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Abstract 

Coastal oil spills are one of the most prominent threats both economically and 

environmentally to the sensitive regions with active trade and commercial shipping 

activities. This study examines and compares techniques to cope with oil spills in 

coastal waters, paying particular attention to their effectiveness, ecological 

consequences, and marine applicability. Evaluation techniques included mechanical 

recovery using booms and skimmers, biological dispersants, in situ burning, 

bioremediation, and new emerging solutions based on nanotechnology. Each technique's 

advantages and disadvantages are reviewed considering the spill size, prevailing weather 

conditions, degree of water salinity, and ecological sensitivity of the area. Mechanical 

recovery is still the most commonly used technique because of its prompt application; 

however, bioremediation is a better long-term alternative. Chemical dispersants, though 

effective, pose additional environmental problems, which raises questions about their 

long-term viability. Emerging nanomaterials and biosorbents promise improving the 

effectiveness of oil removal while avoiding additional damage. The study also analyzes 

case studies from major routes and maritime ports to highlight practical problems and 

living applications. Results indicate using multiple strategies tailored to suit the specific 

region yields optimal results. The research results call for better oil spill contingency 

planning, rapid response mechanisms, eco friendly technologies, and efficient coastal 

ecosystem preservation that sustain marine commerce and biodiversity. 
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Introduction 

Oil spills are one of the most severe 

types of marine pollution, defined by the 

accidental or intentional discharge of 

petroleum hydrocarbons onto sea or 

coastal waters. These incidents result 

from tanker collisions, pipeline ruptures, 

drilling accidents, and normal ship 

navigation activities (ITOPF, 2020). The 

impacts of oil spills are particularly 

catastrophic in coastal waters due to 

intense biological productivity coupled 

with human activity. These regions act 

as critical life-support systems which are 

indispensably productive for pollution 

tolerant marine biodiversity, commercial 

fisheries, tourism, and transport (Xue, 

2024; Tao et al., 2024). Oil spills have 

catastrophic consequences for the 

environment in both the short and long 

term. Crude oil is intrinsically toxic due 

to its complex constituents, which 

include bioavailable and ecologically 

harmful polycyclic aromatic 

hydrocarbons (PAHs) (Almeda et al., 

2013). In coastal waters, the sediment 

can become contaminated, coral reefs 

may be destroyed, aquatic life may 

become deformed, and their ability to 

reproduce may be severely adversely 

affected to the point of non-lethal 

(Kingston, 2002). Oil spills severely 

impact seabirds and marine mammals 

through many routes such as direct 

consumption and inhalation of oil, and 

depletion of oil insulation (Peterson et 

al., 2003). Furthermore, the physical 

smothering of coastlines can cause the 

persistent destruction of salt marshes, 

mangroves, and intertidal zones (Teal 

and Howarth, 1984). 

Considering the ecological and socio-

economic impacts of oil spills, the 

creation and employement of effective 

oil spill clean up techniques is of utmost 

importance (Parvin, 2017; Nafiza 

Begum and Vijaya, 2024). Oil spill 

remediation is primarily focused on 

containment, mitigation of 

environmental consequences, and 

restoration of impacted ecosystems. 

Traditional response techniques include 

the use of booms and skimmers for 

mechanical recovery, chemical dispersal, 

in-situ burning, and shoreline cleanup 

techniques (Fingas, 2011). Because 

mechanical methods physically remove 

oil from nearshore regions and tend to 

work better for nearshore applications, 

they are often preferred. However, high 

wave energy along with debris is likely 

to reduce the effectiveness of the system 

(Zhu et al., 2004; Palash and Dhurvey, 

2024). While chemical dispersants 

increase the rate of microbial 

degradation by breaking oil into smaller 

manageable droplets, the controversy 

regarding their application stems from 

the potential toxicity and the increased 

risk of sinking oil to deeper water layers 

where it will affect benthic organisms 

(Atlas and Hazen, 2011). While in-situ 

burning allows for rapid removal of 

large quantities of oil, environmental 

conditions such as wind place additional 

restriction on its use given that only 

fresh oil layers can be ignited. 

Bioremediation—or the use of 

microorganisms to degrade 

hydrocarbons—tends to be considered 

an eco-friendly approach towards 

shoreline recovery over longer periods 

of time, but it often requires the addition 

of nutrients along with the right 

environmental conditions (Zhu et al., 

2004; Prabhu et al., 2022). 
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Figure 1: Environmental impact of oil spill. 

The oil spill pollution problem 

directly impacts marine ecosystems, the 

shoreline, and the larger organism food 

chain in one go. Fish, mangroves, and c 

corals are directly hit by the destroyed 

ecosystem services and biodiversity 

wreckage. Oil being poured semi-

permanently damages the mangroves 

and destroys the ecosystems, forcing 

marine fauna to lose their homes. Not 

only do we suffer from long-term 

coastline damage, but seabirds who 

come in contact with the oil are pulled 

into a world of constant drowning or 

hypothermic sleep. In conjunction, She 

takes the oil submerged in water daisy 

chains and reckless additional pollution - 

costing us an exorbitant amount of 

money. All in all, the death of entire 

species worth of animals due to 

obliteration bomb which gets neglected 

to be highlighted combines with the 

mangroves worth turning our blue planet 

into a gray one (Figure 1). New 

technologies, especially those involving 

nanomaterials and biosorbents, seem 

particularly promising due to their 

minimal environmental implications 

(Iyer and Deshpande, 2024). (Zhao et 

al., 2016; and Liu et al. 2013) 

highlighted the advantages of these 

materials, stating they possess high 

surface area and affinity for 

hydrocarbons, thereby offering optimal 

oil recovery and degradation potential. 

Still, the use of such technology in 

sensitive offshore coastal regions calls 

for thorough ecological impact 

evaluation and regulatory scrutiny 

(Mousa and Rasheed, 2022; Uvarajan, 

2024). In cases of oil spills that pose a 

threat to navigation, ports, and coastal 

hydrocarbon activities, the need for 

integrated response plans tailored to 

specific locations escalates. This study 

intends to assess the effectiveness of 

various oil spill remediation techniques, 

considering their environmental 

consequences and effectiveness for 

coastal and maritime applications. 

Types of Oil Spill Remediation 

Techniques 

Mechanical Techniques 

The oldest and most common methods in 

responding to oil spills include 

mechanical containment and recovery 

techniques. These techniques utilize 

booms, skimmers, sorbents, and vacuum 

systems. Booms serve as floating 

barriers that not only contain oil spills 

but help concentrate the oil for easier 

removal (Mullin and Champ, 2003). 

Afterwards, skimmers are used to 

remove the retained oil from the water’s 

surface, often through suction, 

oleophilic, or weir means, depending on 

the type and condition of oil and water 

(NOAA, 2019).  Overall, mechanical 

methods of contending oil spills are 

environmentally friendly techniques as 

they involve minimal chemicals and do 

not add additional pollutants (Etkin, 

2001; Tran and Ngoc, 2024). On the 

other hand, these techniques' 

effectiveness is greatly affected by the 
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state of the sea, weather conditions, and 

the viscosity of the oil. In rough wind or 

wave conditions, containment becomes 

very difficult and mechanical retrieval 

systems can recover only 10–20% of the 

spilled oil. In addition, mechanical 

systems can be hindered by debris and 

ice in coastal waters (Lee et al., 2015; 

Banerjee and Kapoor, 2024). 

Chemical Dispersants 

Chemical dispersants are surfactants 

applied to hydrocarbons to enhance oil 

slick dilution and microbial degradation 

(Lessard and DeMarco, 2000). 

Dispersants are most effective when 

applied to fresh oil, during high wave 

energy conditions, and at sub oceanic 

depths. During the Deepwater Horizon 

incident, millions of liters of Corexit 

dispersants were sprayed both surface 

and subsea to the tune of millions of 

liters (Lehr et al., 2010). Some studies 

have shown that oil dispersants, while 

effective in preventing coastline 

contamination, can be more toxic to 

marine life than untreated oil due to 

dispersed oil (Mehta and Reddy, 2024). 

(Almeda et al, 2024) claims that this 

primary dispersed oil may be more toxic 

than untreated oil, due to unmonitored 

exposure to oil. Contaminated water 

flowing over these ecosystems might 

lead to oil splash or pollution, free 

floating over the volumetric space and 

becoming less dense than fluid (Coelho 

et al, 2013; Atia, 2025) does weaken 

these associations. This is why most 

laws governing dispersal of toxins from 

vessels try and avoid sensitive biological 

zones around eco sensitive regions.

Bioremediation Techniques 

Bioremediation employs biological 

agents such as microorganisms, or 

enzymes, to clean up contaminated 

environments by detoxifying 

hydrocarbons. This includes both 

bioimplantaion of specialized 

microorganisms known as 

bioaugmentation and supplying 

irreplaceable microbes with nutrients 

through biostimulation (Das and 

Chandran, 2011; Kavitha, 2020). 

Bioremediation is helpful in protected 

coastal areas where spaces are hard to 

reach or under higher levels of 

protection, locales which are remote 

from civilization, which then renders 

clean up physical work useless and 

damaging. One of the main advantages 

of bioremediation is its slight impact on 

the ecosystem since it promotes natural 

degradation processes without 

employing hazardous chemicals. On the 

downside, this method’s effectiveness is 

constrained by temperature, oxygen 

levels, and nutrient concentrations. Low 

temperatures or nutrient deficiency can 

slow microbial activity, causing cleanup 

efforts to lag (Liu et al., 2017). 

Moreover, the specificity of microbial 

strain designations must align with the 

particular oil type and site conditions 

(Wang et al., 2011).  Recently, 

genetically modified bacteria and oil 

degrading consortia have been proposed 

to enhance bioremediation efficiency, 

although the release of such organisms 

into the environment poses ethical and 

regulatory challenges (Chikere et al., 

2011; Retheesh, 2014).  In general, no 

one technique can be deemed universally 

effective. Instead, a combination of 

approaches, referred to as integrated 
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response strategies, is often required for 

complete management of oil spills in 

coastal and oceanic regions. 

Effectiveness of Oil Spill Remediation 

Techniques 

Effectiveness of Mechanical Methods 

Mechanical methods such as booms, 

skimmers, and sorbents are the most 

traditional and commonly used 

approaches in dealing with oil spills. In 

controlled and managed settings, 

offshore and inshore ports, booms work 

extraordinarily well towards the 

curtailing the advancement of oil spills. 

First response actions for oil spills 

during sudden outbreaks work 

exceptionally with booms, skimmers and 

sorbents in quiet water. Concentration of 

oil in water is very high and dense, it 

becomes much easier to remove it with 

skimmers, which in turn allows for 

greater volumes of oil to be removed. 

For smaller pancake shaped oil spills, 

natural and synthetic sorbents materials 

lift oil easily with a lot of success while 

diengaged from booms and skimmers. 

Nonetheless, in most harsh seas, strong 

winds, or icy weather conditions, the 

mechanical methods become completely 

inefficient. While some degrees of wave 

surging are manageable with booms, 

once they cross a certain limit, oil 

becomes susceptible to escaping 

washing over the barriers or going 

underneath the boom. Debris skimmers 

face can become stuck in during certain 

operational conditions, and become 

inefficient in rough waters. Regardless 

of these setbacks mechanical methods 

for removing oil in oil spills is still the 

best method, and the principle means to 

address the issue, because unlike other 

methods mechanical methods ensure that 

the oil is physically removed from the 

environment instead of circulating it 

through water and filters, which greatly 

reduces further contamination of the 

surrounding environment. 

Figure 2 outlines the sequential 

method of oil spill mitigation detailed in 

a four-stage flowchart. The initial stage, 

Spill Detection, encompasses the 

defining occurrence and the measuring 

of spill extent as well as the location 

using satellite imaging, aerial flights, or 

detection systems fitted with sensors. 

After the spill has been detected, it is 

necessary to proceed to the next phase, 

Technique Selection, where appropriate 

remediation techniques are identified in 

regard to spill type, volume, weather 

conditions, and ecological sensitivity of 

the place where the oil spill occurred. 

The third stage is Application where the 

selected techniques are implemented, 

which may include oil-mechanical 

recovery, application of dispersants, or 

bioremediation.  

 

Figure 2: Flowchart of oil spill remediation 

process 

Lastly, Monitoring entails assessing 

the environmental recovery over time 
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after remediation in order to evaluate the 

effectiveness of initial response efforts, 

allowing for necessary adjustments or 

supplementary interventions. This 

establishes a more effective response 

while mitigating damage to the 

environment. 

Effectiveness of Chemical Dispersants 

Chemical dispersants are unique in that 

they do not remove oil but promote 

dispersion into the water column for 

dilution and biodegradation. Surfactant-

based dispersants like these, increase the 

rate at which oil emulsion surface 

tension is broken into smaller droplets, 

enabling easier degradation by 

microorganisms present in the ocean. 

For maximum effectiveness, dispersants 

should be used immediately after a spill 

in areas with more open water, wave or 

current action. The surfactants are often 

very effective in preventing oil from 

reaching sensitive shorelines, but their 

use is constantly contested. Dispersajnts 

do not cease to exist and continue 

moving oil, changing its location and 

increasing the exposure for organisms in 

deep waters to be exposed to 

hydrocarbons. These factors contribute 

to the failure of chemical dispersants 

being effective. This becomes 

increasingly dangerous for ecosystems 

with gentle coastal waters. 

Table 1: Oil spill remediation techniques. 

Technique Pros Cons Ideal Conditions 

Mechanical Methods (e.g., 

booms, skimmers) 

- Physically removes oil 

from environment 

- Reduced efficiency in 

rough seas or high winds 

- Calm weather 

- Minimal secondary 

pollution 

- Slow and labour-intensive - Thick oil slicks 

- Reusable equipment - Not effective for thin 

slicks or dispersed oil 

- Confined areas 

like harbors or bays 

Chemical Dispersants - Rapid action over large 

areas 

- Does not remove oil (just 

redistributes) 

- Open water 

- Prevents shoreline 

contamination 

- Potential toxicity to 

marine life 

- Moderate to high 

wave energy 

- Enhances biodegradation - Limited in cold or calm 

waters 

- Early-stage spills 

with fresh oil 

Bioremediation (e.g., 

bioaugmentation, 

biostimulation) 

- Environmentally 

sustainable 

- Slow process - Warm, nutrient-

rich environments 

- Supports natural recovery - Effectiveness varies by 

temperature and nutrient 

levels 

- Residual oil 

- Effective for shoreline and 

sediment contamination 

- May require microbial 

tailoring 

- Shorelines or low-

access areas 

The table (Table 1) summarizes the 

advantages and disadvantages of the 

three major oil spill remediation 

methods. Skimming and booming are 

mechanical methods that require still and 

enclosed waters as they exacerbate oil 

containment without further 

contaminating the environment. Their 

efficacy declines in open rough seas and 

during large-scale spills. Chemical 

dispersants are most useful in mid-ocean 

with adequate wave action but pose 

serious ecological hazards by rupturing 

hydrocarbons into the water column. It 

works by fragmenting oil into smaller 

beads of emulsions that are more 

susceptible to microbial degradation as 

well as shoreward destruction. 

Bioremediation employs 

microorganisms to degrade oil and is 
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particularly ideal for ecologically fragile 

or inaccessible coastal areas. It enhances 

natural recuperation, but its stimuli 

include temperature, oxygen, and 

nutrients which makes it a slow but 

enduring solution over time. These 

techniques often perform poorly, yet 

applying them together using an 

integrated approach adapted to the 

specific environmental conditions tend 

to achieve the best outcomes. 

Success of Bioremediation Techniques 

The management of residual oil trapped 

within a marine system or on a coastline 

is increasingly being approached as a 

problem that can be solved using 

bioremediation techniques. More 

particularly, bioremediation refers to the 

degradation of hydrocarbons by the 

action of naturally occurring or 

introduced microorganisms that convert 

such compounds to environmentally safe 

products. It is worth highlighting that 

purposeful communities of microbes, 

when supplied with the requisite 

nutrients and oxygen, significantly 

enhance the rate of oil degradation in 

sediments and inshore areas, which are 

often inaccessible to mechanical 

methods and where such methods would 

cause environmental harm.  The 

aforementioned factors include 

temperature, nutrient levels, population 

density of microbes, and the chemical 

constituents of oil. For instance, warmer 

regions of the world tend to be richer in 

nutrients, and useful microbes, thereby 

increasing the microbial activity of the 

region. However, cold and anoxic areas 

tend to limit the rate of degradation. The 

benefits of bioremediation, as mentioned 

above, tend to favor the method in 

question for post-spill recovery, since 

such ecosystems recovery leads to the 

restoration of dynamic equilibria within 

the system with little interruption. 

Factors Influencing the Effectiveness of 

Oil Spill Remediation Techniques 

The environmental conditions have a 

significant importance in the efficiency 

of any oil spill response technique. 

Temperature, wind, wave action, and 

ocean current all affect separately how 

the oil is behaving as well as how 

different cleanup methods work. For 

example, lower temperatures increase 

the viscosity of oil which hampers the 

action of dispersants and biological 

processes important in bioremediation, 

oil degradation, and microbial 

petrophysics. Also, lower temperatures 

may restrict the action of some 

mechanical apparatus owing to freezing 

or thickened oil slugs. Wave and current 

dynamics also influence both the 

containment of oil and its spatial 

distribution. Powerful currents or high 

wave action render booms useless 

weather oil is escaping and dispersing 

freely. On the other hand, moderate 

wave energy can enhance the action of 

dispersants and help break oil into 

smaller spherically capped fragments. 

Depending on the wind direction and 

strength oil may be forcibly pushed 

towards the shore, complicating surface 

recovery methods, or be pulled away 

from delicate shorelines. The combined 

results of environmental forces and the 

methods chosen for remediation 

determine the success of the cleanup 

effort. 

Another very important consideration 

is the physical and chemical 

characteristics of the oil. Lighter fuels, 

like gasoline and diesel, evaporate or 



78  Antony Gomez and Santhakumar B  

disperse very quickly, but are incredibly 

poisonous and require immediate action 

using chemicals or biological means. On 

the other hand heavy crude oils have 

greater staying power in the 

environment, as they are more resistant 

to dispersion and degradation, which 

usually requires mechanical means of 

removal. The number of oil spills also 

has bearing on how any efforts towards 

environmental remediation are chosen, 

and the degree of success achieved. 

Small localized spills are easy to control 

using targeted mechanical instruments, 

or targeted bioremediation strategies. 

Large-volume spills are usually too 

much for mechanical recovery systems 

to contain, and require the use of 

dispersing agents to keep the oil from 

coming in contact with the shores. In 

addition, the combination of the type of 

oil and the environmental conditions can 

influence the rate at which oil weathers, 

which is the physical change that makes 

the cleanup process harder, but as time 

progresses the oil becomes older and 

more viscous making the oil increasingly 

sticky, which lessens the efficiency of 

dispersing agents and mechanisms. 

 

Figure 3: Temperature vs. effectiveness of remediation techniques.

Figure 3 demonstrates the impact of 

temperature on the efficiency of 

mechanical, chemical, and 

bioremediation processes. It is 

observable that with an increase in 

temperature, all three methods become 

more effective. Bioremediation 

technique is improved the most. 

Maintenance of low temperatures (0-5° 

C) oil increases in viscosity which 

hinders mechanical recovery. This also 

decreases microbial activity. Oil 

dispersal and microbial degradation as 

well as dispersant action peak in the 

range of 20-30°C. Mechanical action 

also benefits from decreased oil 

viscosity at these temperatures. The data 

presented demonstrates the critical role 

temperature plays in formulating 

response plans, especially in colder 

oceanic areas where remediation 

attempts are likely to have significant 

caps. This diagram (Figure 4) illustrates 

the comparison between the two 

techniques: mechanical and chemical 

dispersant methods, against different 

wave heights. The booms and skimmers 

ease oil containment and removal, hence 

Mechanisms work best under 1 meter of 

wave height. Unfortunately, beyond 2 

meters of wave height, a sharp decline in 

efficiency is experienced because oil 

containment becomes increasingly 

challenging. On the other hand, with 
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wave action between 1.5–3 meters, the 

chemicals benefit from being actively 

mixed with oil, which increases 

dispersion. Dispersant efficiency 

furthermore declines with extreme 

turbulence (4 meters). This indicates that 

consideration of the chosen response 

methods must take into account the 

prevailing weather and sea state. Figure 

5 illustrates how the effectiveness of 

remediation techniques wanes with time 

after a spill. All three methods are most 

effective within the first 24 hours. 

Weathering and spreading of oil causes 

mechanical and chemical methods to 

experience sharp declines after the 48-

hour mark. However, bioremediation 

remains relatively stable up to 48 hours. 

After this point, it too suffers decline as 

oil weathering increases and becomes 

less bioavailable. The data strongly 

accentuates the imperative of a quick 

response, as delays—irrespective of the 

technique employed—greatly diminish 

the possibility of successful containment 

and degradation achieved through any 

technique utilized.  This graph (Figure 6) 

illustrates the relationship between the 

amount of oil spill and the effectiveness 

of remediation techniques. Mechanical 

methods and use of dispersants 

experience significant drops in 

effectiveness due to lack of coverage. 

Even bioremediation, which takes time 

to kickstart, suffers under large spill 

volumes as the pace of microbial 

degradation cannot match the available 

oil. This highlights the lack of scalability 

that defined current strategies and 

signifies the need for proactive planning 

and resource mobilization in relation to 

large-scale maritime spills. 

 

Figure 4: Wave height vs. effectiveness of mechanical and dispersant methods. 

 

Figure 5: Time after spill vs. technique effectiveness. 
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Figure 6: Oil spill volume vs. technique efficiency.

Controlling the environment prior to 

carrying out remediation works deals 

with damage limitation which can 

greatly improve the chances of success. 

Advanced response can achieve greater 

success while bringing more cost‐

effective outcomes, because it leads to 

attaining monetary goals. As it pertains 

to physical recovery along oil spill 

dispersant application or mechanical 

recovery, early response (before 

emulsion is noted) is of utmost 

importance. Once the oil starts 

emulsification, it is significantly more 

difficult to get rid of oil as it tends to 

sink due to greater density or stick to the 

shores. Waiting makes response 

inefficient and scalable and reduces the 

effectiveness of the methods used. In 

particular, chemical dispersant 

application works with most fury on 

newly applied unweathered oil. 

Bioremediation methods also require 

time in order to plan and instigate in a 

timely fashion. Rapid execution 

addresses all the constraints heuristically 

eliminating time burdens associated with 

spill and cleanup coordination, 

movement, and having necessary 

equipment. 

Case Studies of Oil Spill Remediation in 

Coastal Waters 

Real-life scenarios such as the 

Deepwater Horizon disaster have 

enabled researchers to assess the 

efficiency of numerous remediation 

strategies. These spills, especially the 

Deepwater Horizon and Exxon Valdez 

incidents, highlight the shortcomings of 

current methodologies for managing 

coastal and offshore oil spills, while also 

demonstrating the solutions attempted 

throughout history. 

Deepwater Horizon Spill  

Many experts cite the Deepwater 

Horizon spill as the greatest marine oil 

spill in the world, owing to the 

approximate 4.9 million barrels of crude 

oil released into the Gulf of Mexico over 

a shocking 87 day period. This spill 

occurring roughly 40 miles offshore has 

its unique complications due to the depth 

of the well and incredible volume of oil 

spill. The use of booms and skimmers 

for Merchanical containment were 

applied on a wide basis, however, their 

limited success amid fierce ocean 

conditions greatly hampered by the size 

of the slick. Chemical dispersants, 
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including Corexit application at the 

surface and subsurface, were employed 

to an unprecedented magnitude to 

mitigate the formation of oil slicks on 

the surface by reducing the oil's 

viscosity. This method, while 

controversial, decreased the impact on 

the shoreline, but concerns were raised 

about ecological consequences 

underneath the surface. Surface oil was 

also reduced via controlled incineration 

of the oil. Long-term bioremediation was 

aided by the Gulf’s natural population of 

oil-degrading microbes that, in the 

presence of warm temperatures and 

nutrients, actively degraded 

hydrocarbons. This created significant 

public outcry for tighter regulations on 

offshore drilling, emergency response 

readiness, and subsequently, policies 

were reformed. 

Exxon Valdez Oil Spill  

During the Exxon Valdez disaster, a 

tanker struck a reef which lead to the 

uncontrolled release approximate 11 

million gallons of crude oil into the 

coastal waters of Alaska, which was 

deemed Alaska’s pristine coastal waters 

by the public. The Frigid coastal waters 

of Canada are deemed as remote and 

from the perspective of an Alaskan, it 

receives harsh weather. This drastic 

change in weather, combined with the 

region’s steep coastline poses significant 

challenges for cleanup operations. The 

Initial attempts Mechanicial incineration 

of the oil during the winter season 

proves to be an efficacy of maintaining 

the cleanliness of the region, but 

unforgiving cold weather delays the 

execution of essential operations which 

defeats the purpose of the operation. 

Dispersant use was restricted because of 

concerns about toxicity, combined with 

the limited utility of chemical agents in 

lower temperatures. The primary 

response consisted of shoreline hot water 

washing with pressure, manual cleanup, 

and the application of sorbents. These 

processes removed significant amounts 

of oil, but also caused destruction to 

sensitive intertidal ecosystems. Over 

time, bioremediation was enhanced 

through the application of nutrients to 

promote the growth of oil-degrading 

microorganisms. This method was 

particularly effective in areas where oil 

was heavily trapped within the 

sediments. The incident transformed the 

US government response, resulting in 

stronger regulations and policies for spill 

prevention and response, which were 

formalized during the signing of the U.S 

Oil Pollution Act of 1990. 

Prestige Oil Spill  

The incident took place when a Greek 

oil tanker sank off the coast of Galicia, 

Spain. The vessel was carrying 

approximately 75,000 tons of heavy fuel 

oil, of which over 20,000 tons spilled 

into the Atlantic ocean when the vessel 

sank. Fuel oil has much greater viscosity 

in comparison to lighter crude oils, 

which means mechanical recovery and 

natural degradation is more difficult. The 

spill polluted more than a thousand 

kilometers of coastline in Spain, 

Portugal and France. Mechanical 

recovery efforts on the sea were nearly 

impossible owing to the prevailing 

weather conditions and the oil's 

characteristics. Cleanup onshore entails 

washing away tar-like oil chunks 

manually and often under difficult 

conditions. Dispersants were not widely 

applied because of the type of oil and 
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sociopolitical reluctances regarding their 

application. The long-term strategy 

relied chiefly on shoreline cleanup 

combined with natural processes while 

bioremediation was largely absent due to 

the oil's resistance to microbial 

degradation.  The Prestige disaster 

emphasized the increased risk presented 

with the transportation of heavy fuel oil 

especially neglecting environmental 

considerations, fueling changes 

internationally with increased European 

Union maritime safety policies and 

standards. 

Challenges and Limitations of Oil 

Spill Remediation Techniques 

Lasting Consequences to Ecosystems 

Perhaps one of the most notable 

difficulties regarding oil spills is their 

remediation, as undoing ecological 

damage will always be a critical 

challenge. Even after recovery efforts 

have commenced and oil has been 

extracted, hydrocarbons are often found 

to be in a state of perpetual existence in 

sediments, soils, and marine food webs 

for decades. Sensitive habitats including 

but not limited to mangroves, coral reefs, 

marshes, and estuaries suffer drastically 

due to slow recovery rates, enduring 

greater levels of damage due to their 

immense biological productivity. Oil not 

only obstructs the growth of plant life 

but severely diminishes the levels of 

oxygen within water, while concurrently 

damaging reproductive functions of fish 

and marine creatures such as mammals. 

Moreover, to ilusory destruction of the 

habitat by high-intensity washing and 

the use of mechanized devices such as 

excavators, oil spill clean up further 

causes immense ecological damage, 

worsening the destruction. While 

offering a natural way to approach the 

problem, bioremediation lacks the brute 

force to do so as it is too slow and relies 

upon the environment. More often than 

not, the biodiversity and recovering pre-

spill ecosystem functions are far from 

achievable, especially considering the 

enduring long-term impacts of migratory 

species, making them unsolvable. 

Oil Pollution Cleanup Costs and 

Resource Allocation 

Oil pollution cleanup and response 

operations require a considerable amount 

of financial, physical, and human 

resources. For example, mechanical 

cleanup such as skimming and booming 

entails specialized vessels and trained 

personnel, which are fuel and 

maintenance intensive. Chemical 

dispersants are faster to apply, but they 

also have strict transport and application 

guidelines that need to be followed. In 

some cases, bioremediation is more cost 

effective. However, there is still a need 

for constant scientific supervision 

alongside other resources not available 

in certain parts like fertilizers or 

microbial cultures. There are additional 

financial responses besides direct 

incident responding actions such as 

compensatory fisheries, lost tourist 

services, legal services, and 

environmental oversight. Large scale oil 

spills such as Deepwater Horizon costed 

billions and proven to strengthen the 

focus towards preparedness planning and 

supporting ready-relief funds. These less 

noticeable incidents still require a stark 

marker absent from most budgets, which 

are multi-nation expense capped. 

Unfortunately, limited spending buckets 

result in developing countries sub-
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optimally responding or relying on 

antiquated techniques. 

Regulatory and Logistical Challenges 

Efforts to remediate oil spills face 

regulatory and logistical challenges due 

to multifaceted boundaries of 

jurisdictional complications. Permitted 

discretionary actions like the use of 

dispersants, controlled burning, or active 

washing poses different types of 

permitting problems, especially in 

sensitive or protected ecological zones.  

Other logistical challenges that obstruct 

personnel and equipment mobilization 

include bad weather, remote locations, 

and absence of pre-existing 

infrastructure. Uncommunicated 

strategies between different agencies 

create lack of coordination as plans go 

unexecuted with no tested response to 

pragmatic situational changes faced pre-

response deployment. Even regions 

where spill response systems have been 

pre-formed, rigid policies circumvent the 

rapid and effective meeting of 

environmental remediation goals.  

Constructing effective responses that 

adapt to real-life situations requires 

international collaboration alongside 

melding policy change, technological 

advancement, and strategic training. 

Conclusion 

Oil remediation approaches are crucial 

for mitigating negative effects on the 

coastal and marine environments of 

areas with high oceanic vehicular traffic 

and extraction activities. This review 

outlines that mechanical recovery, 

chemical dispersal, and bioremediation 

methods each make value-adding 

contributions based on the type of oil, 

prevailing sea parameters, and time of 

intervention. In the maritime context, 

mechanical approaches are preferred 

within ports and harbors, while 

dispersants and bioremediation 

techniques are more suited for the open 

sea. Nevertheless, some of these 

techniques might face weather-related 

concerns, ecological damage risks, and 

delays in available resources, all of 

which reduce the overall efficiency of 

the techniques.  For better management 

of oil spills in marine environments, the 

development of an integrated strategy 

combining multiple techniques tailored 

to the nature of the oil spill should be 

prioritized. Improvement of marine 

response capabilities can be achieved 

through greater investment into vessel-

mounted containment structures, mobile 

bioremediation systems, and 

technologies allowing for the real-time 

detection of oil spills. There is also a 

need to restrain international maritime 

rules, steerender and port authority 

cooperation, as well as multidisciplinary 

crew education on oil spills. Subsequent 

studies may look into enhancing the 

biodegradation processes of oil in the 

deep-sea and cold-water maritime areas, 

creating dispersants with lower toxicity, 

and autonomous rapid offshore 

intervention systems. Considering the 

growing magnitude of international sea 

activities, improving the efficiency of 

offshore oil spill clean-up is crucial in 

preserving marine life, protecting fish 

stocks, and maintaining ecosystem 

health. 
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