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Marine oil spills are serious ecological disasters that have massive adverse

impacts on the environment. The impacts are even worse once the spilled

oil is stranded on a shoreline. A series of shoreline cleanup methods are

deployed to remove spilled oil, but their performance can be affected by the

stranded oil. This review therefore comprehensively investigates the

characteristics of spilled oil on the shoreline and explores their effects on

the effectiveness of shoreline response operations. First, the five basic groups of

spilled oil (i.e., non-persistent light oils, persistent light oils, medium oils, heavy

oils, and sinking oils) are discussed and each oil fraction is introduced. Three

distribution scenarios of adhered oil on shorelines are also analyzed. The effects

of oil characteristics, such as oil type, viscosity, evaporation, and composition,

on the performance of chemical treatments, physical methods, and

biodegradation are then discussed and analyzed. Finally, the article provides

recommendations for future research on aspects of shoreline oiling prevention,

quick responses, response tool sets, and other considerations, which may have

significant implications for future decision-making and the implementation of

shoreline cleanup to effectively remove stranded oil.
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1 Introduction

Marine oil spills are serious ecological disasters that still occur now and then (CCG,

2018; Chen et al., 2019; Hosseinipooya et al., 2022). According to the latest data and

statistics of ITOPF (2022), one large (more than 700 tons) and five medium (between

7 and 700 tons) spill incidents occurred solely from tank vessels in 2021, which presents an

upward trend compared to 2020. Spilled oil has adverse impacts on marine environments,

and the situation is even worse when oil reaches the shoreline (Bi et al., 2021b). The fate

and behaviors of spilled oil on shoreline can change with evaporation, photooxidation,

biodegradation, partition, as well as aggregation, and beach morphodynamics (Wang

et al., 2020; Huettel, 2022). The stranded oil on shoreline can cause the mortality of

vegetation such as marshes, endanger habitats of marine life and coastal communities,
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accelerate shoreline erosion, and disrupt the tourist industry

(McClenachan et al., 2013; Lin et al., 2016). To implement the

shoreline cleanup, a series of response operations, which include

chemical, physical, and biological methods, have been developed

for spill responders to remove the stranded oil as much as

possible while minimizing any disturbances to the coastal

biota and communities (Wu et al., 2015; ECCC, 2016).

Based on previous studies, practices, and experiences in both

laboratories and the field, it is known that the performance of

shoreline response operations can be significantly affected by a

wide range of factors, such as the oil characteristics, shoreline

substrate types, oil types and volumes, and the thickness of the

stranded oil (Owens, 2011; Michel and Fingas, 2016; Lyu and

Fan, 2021; Zhou et al., 2021). The characteristics of stranded oil

are one of the primary factors considered during shoreline

cleanup as they not only influence the choice of response

method, but also affect the effectiveness of oil removal

(Prendergast and Gschwend, 2014). Broadly speaking, oil type

and composition, viscosity, American Petroleum Institute (API)

gravity/specific density, volatility, water solubility, and adhesion

are considered oil characteristics and are related to the fate and

behavior of the oil on shorelines, such as evaporation,

penetration, retention, and burial (Mehanna et al., 2013;

Mayes and Myers, 2014).

The characteristics of oil on shorelines have been studied

extensively as spill responders are required to know the behaviors

of stranded oil and determine how to deal with the oil. For

example, highly weathered oil or oil with a high content of

asphaltene or resin fractions on a shoreline will have high

viscosity and adhesiveness, which will result in greater oil

retention on the surface and less oil penetration into the

subsurface (Boufadel et al., 2019). Regular water washing may

not be efficient enough to remove such stranded oil, so the use of

surface washing agents (SWAs) may be adopted to improve the

oil removal performance (Zhang and Liu, 1997; Robertson and

Maddox, 2003). For oil with high volatility, water washing and

vacuuming can achieve the desired oil removal result although

flammability hazards and inhalation toxicity may exist during the

operation process (Feng et al., 2021; Berke et al., 2022).

Meanwhile, oil stranded on a shoreline goes through

continual weathering processes until it is cleaned up, so its

physical and chemical properties will change and affect the

performance of response options (Díez et al., 2007; Wang

et al., 2020).

The aim of this review is therefore to comprehensively

investigate the characteristics of spilled oil on shorelines and

to explore their impacts on the effectiveness of shoreline response

operations. In this review, the spilled oil will be classified

according to typical oil properties and each oil fraction will be

introduced. Three distribution scenarios of adhered oil on the

surface of shoreline substrates will then be analyzed. The effects

of oil characteristics on the performance of chemical and physical

response methods as well as biodegradation will be discussed in

detail. In addition, recommendations relating to oil

characteristics on shorelines and shoreline cleanup will be

provided.

2 Characteristics of spilled oil on
shorelines

2.1 Types of spilled oil on shorelines

Oils are very varied and complex multicomponent mixtures

that consist of thousands of chemicals (Chen et al., 2018).

According to the oil classification by Office of Response and

Restoration in National Oceanic and Atmospheric

Administration, the spilled oil can be categorized into five

basic groups, namely, non-persistent light oils, persistent light

oils, medium oils, heavy oils, and sinking oils (NOAA, 2020).

Once they have spilled into the marine environment, different

groups of spilled oil may have various fates and transport

trajectories due to their varied properties, such as API gravity,

volatility, viscosity, flash/pour points, and toxicity (Riazi, 2005;

Wang et al., 2020). These groups of oils therefore have varying

degrees of impacts on shoreline environments and require

different shoreline cleanup responses.

Detailed information regarding these five oil groups

(i.e., aspects of their properties, oils, incident examples, and

feasible cleanup options) are summarized in Table 1. Non-

persistent oils have high volatility and toxicity and usually

evaporate rapidly by themselves, so they rarely require an

active response (Basaran, 2018). Natural recovery is typically

applied to this type of spilled oil, but the cleanup process may be

dangerous to spill responders because of the risk of flammability

and toxicity (ECCC, 2016). It would be effective to remove

persistent light oils such as diesel (2 mPa s at 15°C) and light

crudes (5–50 mPa s at 15°C) mostly due to their low viscosity

(Fingas, 2016a), but shoreline cleanup responses to medium oil

spills should be conducted as soon as possible to ensure the

efficient removal of the oils, otherwise the oil contamination of

the shoreline environment will be serious and long term.

Vacuum, sorbents, mechanical removal, or the use of surface

washing agents may be preferred options to deal with medium

oils (ECCC, 2016). Heavy oils, such as heavy crude oils, No. 6 fuel

oil, and Bunker C, have consistently shown little or even no

evaporation losses and have very high viscosity (Speight, 2015;

Fritt-Rasmussen et al., 2018). This group of oils can form a sticky

film on shoreline substrates or fur-bearing mammals and have

long-term detrimental effects on coastal biota. It is quite difficult

to effectively remove this type of oil from shorelines using many

routine shoreline cleanup methods, but the application of high

pressure/temperature washing, manual/mechanical removal, and

surface washing agents may be feasible (Fingas, 2013; Zengel

et al., 2015). Sinking oils have higher density than seawater, and

slurry oils are a typical example. The spill of slurry oils is
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extremely rare, but once it has happened, the cleanup will be very

difficult with low oil recovery efficiency (Jacketti et al., 2020). The

use of shallow-water vacuum or sediment relocation may be

selected to manage this type of spill (Piraino et al., 2017).

However, it should be noted that the final choice of response

method in real shoreline cleanup scenarios still depends on the

field conditions and relevant regulations.

2.2 Components of spilled oil on
shorelines

Based on the polarizability and polarity of the spilled oil,

they are classified into four fractions: saturates, aromatics,

resins, and asphaltenes (Kjemperud, 2013; Wang et al.,

2020). Generally, most crude oils, especially light oils, consist

of a large proportion of saturates and aromatics (up to over

80 wt%). However, heavy oils have higher resin andasphaltene

contents than lighter oils.

2.2.1 Saturates
Typically, saturates are the most abundant fraction of fresh

oils. They are hydrocarbons with the maximum number of

hydrogens (no double bonds) (Harayama et al., 1999; Fingas,

2014). Alkanes (referred to as paraffins) and cycloalkanes

(referred to as naphthenes) are important compounds in the

saturate group of oils (Fingas, 2016b). The former has a

branched or unbranched chain-like structure with the

molecular formula CnH2n+2, while the latter has one or more

carbon rings, and its molecular formula is CnH2n (Tissot and

Welte, 1984). Alkanes, which have fewer carbon atoms in

spilled oil on shoreline substrates, can usually evaporate by

themselves during the weathering process and will not remain

on a shoreline for a long time. Saturates, particularly those

compounds with a smaller molecular weight, including alkanes

with 5–30 carbon atoms, are also biodegradable through

microorganisms. The saturate fraction of spilled oil will

therefore decrease significantly because of evaporation and

biodegradation. However, the waxes of saturates resist

biodegradation and may form films on the surface of

shoreline substrates, which will have effects on the interfacial

properties of the spilled oil (Hubbe et al., 2013).

2.2.2 Aromatics
The aromatic fraction of spilled oil has at least one benzene

ring, and it is usually less biodegradable than saturates but more

toxic to the environment (Anthony, 2006). BTEX (benzene,

toluene, ethylbenzene, and xylenes) compounds have

monoaromatic hydrocarbons with only one benzene ring,

which volatize easily under natural conditions. The

monoaromatic component of spilled oil can have toxic effects

on microorganisms because it can partition into cell membranes,

while the low concentration of monoaromatics can be

biodegraded (Lee et al., 2015). The monoaromatics of spilled

oil are most mobile in the water phase, so they may easily desorb

from shoreline substrates (Salanitro, 2001; Farhadian et al.,

2008). Polyaromatic hydrocarbons (PAHs) have at least two

benzene rings and thus have higher toxicity, lower volatility,

and intermediate biodegradability (Sleight et al., 2020). The

content of PAHs with two to four rings in spilled oil can be

reduced through the processes of evaporation, dissolution, and

photodegradation. Notwithstanding, aromatics with over four

rings are very persistent in shoreline environments and can

hardly be utilized as substrates for microorganisms; however,

they may be degraded through cometabolic transformations

(Bartha, 1986).

2.2.3 Resins and asphaltenes
Generally, resins are the smallest polar compounds in

spilled oil, but they are not hydrocarbons as their structures

contain not only carbon and hydrogen, but also nitrogen,

sulfur, and/or oxygen (Harayama et al., 1999). Asphaltenes are

chemically similar to resins, but they have the most diversity

and greatest molecular weight compared to the other fractions

TABLE 1 The properties, oil examples, suitable shoreline cleanup response methods, and incidents examples of different oil groups.

Basic oil
groups

Non-persistent light
oils

Persistent light
oils

Medium oils Heavy oils Sinking oils

Volatility Highly Moderately Moderately Little/no evaporation No evaporation

Toxicity Highly Moderate Moderate Long-term Long-term

Cleanup Dangerous, effective Effective Effective if act quickly Difficult Difficult

Examples Gasoline, condensate Diesel, No. 2 Fuel Oil, Light Crudes Most Crude Oils,
IFO 180

Heavy Crude Oils, No. 6 Fuel
Oil, Bunker C

Slurry Oils,
Residual Oils

Suitable
cleanup
methods

Natural recovery Vacuum, dry/wet mixing, surface
washing agents

Vacuum, Mechanical
removal, sorbents,
surface washing agents

High pressure/temperature
washing, mechanical/manual
removal, surface washing agents

Shallow-water
vacuum, sediment
relocation

Incident
examples

Pipeline Leak, West Cameron
Block 20; Gulf of Mexico, LA
(condensate Liquid)

Fishing Vessel Sunk off San Juan
Island, WA (diesel), Sunken vessel;
Off Dominican Republic (diesel)

Leaking Cason, Bay
Marchand; Gulf of
Mexico, LA (crude oil)

Port Williams Shuyak Island
Bunker C Spill (Bunker C)

MV Flag Gangos;
Gretna, LA
(slurry oil)
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in spilled oil (Barrera et al., 2013; Lewan et al., 2014).

Knowledge of resins and asphaltenes is still limited as they

are difficult for analysis because of their complex components

and structures. Both resins and asphaltenes are persistent in

coastal environments and almost not biodegradable due to

their extremely low bioavailability (Gallego et al., 2006).

Notably, the amount of resins and asphaltenes in spilled oil

can greatly affect the oil’s viscosity, with a higher content of

the two fractions generating higher viscosity (Luo and Gu,

2007). Weathering processes can increase the weight

percentages of resins and asphaltenes in spilled oil and the

viscosity of the oil, making the residual oil difficult to remove.

Moreover, the content of resins and asphaltenes in spilled oil is

able to influence the wetting properties of the surface of the

shoreline substrates and sediments, which further increases

the difficulties in shoreline cleanup (Lee et al., 2015).

2.3 Adhesion of spilled oil on shoreline
matrix

Here, oil adhesion refers to the ability of spilled oil to stick to

the surface of shoreline substrates (Lyu et al., 2022). The spilled

oil is very adhesive, particularly when it is subject to weathering

processes for a long time (Zhang et al., 2019). Once the spilled oil

reaches the shore, it contacts with and adheres to the shoreline

matrix or other mineral materials. A large amount of oil could

therefore strand on a coastal area and adversely impact the

marine environment.

As shown in Figure 1, the adhered oil on the shoreline matrix

has three major distribution scenarios: adherent surface oil, oil

buried in the subsurface, and submerged oil mats (Wang et al.,

2020). The pollutant behaviors can be affected by various factors

(Yoo et al., 2021). The spilled oil type and composition are

primary factors influencing oil adhesion as they are closely

related to the physical properties of the stranded oil, including

its viscosity, density, and stickiness. Heavier oils are more

adhesive to the shoreline matrix than light oils, and weathered

oils show more adhesiveness than fresh oils. Moreover, the

stranded oil on shoreline substrates usually consists of high

ratios of aromatics and asphaltene fractions with a large

molecular weight (Konur, 2021). Shoreline characteristics,

such as beach slope and substrate types, can also significantly

affect spilled oil adhesion (Etkin et al., 2008; Taylor et al., 2021).

Shorelines have a wide range of substrate types, which are

categorized by the grain size as mud/silt/clay (<0.06 mm),

sand (0.06–2 mm), granules (2–4 mm), pebbles (4–64 mm),

cobble (64–256 mm), and boulders (>256 mm) (ECCC, 2016).

The smaller the shoreline substrate, the greater its surface area, so

the more likely spilled oil will be to stick to the shoreline matrix.

Other coastal parameters, like the waves, tides, wind, and water

flow, also affect oil adhesion. For example, waves and tides may

wash away oil that has low adhesiveness and is stuck to the

surface of shoreline substrates. Meanwhile, wind can accelerate

the aging of adhered oil by evaporating its lighter components

and increasing the viscosity and stickiness of the oil, which will

result in increased oil adhesion on the shoreline matrix (National

Academies of Sciences Medicine, 2016).

FIGURE 1
The adhered oil on shoreline matrix with three major distribution scenarios (Wang et al., 2020).
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3 Effects of oil characteristics on the
performance of chemical shoreline
response operations

Environmental and pollution control processes involve a

series of mechanisms (Huang and Fan, 2021; Rodrigues et al.,

2021; Wei et al., 2021). In shoreline cleanup, chemical treatment

may provide a good way to remove stranded oil from beach

substrates as it has the advantages of a higher oil removal and

recovery rate, less involvement of equipment and personnel, and

lower cleanup costs compared to other response operations

(Fieldhouse, 2008; Chen et al., 2019; Bi et al., 2022a).

Specifically, this kind of shoreline response method requires

the addition of chemical agents to the stranded oil on the

shoreline to change the oil’s physical/chemical properties by,

for example, increasing its viscosity, solubilization, and reducing

adhesion, thus making it easier for the oil to be removed and/or

recovered. SWAs, dispersants, and solidifiers are typical chemical

treatment agents for oiled shorelines, but each has different

mechanisms (Fingas et al., 1990; Fingas, 2013). SWAs are

used to lift adhered oil from substrates but not disperse the

oil, while dispersants break the oil up into small droplets to enter

the waterbody (Michel et al., 2001). Solidifiers are used to change

the physical state of stranded oil from a liquid to a solid form to

constrain the re-mobility or spread of the oil (Walker et al., 1999).

Oil characteristics have significant effects on the oil removal

performance of these agents.

3.1 Chemical treatment for light oils

API gravity is a frequently used indicator in the petroleum

industry globally to measure the relative density of petroleum

products (Barbosa et al., 2013; Demirbas and Al-Ghamdi, 2015).

The API gravity of light crude oils is higher than 31.1°. Light oils

have relatively more volatile components and can be treated

effectively with chemical methods. For example, Bi et al. (2020)

used Hibernia oil with an API gravity of 35.0° in their research to

explore oil removal from contaminated sand using a commercial

SWA (COREXIT EC9580A) under different environmental

conditions. The results showed a higher oil removal

performance (up to 79%) with the use of the SWA even

though the light oil had already weathered for seven days.

When the authors explored the environmental parameter of

temperature, they found that a temperature increase could

change the stranded oil properties on the sand, resulting in a

reduction in the viscosity and adhesion of oil, which contributed

to increased oil removal efficiency. Similarly, the rhamnolipid,

surfactin, SDS, and Triton X-100 were used as SWAs and their

performance evaluated in the recovery of Iranian crude oil with

an API gravity of 34.0° from sand (Amani, 2015). Among them,

the rhamnolipid attained the highest oil removal performance

(80%). However, a high API gravity does not necessarily mean

that SWA treatment will be highly effective for oil removal as it is

affected by various factors. High wax and asphaltene content can

make light oils become difficult to remove and recover because of

wax deposition and asphaltenes precipitation (Li et al., 2021). In

real oil spill scenarios, it usually takes some time from the

occurrence of an oil spill to the time when the spilled oil is

cleaned up, so the stranded oil will undergo a series of weathering

processes, such as evaporation, emulsification, oxidation, and

biodegradation, leaving high percentages of large and recalcitrant

components (Ossai et al., 2020; Bi et al., 2022b). It is more

difficult to deal with such oiled shorelines by using SWAs even if

the oil was originally light crude oil.

3.2 Chemical treatment for petroleum
products

Engine oil is one type of synthetic petroleum product and is

derived from heavy fractions of crude oils (Yang et al., 2016).

Many studies have recently used engine oil as a representative

petroleum product to evaluate the oil removal performance of

chemical treatments. Chen et al. (2021) explored the removal of

Shell Rotella® T4 conventional diesel engine oil from beach sand

through the use of cellulose nanocrystal-based nanofluid, and

around 75% of the oil was successfully removed under optimal

conditions. An increase in temperature led to a decrease in the

viscosity of the stranded oil on substrates, which enhanced the

performance of the nanofluid. This type of engine oil was very

stable with an API gravity of 29.3° and viscosity of 257.08 cP. It

showed no weight loss during the weathering process, so its

density and viscosity remained the same before and after ageing.

These properties of the engine oil enabled the results to be

compared between laboratories and studies. Yue et al. (2021)

used the same engine oil as the pollution source for shoreline

contamination and assessed the performance of a dual responsive

nanoclay/sodium alginate washing fluid on oil removal. The

results showed that 72.2% of the engine oil could be removed,

with mainly temperature and oil concentrations influencing the

effectiveness of the washing fluid. Later, other types of washing

fluids with pH-responsive phosphoprotein, magnetite

nanoparticles, and surfactant-modified nanoclay were further

developed to investigate the engine oil removal from shoreline

substrates under various environmental conditions (Bi et al.,

2021a; Yue et al., 2022a; Yue et al., 2022b). These washing fluids

under different conditions can affect oil characteristics (e.g.,

viscosity, adhesion, mobility, solubilization) to varying degrees

and thus have diverse effects on the oil removal performance of

the chemical treatment. In the study of Tumeo and Cote (1998),

diesel heating oil #1 was selected as the contaminant for porous

shoreline substrates. A series of SWAs (PES-51, Corexit 9580,

and Grancontrol “O”) were used to conduct column tests on the

oiled beach substrates, and the results demonstrated a significant

decrease in oil removal effectiveness when the temperature of the
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solution changed from 20 to 10 °C, partly due to the increased oil

viscosity.

3.3 Chemical treatment for heavy oils

The API gravity range of heavy oils is between 10 and 22.3°,

and typical examples of these oils include Bunker C fuel oil with

11° API, Cold Lake Blend with 23° API, and Western Canadian

Select with 19–22° API (Lee et al., 2015; Suhag et al., 2017).

Generally, heavy oils have high viscosity and specific density,

high contents of asphaltene and resin fractions, and low H/C

ratio (Santos et al., 2014). According to previous research, the use

of SWAs is the preferrable method for treating heavy oils

stranded on shoreline substrates because the performance of

SWAs on heavy oil removal in laboratory, meso-scale, and even

field tests has been investigated extensively. In a laboratory

setting, Clayton et al. (1995) contaminated different natural

substrates, including gravel, rip-rap, and eelgrass, with Bunker

C and used Corexit 9580 to remove the stranded oil with an

efficacy of 52.9, 21.1, and 23.6%, respectively. More recently,

Aquaclean was selected to remove adhered IFO 180 from the

surfaces of substrates at 22 °C, and the results showed that the oil

removal efficiencies were 38.66% for gravel and 19.09% for sand

(Luedeker, 2009). However, the performance of the SWA

reduced dramatically to 0.67% for the sand substrates when

the temperature was decreased to 4°C because the low

temperature significantly affected the characteristics of the

adhered oil and the oil removal efficiency of the SWA. In a

meso-scale test by Taylor et al. (2014), weathered Cold Lake

winter Blend was effectively removed from a granite tile using

Corexit 9580. The researchers also found that the time after the

weathered oil was applied to the tile was more important than the

time the weathered oil remained on the water. In terms of field

tests, Bunker C has often been used as the stranded oil on

shoreline substrates to evaluate the effectiveness of SWAs

(Michel and Benggio, 1995; Pezeshki et al., 1995; Fingas,

2000), but the results of these early field tests were not

quantified, and they were only declared to be successful. In

general, the use of SWAs is suitable for the removal of heavier

oils from shoreline substrates, but its effectiveness can be affected

by various factors, such as the oil type and characteristics,

temperature, and substrate type.

4 Effects of oil characteristics on the
performance of physical shoreline
response operations

Physical cleanup and recovery are the most commonly used

methods to deal with oiled shorelines. Common physical

response operations include manual removal, vacuums,

mechanical removal, and sorbents (Feng et al., 2021). Oil

properties can significantly affect the performance of physical

cleanup. The selection of physical methods therefore requires

consideration of this factor. Large numbers of personnel are

required for manual cleanup, so this method is typically used

only for areas where large machinery cannot reach or be operated

(Chen et al., 2019). In addition, with regard to oil characteristics,

the manual cleanup is more suitable for small amounts of viscous

oil. Sorbents can be used to clean up tiny amounts of spilled oil on

a variety of substrates; however, they are ineffective at cleaning up

solid oil and less successful at cleaning up heavy viscous oils than

they are at cleaning up medium crudes (ECCC, 2016). When

used to cure tiny quantities of oil, they need to be replaced often.

Vacuuming systems can be used to collect various types of oils

and even oiled debris. Vacuum technology collects everything

from oiled vegetation to oiled gravel and rocks, but it is not safe

for volatile oils. However, using vacuums and pumps for heavy

oil is often unsuccessful in the previous attempt, especially at low

temperatures or after weathering (Ansell et al., 2001).

The effect of oil properties on the performance of physical

cleanup has been observed in previous oil spill responses. Oil

slicks with high viscosity can be easily removed and collected

through physical recovery due to their low mobility, as was the

case in the “Kurdistan” oil spill response. Cleanup teams

comprising 500 people using rakes, shovels, and forks

removed the Bunker C oil as it reached the shore (Duerden

and Swiss, 1981). The waste volumes generated from an oil spill

cleanup are a crucial factor in determining the oil spill response

operation; the oil viscosity can significantly affect the waste

volumes generated through physical response operations.

Physical removal, including sorbents, high-pressure heated

water, and manual removal, has been applied to remove

viscous oil in “Arrow” Bunker C oil spills. A valuable finding

in this case is that detailed work documents have provided data

on the waste generated by physical removal methods on a beach-

by-beach basis (Secretariat and Island, 2009). Compared with the

data collected from other oil spill responses, oil with a higher

viscosity can result in more waste being generated from physical

removal, including washing recovery and manual and

mechanical removal (Secretariat and Island, 2009). Statistics

based on past oil spill response costs also show that cleanup

costs for heavy oil can be significantly higher than those of light

oil due to their widespread contamination (Moller et al., 1987).

In general, previous experience with oil spill responses

suggests that the key factor affecting the effectiveness and cost

of physical cleanup can be viscosity. Heavy oil is more easily

stranded on shoreline surfaces and difficult to remove through

natural recovery, so physical cleanup and removal can be one

option to deal with the problem. However, physical response

methods are limited for shorelines affected by heavy oils due to

their high viscosity. Some physical methods, such as sorbents and

vacuum systems, cannot achieve the desired performance for

heavy oils. Viscous heavy oils have shown lower penetration and

higher retention than light oils in various beach settings, as
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shown in Table 2, but their high viscosity and persistence make

the physical cleanup of heavy oils expensive, and large amounts

of waste are generated (Etkin et al., 2007).

5 Effects of oil characteristics on the
performance of biological shoreline
response operations

To date, mechanical and labor-intensive approaches have

been used for shoreline cleanup because of their simplicity

(Broman et al., 1983). However, some drawbacks have been

observed when applying these techniques. For instance, the

application of high pressure may undermine bacterial

communities. Moreover, these techniques are only capable of

partially decontaminating shorelines. Environmentally benign

remediation is thus urgently needed.

Bioremediation can accelerate the natural oil biodegradation

process through supplementation with sufficient nutrients and

oxygen (Hoff, 1993). More attention has been paid to

bioremediation since the 1980’s when the Exxon Valdez oil

spill occurred (Hoff, 1993; Bragg et al., 1994). Three

techniques are involved in oil spill bioremediation in

shoreline, namely, bioaugmentation agents, bioenhancement

agents, and phytoremediation (ECCC, 2016). Bioaugmentation

is a process in which high-activity bacteria are added to enhance

the performance of microorganism populations (Abdulsalam

et al., 2011). The physiology and metabolic ability of these

microorganisms are of the essence when choosing optimal

microorganisms (Boopathy, 2000). The bioenhancement

process can stimulate the reproduction of oil-degrading

microorganisms and boost the oil biodegradation rate by

adjusting some environmental parameters, such as

biosurfactants and fertilizers (Prince et al., 2003).

Phytoremediation is to accelerate oil degradation with the use

of fungi and plants (Yavari et al., 2015).

Bioremediation has proved to be a successful strategy in oil-

contaminated shoreline protection. These techniques enable oil

biodegradation without having an adverse impact on the

environment. Significantly, bioremediation is widely accepted

because of its esthetic and cost-effective properties. However,

bioremediation requires long-term treatment, even up to years,

to achieve great removal efficiency (Margesin et al., 2007).

5.1 Biological treatment for light crude oils

Due to the high percentage of low molecular weight

hydrocarbon components, light crude oil has low viscosity

and low specific gravity, which enables it to flow freely at a

natural ambient temperature (Figure 2A). This increases the risk

of shoreline contamination by light crude oil. A field study of

light crude oil biodegradation was undertaken in Delaware by

Venosa et al. (1996), who aimed to accurately determine whether

inorganic minerals and/or microbial inoculation enhanced the

bioremediation of light crude oil on a sandy beach. The findings

revealed the natural biodegradation of light petroleum if

sufficient nutrients are provided. However, the application of

microorganisms and nutrients relies on their background

concentration at the contaminated shoreline. In addition, the

researchers found that light oil biodegradation was more effective

in the upper intertidal zone than in the lower zones. It is worth

noting that nutrients cannot guarantee effective petroleum

biodegradation as the shoreline morphology also matters.

Sakaya et al. (2019) evaluated the bioremediation ability of

light Arabian crude oil under different coastal conditions over

a 42-day period. The results demonstrated that the overall

removal of alkanes and PAHs was significantly enhanced

under biosimulation at 18 and 28°C, while almost no

improvement was observed in sediments with plenty of

nutrients. This is because the adsorption/desorption cycle in

the sediments makes nutrients less bioavailable to active marine

microbial communities (Liang et al., 2013). Moreover, fine

droplets of oil dispersed in seawater can increase the oil

surface area for the attachment of microorganisms, thus

strengthening the biodegradation rate (Daffonchio et al., 2012).

Many studies have focused on the bioremediation of

shorelines post-petroleum contamination. However, less

TABLE 2 Maximum surface oil thicknesses for various beach types as function of oil viscosity (Etkin et al., 2007).

Oil thickness (mm) by oil type

Shoreline type Light (<30 cSt) Medium (30–2000 cSt) Heavy (>2000 cSt)

Rocky shore 1 5 10

Gravel shore 2 9 15

Sand beach 4 17 25

Mud flat 6 30 40

Wetland 6 30 40

Artificial 1 2 2
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attention has been paid to the response of microorganisms from

oiled shorelines to new oil-affected beaches. Reis et al. (2014)

therefore assessed the bioremediation ability of microorganisms

from a sandy beach already contaminated by oil spills. Their

findings proved that Autochthonous, Pseudomonas,

Actinomycetales, and Betaproteobacteria are capable of

degrading new oil contaminants by increasing their

abundance and can remove up to 85% of total petroleum

hydrocarbons and 70% of polycyclic aromatic hydrocarbons.

Rosa and Triguis (2007) turned their attention to tropical

shorelines. A cheap fertilizer (NPK) was found to accelerate

the biodegradation process. The subsurface samples were more

efficiently degraded than the surface samples, possibly owing to

the high humidity of the former. The analysis results suggested

that biodegradation is not strong enough to degrade aromatic

compounds. Significantly, the fertilizer had a non-toxic effect on

the shoreline, which guarantees the applicability of the technique.

5.2 Biological treatment for heavy crude
oils

Heavy oil has high viscosity and is high in polar chemicals,

resins, and asphaltenes (Figure 2A). Becker et al. (2016) used the

fertilizer Osmocote to stimulate oil biodegradation in superficial

beach sediments and subsurface sediments. The biostimulation

was still sufficient after 92 days of the experiment, but the

biodegradation behavior of the hydrocarbon was different.

The alkanes were degraded to trace content after 28 days,

whereas the phytane and pristane were degraded between

28 and 42 days. In this study, the Osmocote proved an

efficient biostimulator for native microorganisms.

Considerable crude oil was released and the seashore severely

contaminated as a result of the Qingdao oil pipeline explosion in

2013. To deal with this, Gao et al. (2019) collected sediment from

the shoreline and studied the biodegradation differences between

FIGURE 2
Effect of biodegradation on oil composition. (A)Component of light crude oil and slightly biodegraded heavy crude oil, and (B) the components
of oil that is increasingly biodegraded (Head et al., 2006).
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the fresh and weathered oil-contaminated samples. The isolation

of different strains was dependent on the succession of the

sampled bacterial community. Five types of microorganisms

displayed high degradation ability for alkanes. Moreover, the

sequencing analysis revealed that the strain E4 was dominant in

the oil degradation.

Biodegradation as a natural process may proceed slowly

depending on the type of oil (i.e., light crude oils degrade

faster than heavier oils). Hoff et al. (1995) demonstrated that

heavy fuel oils, such as Bunker C (No. 6 fuel oil), are considerably

less degradable than light crude oils or diesel fuels when exposed

to similar initial concentrations of nutrients and hydrocarbon-

degrading bacteria. This may be because of the numerous

variations in the aromatic and alkane content of the various

oils. It may further explain why significant biodegradation was

not confirmed in the case of the 1990 Apex Barges spill in

Galveston Bay, Texas. More effort is therefore needed to

classify which petroleum products are degradable in the sense

of response and restoration.

In general, alkanes and simple aromatics have the fastest

biodegradation rates, followed by branched alkanes, alkylated

aromatics, and cyclic alkanes. Finally, hopane and stigmastaneare

most resistant to biodegradation, which allows them to be used as

conserved biomarkers to quantify biodegradation. Typically, 85%

of hydrocarbons are removed under optimal conditions within a

month or two (Haritash and Kaushik, 2009). Rather less is known

about the biodegradation of resins and asphaltenes, whether

initially in the oil or generated by photooxidation, although

some of them have proved to be biodegradable (Aeppli et al.,

2022).

Head et al. (2006) collected data from studies and showed

that saturated hydrocarbons are degraded quickly, whereas other

hydrocarbons like aromatic ones take longer (Figure 2B), which

indicates that the mechanisms involved in saturated hydrocarbon

and PAH degradation are different. Saturated hydrocarbon can

be biodegraded through direct metabolism (Cutright and Lee,

1994). Regarding aromatic hydrocarbons, differences were also

observed between lower and higher weight PAHs. The lower

weight PAHs (two or three rings) had a higher degradation rate

than the higher weight compounds (four or more rings)

(Cerniglia, 1993). Nevertheless, this degradation scale varied

for the original concentrations of PAHs.

6 Conclusions and recommendations
for future research

The characteristics of spilled oil on shorelines can

significantly affect the performance of shoreline response

operations. This review systematically investigated the

spilled oil from the perspectives of oil types, composition,

and adhesion. Five basic groups of the spilled oil, including

non-persistent light oils, persistent light oils, medium oils,

heavy oils, and sinking oils, were firstly discussed, and four

oil components (saturates, aromatics, resins, and

asphaltenes) were analysed. Then, three distribution

scenarios of adhered oil on shorelines, including adherent

surface oil, oil buried in the subsurface, and submerged oil

mats, were reviewed. More importantly, the effects of oil

characteristics, such as oil types, viscosity, evaporation, as

well as composition, on the performance of chemical

treatments, physical methods, and biodegradation were

discussed in detail. This review has significant

implications for future decision-making and the

implementation of shoreline cleanup in real cases.

Further research is still required to develop comprehensive

shoreline response plans and effective cleanup operations. The

corresponding recommendations are as follows. First, it is

vitally important to develop technologies for spill

identification and detection as well as monitoring and

modeling so that timely response countermeasures can be

taken. The ideal situation would be that the spilled oil will not

be transported to the shore, that could even be considered the

performance of shoreline cleanup is “100%“. Second, response

operations should be conducted as soon as possible once

spilled oil has been stranded on a shoreline because the

stranded oil will undergo weathering processes, such as

evaporation, photooxidation, and sedimentation, and

further increase its adhesion to substrate surfaces, thus

reducing response effectiveness. Therefore, it is also

suggested to focus on the adhesiveness of spilled oil on

shoreline for future research which little work has been

done but may greatly affect what kinds of response

operations will be used. Third, chemical treatment agents

are expected to be with less toxic effects on coastal

environmental but have high oil removal efficiency. It

would be desirable to reduce the treatment cost and

involvement of personnel and equipment for physical

response techniques. How to shorten the biological

treatment time but ensure its effectiveness is very

important for biodegradation in shoreline

cleanup. Meanwhile, phytoremediation deserves more

attention because it has great potential for restoration of

contaminated shorelines. Fourth, a decision framework that

takes into consideration the stranded oil type, amount,

thickness, weathering degree, viscosity, composition,

toxicity, and other oil characteristics needs to be

constructed in order to fully understand oil behaviors on

shorelines. A corresponding response tool set could then be

developed for the relevant organizations and spill responders’

reference. Last, full investigations into the effects of other site

conditions (e.g., shoreline types, intertidal zones, tides/waves/

currents) and operational factors (e.g., equipment, personnel,

waste generation, costs) on the overall performance of

shoreline cleanup are also essential to the final response

plans and decisions.
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