapata SI, Jurado A,  
Garay JA, et al. Síntesis del proyecto 
Bahía de Cartagena. Boletín 
Científico CIOH. 1982;4:49-110

[7] Alonso D, Pineda P, Olivero J, 
González H, Campos NH. Mercury levels 
in muscle of two fish species and 
sediments from the Cartagena Bay and 
the Ciénaga Grande de Santa Marta, 
Colombia. Environmental Pollution. 
2000;109:175-163

[8] Cogua P, Campos NH, Duque G. 
Concentración de mercurio total y 
metilmercurio en sedimento y seston 
de la Bahía de Cartagena, Caribe 
colombiano. Bol. Invest. Mar. Cost. 
2012;41(2):267-285

[9] Oliveros Verbel J, Johnson- 
Restrepo B, Baldiris-Avila R, 
Güette-Fernández J, Magallanes-Carreazo E, 
Vanegas-Ramírez L, et al. Human 

and crab exposure to mercury in the 
Caribbean coastal shoreline of Colombia: 
Impact from an abandoned chlor-alkali 
plant. Environmental International. 
2008;34:476-482

[10] INVEMAR. Diagnóstico y evaluación 
de la calidad de las aguas marinas 
y costeras en el Caribe y Pacífico 
colombianos. Luisa F. Espinosa y Ostin 
Garcés (Eds). Red de vigilancia para 
la conservación y protección de las 
aguas marinas y costeras de Colombia – 
REDCAM: INVEMAR, MinAmbiente, 
CORALINA, CORPOGUAJIRA, 
CORPAMAG, CRA, CARDIQUE, 
CARSUCRE, CVS, CORPOURABÁ, 
CODECHOCÓ, CVC, CRC y 
CORPONARIÑO. Informe técnico 2018. 
Serie de Publicaciones Periódicas No. 4 
del INVEMAR, Santa Marta. 2019

[11] INVEMAR. Diagnóstico y 
evaluación de la calidad de las aguas 
marinas y costeras en el Caribe y 
Pacífico colombianos. In: Espinosa LF, 
Garcés O, editors. Red de vigilancia 
para la conservación y protección de las 
aguas marinas y costeras de Colombia – 
REDCAM: INVEMAR, MinAmbiente, 
CORALINA, CORPOGUAJIRA, 
CORPAMAG, CRA, CARDIQUE, 
CARSUCRE, CVS, CORPOURABÁ, 
CODECHOCÓ, CVC, CRC y 
CORPONARIÑO. Informe técnico 2018. 
Santa Marta: Serie de Publicaciones 
Periódicas No. 4 del INVEMAR;  
2019. p. 212

[12] Campos C, N. H. La contaminación 
por metales pesados en la Ciénaga Grande 
de Santa Marta, Caribe colombiano. 
Caldasia. 1990;16(77):231-244

[13] Pinzón-Bedoya C, Pinzón-Bedoya M, 
Pinedo-Hernández J, Urango-Cárdenas I, 
Marrugo-Negrete J. Assessment of 



Marine Pollution - Recent Developments

160

potential health risks associated with the 
intake of heavy metals in fish harvested 
from the Largest Estuary in Colombia. 
International Journal of Environmental 
Health Research and Public Health. 
2020;17:1-13

[14] Caballero-Gallardo K, Alcala- 
Orozco M, Barraza-Quiroz D, De la 
Rosa J, Olivero-Verbel J. Environmental 
risks associated with trace elements 
in sediments from Cartagena Bay, an 
industrialized site at the Caribbean. 
Chemosphere. 2020;242:125173

[15] Burgos-Núñez S, Navarro-Frómeta A, 
Marrugo-Negrete J, Enamorado-Montes G, 
Urango-Cárdenas I. Polycyclic Aromatic 
Hydrocarbons and Heavy Metals in the 
Cispata Bay. Colombia: Marine Pollution 
Bulletin; 2017

[16] Burger J, Gochfeld M. Effects of 
Chemicals and Pollution on Seabirds, 
Biology of Marine Birds. Boca Raton, FL: 
CRC Press; 2001. pp. 485-526

[17] Lucia M, Andre J, Gontier K, 
Diot N, Veiga J, Davail S. Trace element 
concentrations (mercury, cadmium, 
copper, zinc, lead, aluminium, nickel, 
arsenic, and selenium) in some aquatic 
birds of the southwest Atlantic coast 
of France. Archives of Environmental 
Contamination and Toxicology. 
2010;58:844-853

[18] Tsipoura N, Burger J, Newhouse M, 
Jeitner C, Gochfeld M, Mizrahi D. Lead, 
mercury, cadmium, chromium, and 
arsenic levels in eggs, feathers, and 
tissues of Canada geese of the New Jersey 
Meadowlands. Environmental Research. 
2011;111:775-784

[19] Campos-Campos NH, 
Dueñas-Ramírez PR, Genes N. 
Malformación en cangrejos de la  
superfamilia Xanthoidea (Crustacea: 
Brachyura) en la bahía de Cispatá 

(Córdoba, Colombia). Revista 
de la Academia Colombiana de 
Ciencias Exactas, Físicas y Naturales. 
2015;39(150):91-99

[20] Rueda-Bernal R, Acero P, et al. 
Determinación del rol del tiburón 
cazón antillano Rhizoprionodon 
porosus (Carcharhinidae) en el flujo de 
metilmercurio en las redes tróficas del 
Caribe colombiano. Rev. Acad. Colomb. 
Cienc. Ex. Fis. Nat. 2020;44(170):169-181



161

Chapter 9

Mercury Contamination  
and Spill-Over at  
Human-Wildlife-Environment 
Interface
Andrew Tamale, Justine Okello and Celsus Sente

Abstract

Man’s quest for energy demands that fuel for running machines and cooking is 
vital for mankind. Oil and coal have served this energy quest for time immemorial. 
This oil quest has been present in the Albertine Graben since 1920, threatening bio-
diversity spots, terrestrial wildlife, and aquatic resources. The current book chapter 
provides insights into the spatial distribution of potentially toxic elements (Mercury) 
in terrestrial and marine species and the health risk posed to terrestrial and aquatic 
species due to oil exploitation.

Keywords: oil spill, mercury, Lake Albert Graben, human-wildlife environment 
interface, developing country

1. Introduction

Pollution is a resultant detrimental effect on the ecosystem attributed to hazard 
discharges and mismanagement [1, 2]. Contamination on the other hand is attributed 
to presence of hazards in the biological systems and these act as sources of toxicity 
to flora and fauna [3]. Potential toxic elements (PTEs), another type of inorganic 
pollutant, make up one of the most significant groups of pollutants that are released 
into environment by chemical and allied industries such as pharmaceuticals, fertil-
izers, and refineries. These PTEs can pollute the environment if their concentration is 
higher than the allowable limits [4]. There is a possibility that these inorganic pollut-
ants cannot be broken down by biological processes, and as a result, they remain in 
the environment for a while, ultimately causing disruptive effects, not only on public 
health but also on the flora and fauna of aquatic and terrestrial environment [5, 6]. 
Potentially toxic elements are a threat on a global scale since they are not biodegrad-
able and have a propensity to build up in living organisms through the food chain. 
Different body organs in both humans and animals are impacted by a number of 
potentially toxic substances’ causing acute and chronic toxic effects [1, 6]. In many 
Sub-Saharan African countries, anthropogenic activities that occur within an ecosys-
tem, as well as the natural sources, are the two main contributors to PTEs pollution. 
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The vast majority of pollution is caused by human activities, such as the search for 
new sources of energy [7, 8]. Since the beginning of time, coal and oil have been 
sources of energy for a wide variety of applications across the globe.

In Uganda, oil exploration in the Lake Albert Graben that began as early as 1938 in 
Butiaba, Buliisa with geological explorations, has today evolved into the construction 
of an oil pipeline [9]. Such pipelines come along with the threat of pipeline accidents 
where oil spills are eminent [10]. The Uganda environmental policy stipulates that oil 
spills are one of the disasters whose level of contamination of the environment would 
warrant attention [9]. According to Kassim [2], oil resources should be managed in 
cognition of the negative effects such as pollution and contamination. The environmen-
tal policy stipulates that oil spills are one of the disasters whose level of contamination 
of the environment would warrant attention [11]. The pollution cited in this situation is 
that of potentially toxic elements, especially mercury and lead. Since “oil spill” is often 
a new phenomenon in the area, the ecosystems should be able to adapt in a compatible 
way otherwise the ecosystem collapses. The theory of sustainable utilization for oil 
resources in the Lake Albert Graben focuses on three main areas namely; availability of 
the resources, adaptability and flexibility, and homeostasis [12]. The resources targeted 
at the Albertine Graben include water, assets, and entitlements, and not so much of 
PTEs research [13]. For instance, much of the work executed about water levels of 
mercury, levels of mercury in fish, and risk burden thereafter, is documented better 
in developed countries compared to the developing countries, like Uganda. The use 
of consumption advisories is where most of the information in developed countries is 
stored. The assets in the biodiversity hot spot include flora and fauna uniquely found 
in this site [14]. In addition to the animal species and plants in the protected area, lies a 
whole new industrial park as part of the oil city. The much-anticipated livelihood from 
this oil city creates an entitlement to the community around the oil drilling area [14]. 
However, conflicts might result in negative catastrophes, such as oil leaks, if the delicate 
balance between entitlement and livelihood is not realized. In the Murchison Falls 
Conservation Area (MFCA), wildlife, domestic animals, and human ecosystems are 
documented as resilient systems, initiated by anthropogenic activities [15]. The pres-
ence of oil and gas prospecting in MFCA as major anthropogenic activities translates 
into ecosystem resilience, coping, and tolerance as a result of the possible oil spills [15]. 
Oil and gas production is one of the precursors of mercury in the environment, should 
there be an oil spill [16]. The surrounding communities are being empowered through a 
socioecological approach that focuses on sustainability of the ecosystem proponents.

This chapter, therefore, discusses the detrimental effects of mercury on an ecosys-
tem that lies at the wildlife, domestic animal, and human interface. These effects are 
on around an oil spill framework that encompasses terrestrial and aquatic environ-
ments, species, and habitats as illustrated in Figure 1.

The likely exposure factors include exposure time, exposure quantity, and analytic 
chemicals, that is, mercury and lead. The species-related factors include species iden-
tity, development stage, generation time, feeding mode, and mobility. The habitat 
related factors include depth at which species thrive, environmental stressors, i.e., 
deforestations, erosion, anthropogenic activities and climatic conditions. These triad 
factors also are both inter and intra linked.

Location and habitat.
In the Lake Albert region, oil exploration often excites the population. However, 

the location of oil wells in MFCA biodiversity hot spots and forests has led to loss of 
habitat and ecosystem for biodiversity. The location of MCFA has been illustrated in 
Figures 2 and 3.
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Regardless of where the oil spill occurs, whether terrestrial or aquatic, the impacts 
are devastating, as they can lead to accumulation of potentially toxic elements, 
especially mercury in the terrestrial and aquatic environment, causing toxicities in 
animals and humans. Mercury in particular bioaccumulates and is magnified along 
trophic levels, often bioconcentrate in plants and animals and the flora acts as sources 
of the potentially toxic substances/mercury.

On the other hand, there have been positive impacts on development, that is, 
infrastructure, road networks, and improved livelihoods of the surrounding commu-
nities. A balance is needed in utilization of the oil resource since it is perishable but 
can also have vast negative impacts, which include the oil spills.

Figure 1. 
Framework of oil spill burden on Ecosystem. Sources: [17, 18].

Figure 2. 
Map of Lake Albert region [19].
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2. Species

The conservation world is aware of the burden of oil spills in the areas where oil 
exploration and extraction exist. These oil spills mainly negatively affect the wildlife 
(flora and fauna), fishing communities, and the communities in and around the 
wildlife-protected areas. To safeguard these vulnerable populations at the animal-
environment-human interface, solutions on how to mitigate the levels of potential 
toxic substances found in water, plants, and animals need to be found. This informa-
tion is displayed as a distribution map of the key levels of lead and mercury in food 
eaten by communities in the protected areas, and associated health risks. The adverse 
effects of lead and mercury on wildlife, aquatic species, and environment also need 
to be documented. These documents translate into the food consumption advisories 
for lead and mercury in the MFCA. The awareness of risks and benefits associated 
with eating fish, plants, and wildlife from MFCA is vital for tourists and communi-
ties around the protected area. Since most of the mercury is taken in through fish 
consumption, vulnerable populations should watch out for the fish species eaten, 
especially the carnivorous fish. The vulnerable populations include children less than 
12 years, women of childbearing age, and elderly.

Figure 3. 
Oil fields in Uganda [20].
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3. Anthropogenic activities

Anthropogenic activities offer a delicate balance between the needs of a com-
munity/government and the biodiversity spots and their contribution to nature [21]. 
The country’s development process should be in tandem with the environmental 
concerns [20]. Therefore, activities like oil exploration in biodiversity spots should 
be allowed to execute with guiding regulations and policy. If the works go on unregu-
lated, the destruction to the environment and the associated costs of restoration are 
quite prohibitive. The cost of an oil spill to wildlife range from losses due to acute 
toxicity of the aquatic and terrestrial species, the cost of rehabilitation of those that 
can be recovered, and the cost of clean up to and the length of 1300 km length of 
the oil pipe for crude oil. The work on oil spills is much needed in the Lake Albert 
Graben given the fact that 4 million gallons per day in the kingfisher project shall be 
produced come 2023. The Lake Albert Graben has over 7 blocks of which the king-
fisher project lies in one of the blocks [2, 22]. The Lake Albert Graben is synonymous 
with the Niger delta in Nigeria. Oil-related studies in Nigeria exhibited a range of 
between 230 and 1200 spills per year in the Niger delta between 1981 and 2015 [3]. 
The amounts per oil spill in the oil mining areas and between the path of oil pipelines 
can only be estimated to be between 50,000 barrels and 300,000 barrels per year in 
the same study period in Niger delta [3]. Based on the oil spills, fish are contaminated 
with potentially toxic substances and this not only leads to health risks in high-level 
trophic fish but also has a negative effect on fish breeding in the water sources. 
Adding the restoration costs to the 3.5 billion US$ initial cost of construction of the 
pipeline is a tall order [3].

3.1 Hazards

Pollution attributed to quest for energy in Uganda and world over is related to can-
cers and other severe health burdens to animals and humans. Some of the detrimental 
hazards associated with oil spills are potentially toxic substances, especially mercury. 
Considering the Lake Albert Graben where oil wells are located both inland and in 
lake water, aquatic fish and captive animals will be exposed to levels of Mercury 
exceeding the maximum allowable limits of WHO and FAO. Exposure of animals 
and aquatic species to Mercury results in neurotoxicity, kidney damage, cancers, and 
teratogenicity [6, 10, 23]. One of the gaps identified in the study is the absence of an 
investigation into the establishment of potentially toxic substances levels in plants, 
wildlife, and aquatic species, establishment of the associated health risks, and lack of 
the PTEs distribution map for the MFCA.

The hazard identification study employs teams of epidemiologists, research-
ers, wildlife veterinarians, game park staff, statisticians, lab specialists, and policy 
analysts. The study approach utilizes quantitative approach of research involving 
semi-structured interviews, sample collection, lab investigation, data mining, and 
dissemination of findings/report/policy and these translate into risk assessments. 
The evidence generated is what is utilized to reduce oil pollution effects on wildlife 
and aquatic species in MFCA. Efforts like these steer the reduction of pollutants in 
areas where biodiversity is paramount and sustainable management of the ecosystem 
is warranted. Areas that have oil wells and parks in Uganda and other developing 
countries can utilize study findings to design appropriate interventions for reduction 
in the negative effects of oil spills in the MFCA. The resultant interventions will result 
in ecosystem recovery.
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3.2 Current literature

Pollution attributed to expedition for energy in Uganda and world over is closely 
linked to several health burdens to animals, humans, and environment [24]. This 
evidence can be much more pronounced in the potentially toxic substances, which 
have been documented to cause cancers in animals and human populations [19, 23, 25]. 
Furthermore, the plants have equally been shown to contain traces of potentially toxic 
elements in amounts beyond acceptable levels [23]. It is imperative to note that some 
of the detrimental hazards associated with extraction and refining of petroleum and 
associated products are the oil and potentially toxic elements spill-overs [3, 26]. Mercury 
and its compounds are one such PTEs that is linked to deleterious effects in the nervous 
system, kidneys, and liver and disturb immune response processes, causing tremors, 
impaired vision and hearing, paralysis, and emotional instability [27, 28]. Mercury is one 
of the most common contaminants associated with oil spills [29]. Methods of biological 
control where eco-friendly bacteria can be utilized to solve the issue of environmental 
degradation post an oil spill have been attempted [30].

3.3 Mercury entry into the ecosystem

At the human-animal-environment interface, mercury can exist in three forms; 
elemental (or metallic) mercury, inorganic mercury compounds, and organic mer-
cury compounds. At this point, mercury can be highly persistent, bioaccumulative, 
and toxic. Mercury occurs naturally in the environment, but it is generally safely 
contained in minerals and does not present any significant risk, except when anthro-
pogenic activities precipitate its release in large amounts into the environment, con-
sequently circulating freely for a long time [31]. An environment can grossly become 
polluted with mercury following oil and gas leaks, alkali and metal processing, coal 
incineration, gold and mercury mining, and from improper medical and other waste 
disposals. In the environment, microbial organisms can uptake the elemental form of 
mercury and this signals the transcription of the genes hgcA and hgcB are transcribed 
to synthesize the HgcA and HgcB proteins [32].

These proteins can then start the methylation reaction to form methylmercury. 
Mercury and methylmercury exposure to sunlight (specifically ultra-violet light) has 
an overall detoxifying effect. Sunlight can break down methylmercury to Hg(II) or 
Hg(0), which can leave the aquatic environment and reenter the atmosphere as a gas 
as shown in Figure 4.

In the food chain, each rung of the food chain consumes more mercury because 
animals acquire it faster than they expel it. Small ambient quantities of methylmer-
cury can easily build in fish, fish-eating species, and people. Even at low atmospheric 
deposition rates in remote regions, mercury biomagnification can be harmful to 
aquatic food chain consumers.

Mercury-associated risks at the wildlife-domestic animal-environment interface.
mercury in water and sediments is the primary concern, as it is in a highly toxic 

form and can easily be taken up by animals, thus finding its way into the human 
food chain. Health concerns in Uganda center on human and animal consumption of 
fish and fish products contaminated with methylmercury. Particularly in humans, 
neurotoxicity is the most important concern associated with mercury exposure. 
When methylmercury reaches the bloodstream, it is distributed to all tissues and can 
cross the normally protective blood–brain barrier to the brain. Methylmercury can 
also readily move through the placenta to the developing fetus(es) and, therefore, of 
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more concern to pregnant women and women of childbearing age. Mercury exposure 
in humans (RfD between 1.0 and 3.0×10−4 mg/kg per day) can lead to a variety of 
negative health effects, including neurological, kidney, gastrointestinal, genetic, car-
diovascular, and developmental disorders, and even death [32]. Wildlife and domestic 
animals that consume fish and fish products, depending on their feeding behavior, 
may ingest large amounts of methylmercury in their diet, often interfering with their 
reproductive potential. Raptorial bird species, otters, and others that commonly 
consume water-based foods are at the greater risk of mercury contamination. In birds, 
reproductive problems are the primary concern related to mercury poisoning. Other 
mercury effects in wildlife and other animals are liver damage, kidney damage, and 
neurobehavioral effects.

4. Health risk and burden due to mercury

The exposure diet intake is linked to the Hazard Quotient (HQ ), which signifies 
the relationship between the exposure obtained in the diet and the oral reference 
dose for mercury [28]. Choice of the oral reference dose is critical in determining the 
health risks the vulnerable community is exposed to, that is, use of the general popu-
lation or vulnerable population oral reference dose [34]. The oral reference doses for 
mercury in the vulnerable and general population are 1 × 10−4 and 3 × 10−4 mg/kg 
per day, respectively [35, 36]. Therefore, there is a need to send out a message to this 
vulnerable group about the health hazard they are encountering daily by consump-
tion of food contaminated with mercury. Use of specific messages for different target 
groups was demonstrated in the USA during a study by Ref. [34], which involved 
pregnant women and children and observed that there is a need for a unique message 
for the vulnerable group.

Hazard Index (HI) for both vulnerable and general populations if computed 
can spell out the health risk. For the vulnerable populations, if the hazard quotients 

Figure 4. 
Mercury’s entry into the environment [33].
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from the study are added and the hazard index is greater than one spells out probable 
health risks from the mercury consumed. These results are in agreement with Poulin 
et al. [29] who documented higher HI levels in carnivorous than herbivorous fish, a 
pointer toward the hazard index points toward noncarcinogenic risk attributed to 
mercury uptake in fish parts, especially the Lake Albert Nile perch.

5. Conclusions

Mercury and other potentially toxic substances associated with oil spills are a 
common occurrence in areas of oil exploitation. The negative effects of oil spills can 
be reduced by environmentally friendly human approaches and the resilience of the 
ecosystem. Oil exploitation is an investment that should be executed carefully in 
accordance with guidelines and policy. This oil investment can transform community 
and country livelihoods positively if managed in accordance with the eco-friendly 
guidelines and negatively if the sole focus of oil extraction is that of resource genera-
tion for country expenditures.
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Chapter 10

Mercury Pollution: Dangers and 
Treatment
Fattima Al-Zahra Gabar Gassim

Abstract

Mercury (Hg) is a toxic heavy metal with interesting properties such as silvery-white 
liquid at room temperatures, volatile, a poor conductor of heat, but a fair conductor 
of electricity. Mercury contamination in soil, water, and the air are associated with 
potential toxicity to humans and ecosystems. The nervous system is very sensitive to 
all forms of mercury. Exposure to high levels of any type of mercury can permanently 
damage the brain, kidneys, and developing fetus. Mercury can build up in the bodies 
of fish in the form of methyl mercury(organic mercury) which is very poisoning and 
largely linked to eating seafood, mainly fish. The mechanism of the mercury poisoning 
treatment involves adsorption, oxidation, and reduction processes. The major aim of 
these technologies is to separate mercury from the contaminated media or transform 
toxic mercury species into less toxic ones.

Keywords: mercury sources, environmental pollutions, mercury treatments,  
heavy metals, mercury dangerous

1. Introduction

Mercury (Hg) is an element like lead or arsenic, and it is classified as heavy metal. 
It is the only metal present in liquid form as shown in Figure 1. It has many interesting 
properties. The most important properties was listed in Table 1.

Mercury is a naturally occurring mineral found primarily in a mineral called cin-
nabar, which can contain up to 86 percent mercury. It is released through natural rock 
weathering and (or) volcanic activity [2].

Metallic mercury is used in the production of chlorine gas and caustic soda, and it 
is also used in thermometers, dental fillings, and batteries. Mercury salts are some-
times used in skin-lightening creams and as antiseptic creams and ointments [3].

1.1 Facts about mercury

a. Highly toxic to the nervous system and damages memory, cognitive thinking, 
language abilities, attention, and fine motor skills [4].

b. Mercury (Hg) is ubiquitous, naturally enriched in volcanic regions
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c. Bio-accumulative (higher concentrations in tissues of aquatic plants and animals 
than in water) [5].

d. Biomagnified (higher concentrations at increasingly higher levels in the food 
chain) [6].

e. Many chemical forms in the air, water, sediment, and living organisms

1.2 Sources of mercury

Natural levels of mercury exist in soil, air, and water around the world [7]. 
Mercury is introduced into the environment in three ways.

Values Properties

Molecular formula Hg

atomic number 80

Atomic weight 200.592 amu

Valence 1, 2

Melting point −39°C

Boiling point 357°C

Specific gravity 13.6

Vapors pressure 0.0012 (mm Hg/21°C)

Odor Odorless

Stability Stable and does not tarnish and is slightly volatile at ordinary 
temperatures

Solubility Not soluble in water or most other liquids, but will dissolve in 
lipids (fats and oils)

Conductivity An excellent conductor of electricity

Table 1. 
Some of the important properties of Hg [1].

Figure 1. 
Drops stock of mercury.
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1. Mercury is naturally emitted into the air by volcanoes, rocks, and forests fires 
and soil. Mercury is released into the atmosphere due to its evaporation, it can 
easily move through the air and end up thousands of kilometers from where it 
was first released, and traveled hundreds of miles with the wind before being 
deposited on the surface of the earth [8]. Sedimentation can occur as little as five 
to fourteen days afterward Mercury is released into the air, or it can take up to 
one year - during which time the mercury can they reside in the air and are trans-
ported to distant places around the world. Once deposited on Earth, mercury can 
onto the surface waters of the state [9].

2. Mercury is emitted into the air from the combustion of fossils Fuel and munici-
pal or medical waste. Mercury can enter the environment through human activi-
ties such as burning coal, extracting minerals from ore, manufacturing cement, 
and using and disposing of mercury-containing products, such as fluorescent 
lamps and some types of batteries [10]. In certain regions of the world, small-
scale gold mining with mercury is an important source of mercury pollution. 
Human emissions account for 40% of the mercury  deposited in Canada each 
year, and 97% of these emissions come from other  countries [11].

3. Mercury can be reintroduced into the environment through natural processes such 
as the evaporation of ocean waters. Mercury persists in the environment for long 
periods by circulating back and forth between air and soil [12], every time chemi-
cal shapes change. Atmospheric ages can be oxidized and combined with other ele-
ments, such as chlorine, sulfur, or oxygen, to form inorganic mercury)compounds 
(HgS, HgCl, HgO). These inorganic compounds are estimated to be up to 2 years,

Also, elemental mercury can be combined with carbon to form more toxic organic 
methyl mercury(CH3Hg) which remains in the soil for decades. Mercury is never 
removed from the environment; It was moved to other sites and eventually buried 
under soil and sediment. Figure 2 [13] shows the Inter-phase transfer and transport 
of mercury in soil, water, and air.

1.3 Dangers of mercury exposure

Three different types of mercury are harmful to the human body:

• Elemental mercury (liquid mercury, mercury silver): They are found in fluores-
cent lights, switches, glass thermometers, and dental fillings.

• Inorganic mercury: It is found in chemistry laboratories, certain types of disin-
fectants, and in batteries.

• Organic mercury: It is found in the fumes of coal and fish that have ingested 
methylmercury and disinfectants (germ killers such as red mercury) [14].

The human body can be exposed to mercury through [15]:

• The skin by touching it

• Air by inhalation

• Eating or drinking contaminated food or water
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The nervous system is very sensitive to all forms of mercury. Exposure to high 
levels of any type of mercury can permanently damage the brain, kidneys, and fetus. 
The effects on brain function may cause irritability, shyness, tremors, changes in 
vision, or problems with hearing and memory [16]. High exposure to mercury vapor 
can cause chest pain, shortness of breath, and fluid buildup in the lungs (pulmonary 
edema) that can be fatal [17].

Elemental mercury can turn into more toxic inorganic compounds as oxidized 
mercury (Hg2+) combines with other elements, or it can combine with carbon to form 
an even worse pollutant known as methyl mercury (CH3Hg). These compounds may 
fall to land or water through precipitation, or they may fall as dry particles and find 
their way into a lake or ocean [4].

Methyl mercury and metallic mercury fumes are particularly harmful because 
more mercury reaches the brain. Long-term exposure may cause blurring of the eye. 
Contact with mercury chloride can cause skin burns and permanent eye damage. 
Mercury also accumulates in the body [18]. Most metallic mercury will accumulate in 
the kidneys, but some metallic mercury can also accumulate in the brain. Most of the 
metallic mercury that is absorbed by the body is eventually left in the urine and feces, 
while small amounts leave the body in the same exhalation [19].

Humans are exposed to mercury in two ways:

1. Eating fish contaminated with organic methyl mercury

Symptoms of organic mercury poisoning from long-term exposure include a 
feeling of numbness or pain in certain parts of the body, tremors (uncontrollable 
shaking), unsteady walking, double vision, or blurry vision. Blindness, memory loss, 
and seizures [20].

Figure 2. 
Inter-phase transfer and transport of mercury in soil, water, and air. Acronyms: Hg(0), elemental mercury; 
Hg(II), divalent mercury; MeHg, methyl mercury.
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Mercury can enter the open seas and oceans as a result of downstream move-
ment and re-deposition of polluting sediments from urban estuaries. The reduction 
and oxidation of mercury mostly occur near the surface of ocean waters. These are 
either driven by sunlight or microbial activity. Under ultraviolet rays, elemental 
mercury oxidizes and dissolves directly in ocean waters or binds to other molecules 
[21]. The reverse reaction reduces some Hg2+ to elemental Hg0 and returns to the 
atmosphere. Atmospheric fine aerosols such as ocean water droplets can act as small 
reaction chambers in this process providing the required special reaction conditions. 
Oxidation and reduction of mercury in the ocean are not very simple reversible 
reactions. The proposed photochemical pathway for mercury surrounding ocean 
aerosols was shown in Figure 3 which indicates that it occurs through a reactive 
medium [22].

Photo-oxidation is suspected to be OH-driven. Roots and reduction are driven by 
wind and perturbations of the surface layer.

In the dark, mercury redox reactions continue due to microbial activity. 
Biological transformations vary and have a lower rate compared to the above 
sunlight-driven processes. Inorganic mercury Hg2 + and methyl mercury can adsorb 
in molecules. A positive correlation was observed between the amount of organic 
matter versus the concentration of these types of mercury, indicating that most 
of them are associated with organic matter [23]. This phenomenon can determine 
the bioavailability and toxicity of mercury in the ocean. Some methyl mercury is 
released into the ocean through river run-off. However, most of the methyl mer-
cury found in the ocean is produced in ceto (within the ocean itself). Inorganic 
Hg methylation can occur via biotic and abiotic pathways. However, biosynthetic 
pathways are the most prevalent. The reactions shown in the simplified diagram 
below are parts of the complex enzyme-driven metabolic pathways that occur 
within  microbial cells [24].

In abiotic reactions, hemic substances act as methylating agents, and thus this 
process occurs at shallow sea levels where decomposing organic matter is available 
to combine with inorganic Hg2+. Mercury methylation studies in polar regions 
have also shown a positive correlation between methylation and chlorophyll con-
tent in water. The potential for biological pathways to produce methyl mercury is 

Figure 3. 
Photochemistry of mercury on oceanic aerosols.
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shown in Figure 4 [25]. The methyl mercury produced accumulates in microbes. 
Due to the high permeability and absence of methyl mercury degradation in 
other species that depend on those microbes, this highly biotoxic compound is 
amplified through marine food chains to top predators. Humans consume many 
types of marine fish that are the number one predators in food chains, putting 
their health at great risk. Therefore, finding possible solutions to further reduce 
mercury emissions and clean up existing mercury emissions and clean up existing 
mercury pollution [26].

Methyl mercury is toxic and can cause very harmful effects when consumed, 
which can happen when humans eat highly contaminated fish. Through the process 
of biomagnification, as shown in Figure 5, the concentration of methyl mercury 
within fish increases as one goes up the food chain. This makes eating apex preda-
tors dangerous, and especially dangerous for pregnant women and young children 
to do so.

Mercury levels in fish are measured in either part per million (mg kg−1) or dry 
weight micrograms (mcg). Table 2 explains some common types of tuna and the 
concentrations of mercury in them [27].

The effects of methyl mercury can lead to risk neurological problems, especially in 
young children and infants, by affecting the brain and nervous system. Possible prob-
lems include cerebral palsy, delayed walking or speech, learning difficulties, tremors, 
irritability, poor coordination, and memory loss. Pregnant mothers in particular 
should not eat large fish because their babies are susceptible to these chemicals that 
attack developing organs [28].

The US Environmental Protection Agency (EPA) states that 0.045 micrograms 
of mercury per pound (0.1 micrograms per kilogram) of body weight per day 
are the maximum safe dose of mercury. This amount is known as the reference 
dose [29].

The daily reference dose of mercury is based on body weight. Multiplying that 
number by seven gives you the weekly mercury limit. Table 3 shows some examples 
of reference doses based on different body weights [30].

Figure 4. 
Microbial chemical conversions of mercury.
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Figure 5. 
Methyl mercury concentrations within the fishes.

Species Mercury in mg kg−1 Mercury (in mcg) per 3 ounces (85 grams)

Light tuna (canned) 0.126 10.71

Skipjack tuna (fresh or frozen) 0.144 12.24

Albacore tuna (canned) 0.350 29.75

Yellow fin tuna (fresh or frozen) 0.354 30.09

Albacore tuna (fresh or frozen) 0.358 30.43

Big eye tuna (fresh or frozen) 0.689 58.57

Table 2. 
Some common types of tuna and the concentrations of mercury in them.

Body weight Reference dose per day (in mcg) Reference dose per week (in mcg)

100 pounds (45 kg) 4.5 31.5

125 pounds (57 kg) 5.7 39.9

150 pounds (68 kg) 6.8 47.6

175 pounds (80 kg) 8.0 56.0

200 pounds (91 kg) 9.1 63.7

Table 3. 
Some examples of reference doses based on different body weights.
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Since some tuna species are very high in mercury, a single 3-ounce (85-gram) 
serving may have a mercury concentration that equals or exceeds a person’s weekly 
reference dose.

2. Inhalation of elemental mercury (Hg) or inorganic salts (Hg2+)

Elemental mercury is toxic when ingested. When the chemical enters the body 
by inhalation, it travels through the bloodstream and attacks the brain and kidneys. 
Symptoms of inorganic mercury poisoning involve a burning feeling in the throat 
and/or stomach, vomiting or nausea, diarrhea, the color of the urine changes and 
blood in stool or vomit [20].

The atmosphere is the primary pathway for mercury transport emissions, while 
land and ocean processes play an important role Its role in the redistribution of mer-
cury in terrestrial water, freshwater, and Marine ecosystems and CH3Hg production 
that drives The main human exposure route, fish consumption, Especially marine 
fish. Temporal and spatial scales of Atmospheric transport of mercury to aquatic 
organisms and Terrestrial ecosystems depend primarily on chemicals and physical 
forms. Figure 6 illustrates Mercury Cycle in the Environment [31].

After emission, elemental mercury (Hg0) can be transported over long distances 
before oxidation and removal by dry precipitation of particles or gas in the phase or 
cleaning by scavenging precipitation. The atmospheric residence time of Hg0 is from 
several months to years and therefore mercury can be transported and deposited in 
remote locations such as the Arctic and Antarctic [32].

Figure 6. 
Mercury cycle in the environment.
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The ionic particle bound Hg2+ has a shorter Atmospheric residence time of Hg0 
(atmospheric residence hours to days), as a result of which it is generally deposited locally 
or regionally. Inputs to ecosystems occur to a large extent Hg2+, while most CH3Hg is pro-
duced within ecosystems. It is important to distinguish between primary and secondary 
mercury emission sources. Primary sources, both natural and Man-made mercury from 
the long-lived lithosphere atmospheric reservoirs. This mercury is deposited in the earth 
and oceans. Precipitated mercury can be reduced to Hg0 and then re-emitted [33].

Re-emissions are secondary sources of the exchange of mercury between surface 
reservoirs using the atmosphere car. Primary sources increase the global pool of 
mercury in Surface reservoirs, while secondary sources redistribute Between and 
within ecosystems [12].

Mercury is deposited into the atmosphere primarily as oxidized mercury (II).
By precipitation and falling or picked up by plant stomata and deposited with 

excreta. In soil, Hg(II) can be reduced by different pathways:
(i) Photochemical, (ii) microbial, or (iii) abiotic non-chemical reduction by 

natural organic matter (NOM), followed by re-emission back into the atmosphere. All 
forms of mercury are subject to leaching from soils with runoff or groundwater into 
aquatic ecosystems. Figure 7 shows emission and re-emission sources of Hg0 [34].

2. Mercury poisoning treatment

As known, even a small amount of mercury can affect the digestive, nervous, and 
immune systems. Also, it can be a threat to the development and growth of a child 
in early life. Mercury products are hazardous waste. When this waste is placed in the 
trash, it does not decompose. Instead, they find their way into lakes, rivers, or soil [35].

Figure 7. 
Current estimates of the fluxes and pools of mercury at the Earth’s surface.
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Mercury like other heavy metals, cannot be degraded in ecosystems, thus treat-
ment should be based on removals or installations. Removal techniques include 
adsorption mechanism, Adsorption, oxidation, and reduction [36]. The main objec-
tive of these techniques is the separation or conversion of mercury from contaminated 
media toxic mercury species to less toxic species. The most widely adopted installa-
tion techniques are stabilization and containment, Which prevents the transfer of 
mercury by chemical complexity or physical baiting, respectively [37].

Novel materials, especially materials that possess high Surface area, large 
porosity as well as adsorption active sites It has been extensively examined in 
recent studies Regardless of the absorption capacity which is the main determinant 
of these materials, and other issues such as the method of generation, Stability, 
and reusability should also be seriously considered compared to traditional 
processing techniques such as heat absorbent or activated carbon adsorption, 
innovative [38].

The methods have proven to be more cost-effective and environmentally 
friendly. Interestingly, most of these techniques treat contaminated mercury Soil, 
water, and air can depend on the emerging materials or metabolizing organisms, i.e. 
plants, algae, and bacteria. Figure 8 [15] shows the main mechanisms involved in 
Hg treatment.

Major mechanisms involved in Hg treatment from the air, water, and soil can be 
explained as follows:

a. The catalyst oxidation method is commonly used for gaseous phase mercury 
removal. Oxidation is a more cost-effective method to remove Hg0 from the flue gas. 
Several studies have focused on new oxidation, regardless of the oxidation method 
of the catalyst, the advanced free radical oxidation of Hg0 is also sometimes used, 
but the removal capacity of Hg0 using this technology is still limited [39].

Figure 8. 
Major mechanisms involved in Hg treatment. Acronyms: WFGD, wet flue gas desulfurization; ESP, electrostatic 
precipitation.
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The synthesis of a functional covalent thioether of triazine nanoparticles for 
Hg2+ and Hg0 is absorbed by water studies and the results show an excellent 
adsorption capacity (1253 and 813 mg/g for mercury Hg2+ and Hg0, respectively). 
The maximum adsorption capacity was reached 172.6 mg/g by using silica-coated 
magnetron nanoparticles for Hg(II) extraction from wastewater and adsorption 
of mercury ions on imine groups (C-NH-) on the surface of nanoparticles [40].

b. Reduction of Hg2+ to Hg0 is often applied to prevent the formation of Methyl 
mercury (MeHg). Methyl mercury is the most bioavailable form of Mercury. 
Oxidation-reduction conditions in wetland sediments enhance formation From 
MeHg. The high concentration of mercury (II) species results in production from 
MeHg. Therefore, an effective way to control the production of methyl mercury 
is to reduce the Hg(II) concentration. Zerovalent iron (ZVI) or Fe (II) is often 
used. To reduce Hg(II) to Hg(0), thus inhibiting the production of MeHg [41].

Adsorption methods by using adsorbents usually possess high surface area and 
high porosity and the formation of chelates is the major approach to removing 
Hg(II) from water solution [42].

c. Stabilization approaches freeze the movement of mercury into contaminated sites. 
Through chemical complexity to reduce solubility for Reduce exposure to mercury 
in the environment During chemical fixation Sulfur-containing reagents such as 
elemental sulfur and pyrite (FeS2) or thiosulfate are commonly used to react with 
Hg(0) in pollutants oil to form HgS, which is very insoluble [43].

Soil can be dealt with either on-site or off-site, the former requires less energy and 
labor cost. However, fine mixing is still very difficult on-site stability. The basic defect 
in stability is that mercury is not removed from contaminated media, Thus it requires 
permanent prospective monitoring of contaminants on site. Similar to installation, 
pollution is left on site during containment treatment. Low permeability physical bar-
riers (eg clay plaster walls, coverings, or curtains) around contaminated soil To isolate 
and contain the soil, thus preventing the migration of mercury to the surrounding 
environment. These material Barriers can be divided into three types: barricades, 
vertical barricades, and horizontal barriers [44].

Nano-materials are gaining more and more attention in mercury remediation of 
soil, water, and flue gas, owing to their high adsorption capacity, small dimension, 
and another unique electrical, mechanical and chemical properties. There are several 
major types of nanoparticles and nanocomposites such as carbon nanotubes (CNT) 
[45], Zinc oxide (ZnO) [46], and Ferro ferric oxide (Fe3O4), [47] nanoparticles can be 
used for Hg remediation in the wastewater.

3. Conclusions

Mercury is one of the most dangerous pollutants which cycles through the atmo-
sphere, water, and soil in various forms to different parts of the world. High levels of 
Mercury exposure cause damage to the brain, kidneys, and fetus. The effects on brain 
function may cause irritability, shyness, tremors, changes in vision, or problems with 
hearing and memory. Humans are exposed to mercury either by Eating fish contami-
nated with organic methyl mercury or Inhaling elemental mercury (Hg) or inorganic 
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salts (Hg2+). Mercury poisoning treatment techniques include adsorption, oxidation, 
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