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• 100,000 s of metric tonnes of plastics 
are used in offshore infrastructures 
worldwide. 

• Current literature on polymer degrada
tion is limited to sea-surface 
environments. 

• Mathematical kinetic modelling can 
enable the estimation of subsea degra
dation rate. 

• Such modelling can account for the ef
fect of depth-corrected water 
parameters.  
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A B S T R A C T   

Engineering and civil developments have relied on synthetic polymers and plastics (including polyethylene, 
polypropylene, polyamide, etc.) for decades, especially where their durability protects engineering structures 
against corrosion and other environmental stimuli. Offshore oil and gas infrastructure and renewable energy 
platforms are typical examples, where these plastics (100,000 s of metric tonnes worldwide) are used primarily 
as functional material to protect metallic flowlines and subsea equipment against seawater corrosion. Despite 
this, the current literature on polymers is limited to sea-surface environments, and a model for subsea degra
dation of plastics is needed. In this review, we collate relevant studies on the degradation of plastics and syn
thetic polymers in marine environments to gain insight into the fate of these materials when left in subsea 
conditions. We present a new mathematical model that accounts for various physicochemical changes in the 
oceanic environment as a function of depth to predict the lifespan of synthetic plastics and the possible formation 
of plastic debris, e.g., microplastics. We found that the degradation rate of the plastics decreases significantly as a 
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function of water depth and can be estimated quantitatively by the mathematical model that accounts for the 
effect (and sensitivity) of geographical location, temperature, light intensity, hydrostatic pressure, and marine 
sediments. For instance, it takes a subsea polyethylene coating about 800 years to degrade on ocean floor (as 
opposed to <400 years in shallow coastal waters), generating 1000s of particles per g of degradation under 
certain conditions. Our results demonstrate how suspended sediments in the water column are likely to 
compensate for the decreasing depth-corrected degradation rates, resulting in surface abrasion and the formation 
of plastic debris such as microplastics. This review, and the complementing data, will be significant for the 
environmental impact assessment of plastics in subsea infrastructures. Moreover, as these infrastructures reach 
the end of their service life, the management of the plastic components becomes of great interest to environ
mental regulators, industry, and the community, considering the known sizeable impacts of plastics on global 
biogeochemical cycles.   

1. Background 

Synthetic polymers and plastics (including polyethylene, poly
propylene, polyamide, etc.) remain widely deployed in many applica
tions, including packaging, insulation and civil infrastructure (Barnes 
et al., 2009; Geyer et al., 2017; Zheng and Suh, 2019). While environ
mental drivers within communities advocate reduction in the use of 
plastics, or at least favour biodegradable polymers, some key application 
areas will continue to rely on plastics for polymeric protective coatings, 
insulation purposes, and multiple structural functions. Offshore energy, 
and oil and gas production is a crucial field where biodegradable poly
mers cannot replace environmentally resistant synthetic polymers, 
which are used, e.g., for external corrosion resistance, as well as thermal 
insulation of subsea infrastructure. The former, for example, is used in 
combination with cathodic protection to prevent seawater corrosion of 
e.g., subsea pipelines and cables. 

Regardless of the source, plastics entering the ocean are associated 
with various environmental concerns such as the release of toxic addi
tives and, in some cases, breakdown products, as well as micro- and 
nano-fragments that can be ingested, as well as macro-fragments that 
can lead to entanglement etc. Numerous stakeholders and policymakers 
oppose the leakage of plastics and associated debris into the ocean, due 
to the direct and flow-on effects in the marine ecosystem (Jambeck et al., 
2015; Law, 2017). The issue is exacerbated by the relatively high 
durability and persistence of commodity polymeric materials in the 
environment (Corcoran et al., 2009; Eriksen et al., 2014; Gerritse et al., 
2020), and the detrimental formation of microplastics (Cole et al., 2011; 
Galloway et al., 2017; Nelms et al., 2018) (i.e., polymeric fragments <5 
mm in size), which are potential carriers of persistent organic pollutants 
(POPs), e.g. polychlorinated biphenyls (PCBs), polybrominated 
diphenyl ethers (PBDEs), perfluorooctanoic acid (PFOA), and per
fluorooctanesulfonic acid (PFOS) and polycyclic aromatic hydrocarbons 
(PAHs) (do Sul and Costa, 2014) that end up in the food web (Garvey 
et al., 2020; Lamb et al., 2018; Lebreton et al., 2019). Further envi
ronmental assessment is crucial to evaluate the influence of the non- 
metallic materials employed in subsea oil and gas infrastructure on 
the marine ecosystem (flora and fauna), especially during the decom
missioning of such facilities. This requires an accurate understanding of 
the degradation rate and fates of the non-metallic materials, when 
considering decommissioning options. 

The fate of plastics in subsea and offshore infrastructure will rely on 
the operational, and physical, photochemical and biological drivers that 
vary with depth in the marine environment (Andrady, 2015; Chamas 
et al., 2020). The current literature on degradation of commodity plas
tics is limited to surface environments (Chamas et al., 2020; Min et al., 
2020), requiring new methodological development to extend the 
ambient-measured degradation rates to subsea conditions. The devel
opment of a suitable model, incorporating a thorough literature review 
and accounting for all the essential environmental factors, is necessary 
to describe the mechanism, and predict the degradation of plastics in 
subsea infrastructures. Therefore, this paper presents:  

(i) A review of the current situation and fate of plastics used in 
subsea and offshore applications, including energy infrastructure, 
underwater power cables, submarine communication cables, and 
hydrocarbon pipelines. 

(ii) An assessment of degradation mechanisms in subsea environ
ments, highlighting the need for depth-specific degradation rates 
of plastics and consideration of essential physicochemical factors 
that influence the degradation of plastics in marine environments 
and how such factors affect the degradation pathways.  

(iii) A newly developed mathematical model that accounts for the 
physicochemical changes in the oceanic environment as a func
tion of depth to predict the lifespan of synthetic plastics and the 
possible formation of microplastics. Using the infrastructure in 
Australian waters as a case study, the paper provides a systematic 
approach to estimate the possible degradation rates and lifetime 
of the plastics compared to an original field data. 

2. Summary of plastics in subsea applications 

Speciality polymers and plastics, including those used in engineering 
and for functional purposes, have found diverse applications in offshore 
infrastructure. Hundreds of thousands of kilometres of rigid and flexible 
flowlines and umbilicals, enough to circle the earth a few times (Kaiser, 
2018, 2019), lie undersea worldwide and contain considerable amounts 
of plastics (100,000 s of metric tonnes based on conservative approxi
mation, depending on the polymer, coating thickness, and application – 
see Supplementary Material) that have reached or will soon be nearing 
the end of their service-life. This issue is of great interest to environ
mental regulators, industry, and community, considering the sizable 
impacts of plastics on global biogeochemical cycles. There are over 
12,000 offshore installations globally (Ars and Rios, 2017) across the 
continental shelves of about 53 countries (Parente et al., 2006), with 
varying environmental impact (Cordes et al., 2016; Punzo et al., 2017), 
primarily being managed by the energy, oil and gas, maritime, and civil 
sectors. The plastic components of offshore infrastructure can be cat
egorised based on the intended functions such as: (i) thermal insulating 
material, e.g., polyurethane foam (PUF); (ii) electrical insulating mate
rials, to avoid current leakages in subsea cables, e.g., polyvinyl chloride 
(PVC), cross-linked polyethylene (XLPE), and silicone rubbers; (iii) 
coatings, providing external corrosion protection, e.g., fusion bonded 
black polyethylene (FBBP), high build epoxy (HBE), high-density poly
ethylene (HDPE), coal tar enamel (CTE), solid polyurethane, and fusion- 
bonded epoxy (FBE); and (iv) sheath, inner protective layers, and filling 
material in flexible flowlines and umbilicals, e.g., polyamide 11, XLPE 
pressure sheath and HDPE sheaths. 

Moreover, Fig. 1 categorises the primary plastics based on their 
chemical structure, namely, the backbone composition, whether that be 
polyolefinic (with a C–C backbone) or comprised of a heteroatom 
framework. These plastics also serve as protective coating materials for 
other offshore infrastructure, e.g., offshore energy (wind) farm struc
tures and maritime vessels. 

Biological and ecological evidence has demonstrated that offshore 
infrastructure provides habitats for sessile organisms, resulting in the 
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formation of artificial reefs for marine species (Scarborough-Bull, 1989) 
This process of converting decommissioned oil and gas platforms into 
artificial reefs has been popularly termed as “rigs-to-reefs”, with regu
latory support (e.g., in the U.S.) provided that the subsea structure is 
beneficial and advantageous to the marine environment. The Rigs-to- 
Reefs program has been tagged as successful, in the Gulf of Mexico 
and a few additional countries, for platforms that are primarily made of 
steel components (Bull and Love, 2019; van Elden et al., 2019). How
ever, in some parts of the world, the platforms and pipelines contain a 
considerable amount of plastics, reinforcing the need to assess the life
time and fate of the polymeric components in offshore waters. 

In this review, we present an example of Australian offshore waters, 
constituting both the tropical and mid-latitude ocean climates. Most of 
the offshore infrastructures at these locations were commissioned be
tween 1965 (e.g., in the Bass Strait) and the 1980s, and are nearing their 
end of service life. Bass Strait (near Tasman Sea, Pacific Ocean) ac
commodates 22 platforms, over 2000 km of pipelines and umbilicals and 
6 risers and dynamic umbilicals within the depth ranging from shore to 
95 m, with one subsea development reaching ~400 m. For the North
west region (in the Indian Ocean), water depths typically range from 5 m 
to 1500 m, housing 35 platforms, 11 floating facilities and >6000 km 
pipeline umbilicals and flexible risers. Whilst Australian waters have 
been used as a case study herein, the results are universally applicable. 
Focusing on plastic components, the methodology compiled in the 
following sections can be adapted to any specific location in the global 
marine system, while sourcing the relevant data (i.e., oceanography, 
meteorology, and biology information) from the local database. The 
prime objective of this study was to develop a model based on a review 
of the current literature and use this knowledge to estimate the degra
dation and lifetime of synthetic polymers in offshore conditions. We 
catalogued and categorised a number of resources of representative 
studies into thematic sections below. 

3. Degradation of plastics in subsea environments 

3.1. General understanding and need for depth-corrected degradation 
rates 

In marine environments, we know that synthetic polymers and 
plastics can concurrently undergo (i) photochemical degradation due to 
the photon energy of light and UV radiation, (ii) thermal degradation 
caused by elevated marine temperature and dissolved oxygen, (iii) hy
drolytic degradation due to water and hydrostatic pressure (Gewert 
et al., 2015; Min et al., 2020; Oliveira et al., 2020), (iv) biological 
degradation attributed to microbial and enzymatic activities (De Tender 
et al., 2017; Krasowska et al., 2015; Nigam, 2013), and (v) mechanical 
fragmentation because of the physical impact of turbulence induced by 
waves and currents, and marine sediments (Gerritse et al., 2020; Gewert 
et al., 2015; Min et al., 2020; Seyvet and Navard, 2000). However, while 
the majority of research and cross-sector studies (Chamas et al., 2020; 
Gewert et al., 2015; Wayman and Niemann, 2021) have focused on 
plastics on the surface of the ocean, very little is known, quantitatively, 
on how these materials will transform subsea (i.e., below the sea sur
face) considering the changes in the physicochemical parameters of the 
stratified layers of the ocean. In other words, to quantify the degradation 
of plastics below the sea surface, it is necessary to understand the subsea 
conditions and how they impact plastic degradation. Therefore, in the 
subsection below, we describe the importance and changes in the key 
physicochemical factors. 

3.2. Estimation of essential physicochemical factors in the marine depth 

Besides chemical composition, molecular weight, hydrophilicity, 
and additive contents of the plastics (Singh and Sharma, 2008), the 
following physical, chemical, and biological parameters in offshore 

Fig. 1. Categories of primary plastics and synthetic polymers employed in coatings and insulation applications in offshore infrastructure. The symbols R1U and R2U 
denotes isocyanate and polyol fragments in polyurethane, respectively. The Ra in polyamides varies depending on the composition – however, the aliphatic (CH2)10 
main chain (Nylon 11) is used in subsea applications. 
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waters will contribute to their degradation. Unlike floating plastics, one 
must consider the stratification of the ocean because marine in
frastructures often penetrate deep-sea depths (up to 2000 m below sea 
level). As shown below, location-specific data can be sourced from open 
databases such as the National Oceanic and Atmospheric Administration 
(NOAA – WOD data) and the Open Access to Ocean Data (i.e., IMOS – 
Argo Australia Profiles). Subsequently, we fit the data into regression 
models to obtain the depth-profile relations. 

3.2.1. Temperature variation 
Playing a vital role in reaction kinetics and enzymatic activities 

(Scott, 2006), the variation of temperature with water depth is a key 
parameter controlling the degradation of polymers, depending on the 
latitude, season, and oceanic turbulence (mixing). Fig. 2 describes the 
temperature profile of Australia offshore waters (NOAA, n.d.) at a 
selected depth, as well as the scatter plot of the temperatures acquired 
from various float stations (AODN) typifying the mid-latitude and 
tropical oceans. 

3.2.2. Solar irradiance 
Solar radiation within the ultraviolet and visible light regions initi

ates the photo-oxidation of organic substrates, including polymers 
(Andrady, 2015; Day and Wiles, 1972; Gewert et al., 2015; Moham
madian et al., 1991). The literature provides a detailed account of the 
percent drop (relative to surface intensity) of solar irradiance in the 
ocean (Strickland, 1958). As depicted in the Fig. 2, regions can be 
portioned into the euphotic zone (i.e., the upper 200 m part of the ocean 
that receives bright and clear sunlight), the dysphotic zone (i.e., water 
layer beneath the euphotic zone, extending to about 800 m with a sig
nificant drop in light intensity), and the aphotic zone (i.e., the water 
layer below 1000 m where there is no visible sunlight). The UV-A 
(320–400 nm) radiation can reach the depth of 70 m, while the light 
penetrating beyond the euphotic zone is the blue-green (450–550 nm) 
radiation (Lee et al., 2013). 

3.2.3. Pressure changes 
Hydrostatic pressure can easily be estimated from the products of 

ocean density, acceleration due to gravity and water depth. While the 
impact on photo and thermal degradation of the plastics is expected to 

be minimal (due to the lack of direct gas-phase, reversible, and precip
itation reactions) (Vyazovkin et al., 2011), hydrostatic pressure will 
influence hydrolytic and enzymatic degradation reaction pathways 
(Asano and Le Noble, 1978; Drljaca et al., 1998; Van Eldik et al., 1989). 
Furthermore, the impact of pressure can manifest in the thermodynamic 
constants, especially for the solubility of ion products of water, such as 
the (bi)carbonate system in the ocean, and on the dissociation constants 
of acids (Stumm and Morgan, 2012). Effects of pressure can also be seen 
through solubility thermodynamics (Helmke and Weyland, 1986) of the 
degradation products, e.g., CO2, resulting in the local acidification of the 
offshore waters. The effect of local CO2/carbonate dissolution (e.g., 
upsets the carbonate buffer system) from the degradation of polymers 
can have an impact on the marine ecology (Board and Council NR, 2010; 
Kleypas et al., 1999; Orr et al., 2005; Sabine et al., 2004; Turley et al., 
2010) and, therefore, should be considered in future studies, e.g., by a 
model that couples the rate of CO2 formation (which is a fraction of the 
total rate of polymer degradation, as shown in subsequent sections), its 
interaction with other chemical, mineralogical and biological species, 
and the hydrostatic pressure effect on the dissolution thermodynamics 
and acidification. 

3.2.4. Changes in chemical composition 
The ocean can also be stratified based on the changes in chemical 

composition, i.e., the chemocline. Changes in salinity, pH, and dissolved 
oxygen and other gases dictate the chemical nature of water column 
(Sverdrup et al., 1942). Although these parameters could be impacted by 
the bathymetry of the offshore (Wright, 1995), their variations in depth 
will likely have a trivial impact on the degradation of subsea plastic 
structures. For instance, the dissolved oxygen varies from approximately 
3 mL/L to 8 mL/L of ocean water up to the depth of 4000 m (AODN, n.d.; 
Wright, 1995). The ocean O2 concentration is normally higher on the 
surface and decreases with depth down to the oxygen minimum layer, 
where the O2 concentration begins to show an increasing trend with 
further depth. Relatively to the plastics, the concentration of oxygen is in 
excess (due to the constant flowing of the water) resulting in pseudo- 
first-order degradation kinetics. Moreover, the degradation of some 
plastics, e.g., polyurethane, follows hydrolysis-initiated reactions by 
water. Wherever possible, the data should be sourced from experiments 
conducted using typical ocean/seawater, to account for implicit effects 

Fig. 2. Variation of temperature (statistical mean from 2005 to 2012) (AODN, n.d.; NOAA, n.d.), solar intensity (Sverdrup et al., 1942; Wright, 1995), and suspended 
sands in offshore water column. Tz is the temperature (◦C) at a distance z from the surface, y0 denotes a constant (e.g., 3.07462 for Northwest region, and 1.86693 for 
Bass Strait region); e is the natural log; A represents a constant (e.g., 26.14008 for North-west region, and 19.69527 for Bass Strait region); r corresponds to the decay 
factor (e.g., 0.00307 for North-west region, and 0.002 for Bass Strait region). Iz is the light intensity at a distance z from the surface; I0 denotes light intensity at the 
surface depending on the type of water and location, e.g., 1000 W/m2; e represents the natural log; k is the light attenuation coefficient, amounting to 0.023 m− 1 and 
0.056 m− 1 for oceanic and coastal waters, respectively. See text below for information on suspended sands. 
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of dissolved ions and oxygen. 
The photosensitising property of aquatic systems represents another 

factor. The light excitation of complex molecules of dissolved organic 
matters (DOM, e.g., riboflavin and pteridine derivatives, chlorophyll 
derivatives, fulvic acids, etc.) in the ocean can generate reactive oxygen 
species (ROS) that are particularly known to initiate the degradation of 
organic molecules (Al-Nu'airat et al., 2017; Momzikoff et al., 1983); 
however, data is not available for synthetic polymers and plastics. 
Typical examples of ROS include singlet delta oxygen (O2

1Δg), hydroxyl 
radical (OH), superoxide anion (O2

•− ), and hydrogen peroxide (H2O2), 
with marine concentrations well documented in the literature (Al- 
Nu'airat et al., 2021). Momzikoff investigated the photosensitising effi
ciencies (PSE) of samples of seawater (Momzikoff et al., 1983); based on 
the regression function computed by the author, the effect of ROS re
mains strongly active down to the depth of 500 m and mildly beyond. 
This is reasonably expected as the formation of ROS relies on light 
penetration. Therefore, kinetic corrections based on irradiation attenu
ation may also account for the variations in photosensitising efficiencies. 
However, further studies are required to determine the effect of ROS on 
the degradation of large polymers in marine environments. 

3.2.5. Microbial composition 
Microorganisms contribute to the degradation and biofouling of 

polymers. The process may include fungal, bacterial, and enzymatic 
degradation (Krasowska et al., 2015). The generic aerobic biotic activity 
in plastics involves the secretion of extracellular enzymes that adhere to 
the polymer surface, leading to surface degradation (via erosion and 
mineralisation). Therefore, microbial enzymes often act as biocatalysts 
in degradation reactions (Church, 2009; Helmke and Weyland, 1986; 
Hochachka, 1971; Nigam, 2013). Although the microbes and enzymes 
that are capable of degrading commodity plastics are sparse and speci
alised, reports have shown that biodiversity contributes to the degra
dation (slow) of plastics in the marine environment. A direct approach is 
to identify the microorganisms inhabiting the sites and account for their 
respective effects on degradation rates based on the available published 
data. For instance, the marine pelagic microbiota (up to a depth of 100 
m) identified by the Australian Marine Microbial Biodiversity Initiative 
(AODN, n.d.; Brown et al., 2018) revealed the presence of polymer- 
degrading bacteria (Alphaproteobacteria and Cyanobacteria) in 
offshore waters. Research studies have also postulated that climate 
changes could pave the way to the adaptation and evolution of highly 
active enzymes (Cavicchioli et al., 2019; Danso et al., 2019). 

3.2.6. Abrasive erosion 
Abrasive wear (or mechanical erosion) occurs due to turbulence 

generated by ocean currents, waves, winds, and residues of suspended 
particles in the ocean. This factor contributes significantly to the frag
mentation of plastics by breaking the larger plastics into smaller pieces 
of micro- and nano-plastics (i.e., MP, with sizes <5 mm, and NP, with 
sizes below 0.1 μm). Subsequent degradation of the nano or micro
plastics will then follow other pathways (see sections below). The 
fragmentation due to stresses from water (Julienne et al., 2019) can be 
accounted for by considering degradation data acquired from a flowing 
marine system. Moreover, waves have trivial impacts on plastic residing 
at depths below the wavelength. Despite confirming the natural occur
rence of abrasion of plastics due to oceanic particles (residues of sus
pended particles, mainly sand and slits) (Cooper and Corcoran, 2010; 
Singh and Sharma, 2008; Song et al., 2017), the literature lacks infor
mation on how to model and estimate the abrasive fragmentation of 
plastics in the natural marine environment. Where such data is un
available, reasonable postulations can be made based on the paradig
matic principles of abrasive wear. Here, we develop an approach to 
estimate the rate of abrasion of polymers in a water column due to the 
combined effect of currents and suspended marine particles. According 
to the theory of abrasion, the steady-state erosion (abrasion) rate can be 
ascertained from the dimensionless wear coefficient (kw) (Arjula and 

Harsha, 2006; Arjula et al., 2008), the density of the material being 
eroded (i.e., plastics), the impact velocity (v2) of the particles (i.e., 
sediment loads), and the hardness of the material surface (H, Pa) 
(Hutchings and Shipway, 2017; Sundararajan et al., 1990). In the 
Equations below, the erosion rate has been defined as the ratio of mass 
loss suffered by eroding material to the mass of erodent (Em, g/g) or in 
terms of volume lost per unit mass of erodent (Ev, m3/kg). Since most of 
the kw values in the literature were measured under air-borne conditions 
and high impact velocity, projecting the data to marine environments (i. 
e., water-borne sands and low impact velocity) may result in some level 
of uncertainty. The impact function f(θ), accounting for the angle at 
which the erodent hits the surface, is sometimes assumed to be unity for 
simplicity, but f(θ) = sin2θ results in better accuracy. The term sand 
erosion can describe processes involving solid particles to up to 
approximately 1000 μm in size (Tilly, 1969). 

Em =
kwρv2

2H
f (θ) (1) 

The sediment grains can be assumed to travel at the same velocity as 
the water, i.e., depthwise tidal velocity vz, where the total depth below 
the surface is d (m), and the height above the seabed is zs (m), v0 rep
resents the combined current velocity at the surface (e.g., 0.5–3 m/s) 
with power law of the 1/7th order (i.e., α = 7) as illustrated in Eq. (2a) 
(Fang and Duan, 2014; Peterson and Hennessey, 1978). Alternatively, vz 

(m/s) can also be calculated as a function of zs from the velocity of the 
tidal current vct0 (m/s) and the velocity of the wind current vcw0 (m/s) at 
the surface (Eq. 2b) (Fang and Duan, 2014). 

vz = v0

(zs

d

)
1
α (2a)  

vz = vct0

(zs

d

)
1
α + vcw0

(zs

d

)
(2b) 

It is important to express the steady-state abrasion rate in the same 
unit as the chemical degradation rate (e.g., in mass per unit time). Such 
transformation requires specific information regarding the amounts of 
sediment loads and the volumetric flow rate of the water, preferably 
based on depth dependencies. The abrasion rate, Emr in mass per unit 
time (g/s), of a stationary material being eroded by sediment loads in 
flowing offshore water then becomes: 

dmr

dt
= Emr = Em Cz Q = Em Cz vz • SA (3)  

where Cz denotes the depthwise concentration of sediments (g/m3, see 
Fig. 2), and Q defines the volumetric flow of water in direct contact with 
the plastic surface (m3/s) – approximated as the surface integral of the vz 
(i.e., depthwise tidal velocity) with respect to the area, approximated as 
the dot product of the vz and the surface area (SA) of eroding material. 
The necessary theories for estimating the sediment concentration and 
transport phenomenon have been documented in the application book 
by Soulsby (Soulsby, 1997). For the deep-water application, we limit 
this to sediment under the effect of current. In a sand suspension, the 
settling of the grains towards the bed counterbalances the diffusion of 
the sands upwards due to turbulent water motion based on the following 
governing equation: 

wsC = − Ks
dC
dz

(4)  

where ws corresponds to the settling velocity of sediment grains, C the 
volume concentration of sediment at height zs above the bed, and Ks the 
eddy diffusivity of sediment. Assuming the eddy diffusivity increases 
linearly with height, then the corresponding concentration obeys a 
power-law profile: 

Cz = Ca

(
zs

za

)− b

; b =
ws

κu*
(5) 
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where Ca denotes the sediment reference concentration (volume/vol
ume) at height za, b is the Rouse number, or suspension parameter, κ 
represents the von Karman's constant = 0.40, and u* refers to the total 
friction velocity or total skin friction of the sediment. 

The geology of the seabed is very complex. For example, b = 0.811, 
za = 1.30 × 10− 3 m, and Ca = 6.81 × 10− 3 (×2650, the density of 
sediment particles, conversion factor to kg/m3) (Soulsby, 1997) based 
on the shearing of a rippled bedload with 50 % weight distribution of 
d50 = 0.20 mm (i.e., fine to medium sand, needed to calculate the grain 
settling velocity) and depth-average flow velocity of 1 m/s (needed to 
calculate the drag coefficient and the total skin factor). These parame
ters are location-specific, and the most appropriate values should be 
considered for a particular offshore or ocean environment. The con
centration of suspended sediments can also be used directly from the 
measured data, or estimated from a correlation of relevant turbidity 
information, e.g., as reported by Cooper et al. (Cooper et al., 2017). It is 
worth noting that Eq. 5 yields concentration values that are well com
parable to those measured from depth-specific shallow marine systems 
(Bainbridge et al., 2009; Cooper et al., 2017). To be best of our knowl
edge, field measurements for the vertical distribution of suspended 
minerals concentration with depths in deep offshore environments do 
not exist. However, the values of suspended sand concentrations of deep 
oceanic waters in Fig. 2 (computed by Eq. 5) are comparable to the 
corresponding values at (i) near-bottom of an approximately 1450 m 
deep-sea bed; 6.62 g/m3 at current velocity of 0.15 m/s, (Wang et al., 
2022a) and (ii) surface of deep regions of the global ocean; approxi
mately 0.2 g/m3 (Wei et al., 2021). Even if the numerical values of 
abrasion rate are small, the effects could be significant considering the 
large degradation time scale and the relatively low hardness of the 
plastic materials. Future experimental plans should investigate further 
the abrasive wear of materials in marine systems. If we define specific 
surface abrasion rate; kSSE = (EmCz vz)/ρ, where ρ is the density of the 
polymer material, then: 

dmr

dt
= Emr = kSSE • ρ • SA (6)  

3.2.7. Service conditions 
In addition to the essential parameters listed above, the service 

conditions, including working temperature, static loads (inducing local 
strains) and protection mechanisms such as cathodic protection (CP), 
may influence the degradation of plastic components in offshore in
frastructures. CP, for instance, results in the build-up of calcareous de
posits and coating degradation (Rousseau et al., 2010). Such deposits are 
formed on bare metal components due to the alkalinity produced on 
cathodically protected surfaces in the presence of calcium and magne
sium salts (e.g., carbonates) (Rousseau et al., 2010). The effect of CP on 
plastic coatings should be minimal as very little deposition of calcareous 
materials is expected on plastics coatings (Zhang et al., 2020). However, 
the presence of holiday defects (e.g., pinholes) on the polymer coating 
can result in cathodic disbondment (CD), i.e., delamination of polymer 
coating from the metallic substrate. 

Various mechanisms have been proposed for CD, including the 
dissolution/reduction of the oxide layer in the steel-polymer interface 
(Harun et al., 2005; Leidheiser et al., 1983; Love et al., 2007; Watts and 
Castle, 1984), mechanical lifting of the coating by H2 gas generated in 
the interface (Mahdavi et al., 2017), aqueous displacements of the 
coating (Koehler, 1984), and enhanced degradation on polymer coating 
(Dickie, 1994; Dickie et al., 1981; Hammond et al., 1981; Harun et al., 
2005; Sørensen et al., 2010). The degree of CD is influenced by the 
negative potentials achieved by Al-Zn-In sacrificial anodes (i.e., the in
dustry standard CP choice), which accelerates electrochemical reactions 
and production of hydroxyl ions (OH− ), H2 gas, and reactive oxygen 
species, i.e., short-lived oxygen-containing radicals such as superoxide 
(•O−

2 ), peroxide (H2O2) and hydroxyl radical (•OH). Based on their high 
reactivity, it is more probable that the free radicals are responsible for 

the detachment of the polymer coating from the steel pipe (Leng et al., 
1998; Maile et al., 2000; Nakache et al., 2011; Sørensen et al., 2010; 
Wroblowa, 1992). The rate of growth of disbondment areas can be used 
to estimate the exposed surface area when calculating the lifetime of the 
polymer. However, the relatively large thickness of the coating material 
on the flowlines, ranging from about 6 mm to 77 mm (including um
bilicals), can hinder the formation of pinholes that penetrate deep into 
the metal substrate. Moreover, the routine repairs during service in
spection could have resolved most of the disbondment areas before 
decommissioning. 

The presence of biofouling (marine growth consisting of algae and 
other marine biota, including encrusting organisms (Andrady, 2015; 
Lobelle and Cunliffe, 2011)) can contribute to embrittlement and 
degradation through mechanical and enzymatic activities of biofoulants 
(Lobelle and Cunliffe, 2011) and may accelerate the degradation pro
cess. Another factor may involve the interference of metallic corrosion 
as ions from corroding metal that may scavenge/promote radical species 
in polymer degradation. There are no precise literature data in this re
gard. Therefore, future experiments should investigate the effect of 
proximity of corroding metal, e.g., on the formation of persistent free 
radicals and promotion (or inhibition) of plastic's degradation rate. 

4. Degradation pathways and chemical, and biological effects 

Here we describe the “degradation” of plastic as the loss in mass per 
unit time, especially for lifetime predictions. The international standards 
define polymer degradation as a deleterious change in the chemical 
structure, physical properties, or appearance of a polymer, which may 
result from the chemical cleavage of the macromolecule forming a 
polymeric item, regardless of the mechanism of chain cleavage (ASTM. 
ASTM International, 2011; BSI, 2006). While this kind of definition re
mains helpful in understanding the chemical, structural and mechanical 
changes (e.g., property failure) in a polymer, the rate obtained may not 
necessarily imply direct mass loss. Proper numerical and empirical rate 
transformations should be used to convert such rate expressions into 
mass-loss per unit time. The mode of chemical degradation of plastics 
under ambient marine conditions can follow integrated pathways 
(Grassie and Scott, 1988; Singh and Sharma, 2008), involving either 
oxidation (photo and thermal oxidation by dissolved oxygen) or hy
drolysis (from marine H2O), both of which can be accelerated by mi
crobial activities, heat, light, or their respective combinations (Lucas 
et al., 2008). The following subsections summarise the degradation 
mechanisms of selected commercial plastics being used in subsea ap
plications, highlighting how the marine ambient factors influence the 
degradation pathways. Refer to the Supplementary Material for the 
mechanistic pathways of degradation of polyethylene, polypropylene, 
polyurethane, polyamide, and epoxy, indicating series of photothermal 
and hydrolytic steps. 

4.1. Polyethylene and polypropylene 

Polyethylene (PE) is considered an inert synthetic polymer due to its 
extremely slow degradation rate in the natural environment. Hence, PE 
serves as the most common coating material in offshore applications, e. 
g., as an external sheath of flexible flowlines. The inertness of PE stems 
from the C − C single bond backbone that is resistant to hydrolysis and 
photo-oxidative attacks due to lack of UV − visible chromophores. 
Mechanical shear, structural defects, and the presence of production 
impurities such as catalysts for synthesis, trace unsaturated (C=C) 
bonds, peroxides, carbonyl and hydroperoxides can influence the initi
ation of photo-oxidative pathways (Grassie and Scott, 1988; Oluwoye 
et al., 2016; Oluwoye et al., 2015; Rabek, 1994). Low-density poly
ethylene (LDPE) having a relatively higher frequency of reactive branch 
sites degrades faster than the analogous high-density polyethylene 
(HDPE) (Craig et al., 2005). The initiation reaction is solely limited to 
photo, thermal, or mechanical stimuli, with the addition of oxygen and 
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molecular transfer of hydrogen atoms being the propagation and auto 
acceleration steps, respectively, for the formation of the primary 
oxidation products. The presence of free chlorine and hydroxyl radical 
can accelerate the initiation reaction (Colin et al., 2003; Gardette et al., 
2013; Khelidj et al., 2006; Mitroka et al., 2013; Oluwoye et al., 2015; 
Tidjani, 2000). 

Considering a marine medium with temperatures below 30 ◦C (i.e., 
much <100 ◦C), the photolytic reactions remain the most critical initi
ation channel (Chamas et al., 2020; Gardette et al., 2013). Lifetime 
prediction in marine environments should rely on initial rate data ac
quired under identical temperatures, requiring no (or minor) 
temperature-extrapolation (e.g., to 16 ◦C) due to the depth variations. 
Likewise, the service temperature impacts the degradation rate of 
plastics, even during the after-service-life period. This is because mod
erate heating, in the presence of oxygen, enhances rates of polyolefin 
oxidative degradation significantly, as it increases the hydrophilicity 
due to the incorporation of oxygen-containing functional groups that 
facilitate surface attachment of microorganisms. A previous study has 
shown that thermal pre-treatment of PE at 80 ◦C for ten days increases 
the marine bacterial colonisation 4 to 7 times compared to no thermal 
treatment. The same study recorded higher mass losses for thermally 
pre-treated LDPE and HDPE (17 % and 5.5 %, respectively), compared to 
the untreated materials (10 % and 1 %, respectively) over the same time 
period (Sudhakar et al., 2008). At any given temperature and water 
content, the rate of weathering and degradation increases with 
increasing solar radiation UV flux (Singh and Sharma, 2008). The 
UV–visible light spectrum of 300 nm – 500 nm carries enough energies, 
equivalent to 400 kJ/mol – 240 kJ/mol, to break various bonds in the PE 
structure. Bond dissociation enthalpies for C–H and C–C in poly
ethylene amount to about 410 kJ/mol and 350 kJ/mol, respectively, 
depending on the chemical identity of adjacent functional groups (Luo, 
2002; Oluwoye et al., 2016), presence of radical sites (Morcillo, 2019; 
Oluwoye et al., 2021; Sivaguru et al., 2019) and ionic interactions (Xu 
et al., 2019). Furthermore, the effect of microorganisms is important 
under biotic conditions present in water, mainly in the form of surface 
erosion by extracellular enzymes and rarely by intercellular activities. 
Extracellular depolymerases unzip complex polymers into simple units 
like monomers and dimers that are further used by the microbes as 
energy and carbon sources. Many scientific papers have identified some 
microbes (including bacterial and fungi that are not naturally abundant) 
specially isolated to target effective and rapid degradation of PE (Austin 
et al., 2018; Bardají et al., 2020; da Luz, 2019; Gajendiran et al., 2016; 
Ghatge et al., 2020; Kathiresan, 2003; Kumar Sen and Raut, 2015; 
Novotný et al., 2015; Restrepo-Flórez et al., 2014; Sangale et al., 2019; 
Santo et al., 2013; Shah et al., 2008; Sowmya et al., 2015; Wayman and 
Niemann, 2021; Yoon et al., 2012) (Albertsson et al., 1987; Arutchelvi 
et al., 2008; Bardají et al., 2020; Gerritse et al., 2020; Sangale et al., 
2012). 

The degradation mechanisms of polypropylene (PP) appear similar 
to that of PE (Carlsson and Wiles, 1976a; Carlsson and Wiles, 1976b; 
Gewert et al., 2015). However, PP has relatively lower stability than PE 
due to the presence of tertiary carbons (refer to Fig. 1) that are more 
prone to abiotic degradation than secondary carbons in PE. The initia
tion stems from the formation of PP radical due to hydrogen abstraction/ 
dissociation and trace impurities. The radical reacts with oxygen, 
yielding random chain scission, cross-linking, and predominately 
forming lower molecular weight fragments (Peterson et al., 2001; 
Shyichuk et al., 2001). Although the tertiary carbons promote abiotic 
degradation of PP, they decrease the susceptibility of the polymer to 
microbial (biotic) degradation (Gauthier, 1997) due to the interaction of 
surface energy. This is logical because the relative abundance of 16S 
rRNA genes of biofilm on PP differs compared to PE (Danso et al., 2019). 
Therefore, PP degrades relatively slower in natural seawater as 
compared to PE (Artham et al., 2009; Gerritse et al., 2020). 

4.2. Polyurethane 

Polyurethane (PU) is mainly used as insulating material in rigid pipe. 
Unlike PE and PP, PU can undergo hydrolysis and degradation of PU is 
much faster in seawater. To undergo splitting by H2O, the polymer must 
have functional groups containing hydrolysable covalent bonds, e.g., 
ester, ether, anhydride, amide, carbamide (urea), ester amide (urethane) 
etc. (Lucas et al., 2008), as in PU (Dutta, 2018; He et al., 2001). Factors 
including temperature, pH, and water activity can affect the rate of 
hydrolysis which proceeds via ester linkages and polar groups in the side 
chain of PU. Urethane and urea bonds can also undergo hydrolytic 
cleavage, but at relatively slower rates (Lamba et al., 1997). The pres
ence of ions (e.g., in seawater) can promote hydrolytic degradation of 
PU due to the increased bond polarity and the creation of acidic con
ditions. Moreover, since acid conditions accelerate hydrolysis, the for
mation of carboxylic acid makes the degradation of PU in seawater 
autocatalytic (Gewert et al., 2015). Parallel to hydrolysis, alternative 
abiotic solar radiation (or heat) can induce oxidative degradation 
through radical reaction pathways (Delebecq et al., 2013; Gewert et al., 
2015; He et al., 2001; Newman and Forciniti, 2001). 

4.3. Polyamide 

Polyamides (PA) are a group of polymers with repeated amide 
linkages, used as outer sheath, insulation or pressure sheath in flexible 
pipes and umbilicals. The most relevant PA in marine applications is 
polyamide 11 (PA 11), otherwise known as nylon 11 or Rilsan (Wypych, 
2016). Although PA 11 is an example of a bioplastic being produced 
from a renewable raw material (i.e., 11-aminoundecanoic acid), it can 
resist biodegradation. Similar to PU, PA 11 is very sensitive to water 
(hydrolysis) (Meyer et al., 2002), and the rate of degradation should be 
comparable to that of PU (Min et al., 2020). Previous studies monitored 
the hydrolytic and oxidative degradation of PA 11 by recording the 
change in molecular weight with time at fairly high temperatures be
tween 90 ◦C to 110 ◦C (Jacques et al., 2002; Mazan et al., 2015a; Mazan 
et al., 2015b; Merdas et al., 2003; Meyer et al., 2002; Okamba-Diogo 
et al., 2016). This kind of molecular weight model can be adjusted into 
hydrolytic representations by using appropriate mathematical trans
formations (Laycock et al., 2017; Meyer et al., 2002). 

While natural polyamides such as proteins and natural silk can easily 
undergo enzymatic degradation, there is no microorganism known to 
fully degraded high molecular weight PA (Danso et al., 2019). Studies 
have identified bacteria acting on the short-chain oligomers of PA. This 
includes hydrolases and aminotransferases of Flavobacterium sp. 
(recently named Arthrobacter sp.) strain KI72 grown in the wastewater 
system of nylon factories (Takehara et al., 2017; Tosa and Chibata, 
1965). While no data exist for PA 11; the literature records three main 
enzymes essential for the hydrolysis of linear and cyclic 6-aminohexa
noate (from PA 6.6 or nylon 6.6) oligomers (Kinoshita et al., 1977; 
Kinoshita et al., 1981; Nagai et al., 2013; Negoro et al., 2005; Negoro 
et al., 2007; Ohki et al., 2005; Takehara et al., 2018; Yasuhira et al., 
2007; Yasuhira et al., 2006). Manganese-dependent peroxidase (an 
enzyme originated from rot fungus) appears to be the only enzyme that 
has so far been reported to act on high-molecular-weight nylon fibres 
(Deguchi et al., 1998). Species of Pseudomonas, such as P. aeruginosa and 
evolved strain PAO1 are able to degrade 6-aminohexanoate-dimers by 
using it as a sole carbon and nitrogen source (Kanagawa et al., 1993; 
Prijambada et al., 1995; Tosa and Chibata, 1965). In marine environ
ments, Bacillus cereus, Bacillus sphaericus, Vibrio furnissii, and Brevundi
monas vesicularis have been reported to degrade nylon 6 with a 
significant mass loss over a period of three months (Sudhakar et al., 
2007). 
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4.4. Epoxy thermosets 

Epoxy polymers are complex admixture containing the resin and the 
cure that represents a functional blend of hardener and other compo
nents such as plasticiser, preservative, and chain-terminating agent. 
Epoxies are used primary as a coating material in rigid infrastructures. 
Although the resin, on its own, can be polymerised to a reasonable 
extent, the application of hardeners improves the chemical resistance 
and material properties of epoxy polymers (Powers, 2009). Epoxy resins 
acquire their name from the presence of epoxide functional group in 
their respective structures. Most marine applications usually rely on 
diglycidyl ether of bisphenol A (DGEBA) and other phenolic analogues 
as the primary epoxy resin, and aliphatic amines and polyamides as the 
curing agents (i.e., hardener) (Grassie et al., 1985; Pham and Marks, n. 
d.; Zargarnezhad et al., 2021). Other common hardeners include 
cycloaliphatic amines, aromatic amines, amidoamines, and anhydrides 
(Capiel et al., 2018; Pham and Marks, n.d.). The use of amines results in 
an epoxy polymer having very low glass transition temperature (Tg) as 
compared to anhydride curing agent, favouring application in ambient 
environments. 

The structure of epoxy polymers allows for deterioration by hydro
lysis, as well as photo/thermal stimuli. As illustrated in the Supple
mentary Material, the photo-thermal degradation pathway can be 
initiated both in the resin and the hardener (Grassie et al., 1986; Mailhot 
et al., 2005a; Mailhot et al., 2005b; Morsch et al., 2020), leading to 
fragmentation of the cross-linked structure and the formation of low- 
molecular-weight species. Hydrolysis, on the other hand, depends on 
the hydrophilic groups, mainly secondary hydroxyl and amide ends. 
Most works have focused on water uptake and depreciation of the me
chanical properties of the material rather than surface erosion (Capiel 
et al., 2018; El Yagoubi et al., 2015). The mechanism involves migration 
of water unto the surface, resulting in swelling (due to disruption of the 
hydrogen bonding within the matrix) and subsequent degradation of the 
molecule (Capiel et al., 2018; Powers, 2009) into products including 
acids. The effect of acid has been reported to increase the degradation 
rate of an epoxy polymer (Lim et al., 2019). Moreover, seawater should 
facilitate the formation of inorganic salts within the polymer matrix 
(Lim et al., 2019; Rudawska, 2020). There are only a few studies on 
microbial degradation of an epoxy polymer in natural environments 

despite its widespread applications in protective paints (Bravery, 1988; 
Kurowski et al., 2017; Pandey and Kiran, 2020), adhesives, composites, 
and vanish coatings. The most common isolated bacteria from surfaces 
coated with epoxy belong to phylum Firmicutes, Proteobacteria, Pseu
domonas, and Actinobacteria (Kurowski et al., 2017; Pangallo et al., 
2015). The presence of Pseudomonas putida (Wang et al., 2016) and 
Bacillus flexus (Deng et al., 2019) in seawater has been demonstrated to 
degrade epoxy polymers, with a mechanism centring on the microbial 
attack of the hydroxyl to form biodegradable carbonyl groups (Wang 
et al., 2016). Other research works involved bacteria isolated from soil 
(Breister et al., 2020; Eliaz et al., 2018), bacterial activities during soil 
burial degradation (Dutta et al., 2010), and degradation due to mixed 
culture of fungi (Gu et al., 1997) and black yeast fungi (Pangallo et al., 
2015). 

5. Implementing a model for depth-corrected degradation rate 

As earlier explained, the major information gap in the literature is 
the lack of data on the degradation rate of plastics below the sea surface. 
Most experimental and environmental simulations are based on condi
tions typical of ocean surface. However, a holistic model for predicting 
the degradation rate (and lifetime) of plastics in subsea offshore con
ditions can be developed by incorporating both the essential physico
chemical factors in the marine depths, and the mechanistic details of 
polymer degradation. As shown in Fig. 3, these physicochemical factors 
include temperature and solar irradiance that are expected to decrease 
with depth, hydrostatic pressure and sand sediments that increase as a 
function of marine depth, as well as dissolved oxygen, and microbial 
activities. A systematic method for estimating the essential physico
chemical factors is discussed in detail in Section 3, with a particular 
focus on their role in the kinetics of polymer degradation. For synthetic 
polymers in marine applications, the choice of surface degradation 
approach remains valid, considering that (i) the diffusion coefficient (D) 
of the degradation agents (i.e., water, dissolved O2, and ions) into the 
plastic is relatively slow compared to the reaction rate constant (k), and 
(ii) the material thickness is greater than the critical sample thickness 
(Lcrit, see Fig. 3) (Burkersroda et al., 2002; Laycock et al., 2017). This 
notion can be reasonably reinforced by the fact that the plastics have 
been initially designed to withstand degradation in marine conditions, 
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as well as the large molecular size of the microbial enzymes, restricting 
their diffusion into the bulk structure of the polymer. Moreover, a recent 
investigation of polymer hydrophilicity and other structural descriptors 
confirms the concept of surface erosion (rather than bulk erosion) of 
synthetic polymers (Le Saux et al., 2014; Min et al., 2020). Weathering 
and abrasive wear also proceed along the surface for this class of poly
mers. Supporting the effect of surface area, many studies have sub
stantiated the fast decay of small (less than a millimetre) plastic 
fragments in the ocean as compared to the larger pieces (Cózar et al., 
2014; Eriksen et al., 2014; Kooi et al., 2017). 

The rate of degradation of a polymer, rs, can be described by the 
differential mass loss per unit time, proportional to the surface area SA 
(unit, m2) and the rate constant ks (unit, kg/s⋅m2) in Eq. 7 (Chamas et al., 
2020; Hopfenberg Hopfenberg, 1976; Min et al., 2020). Eq. 7 demon
strates that the degradation rate of plastics depends on both the intrinsic 
properties of the material, the environmental conditions (e.g., in the 
ocean), and the extrinsic properties such as the size and shape of the 
material (Chamas et al., 2020). The term ks denotes the surface degra
dation rate constant (kg/s⋅m2). 

rs = −
dm
dt

= ks • SA (7) 

Accordingly, the specific surface degradation rate (kss, or vx in Fig. 3; 
unit, m/s) can be defined as the speed at which the degradation front 
moves along the material's thickness, obtained by dividing ks by the 
density (ρ, kg/m3). 

−
dm
dt

= kss ρ SA (8) 

The specific surface degradation rate (kss) is identical to the burning 
regression rate of solid-fuel in fire science and propellant literature 
(Hurley et al., 2015; Shimpi and Krier, 1975). kss represents the 
perpendicular depth of plastic degraded per unit time (see dxp/dt in 
Fig. 3) and is different from the conventional chemical reaction rate k at 
which reactants convert into products. 

5.1. Method for correcting the specific surface degradation rate (kss) for 
depth 

The specific surface degradation rate (kss, in Eq. 8) is an experi
mentally measured value under ambient laboratory conditions or in 
marine-surface environments. Appropriate correction factors are 
necessary for subsea scenarios. These correction factors (or functions) 
can take identical forms to those being used for the chemical reaction 
rate constant k. Although kss and k are different, an appropriate 
arrangement of their expression (Eqs. 9–11) shows that the method for 
correcting them (e.g., for temperature, pressure, and photo-solar in
tensity) should be the same. If the extent of mass conversion α, some
times referred to as fractional mass loss in solid degradation kinetics, is 
defined in terms of initial mass mi, instantaneous mass mt , and final mass 
mf : 

α =
mi − mt

mi − mf
(9) 

Then, Eq. 8 is equal by definition to the rate of the extent of mass 
conversion according to: 

−
dm
dt

= kss ρ SA≝
(
mi − mf

) dα
dt

= m0
dα
dt

(10) 

Therefore, 

kss =
dx
dt

=
m0

ρ •
1

SA
•

dα
dt

= V0
1

SA
•

dα
dt

(11) 

Eq. 11 resembles the classical form of regression rate – fractional 
mass loss relationship (Shimpi and Krier, 1975), noting that the surface 
area is a function of x as earlier discussed. Furthermore, the rate of the 

extent of mass conversion can be parameterised in terms of essential 
variables: the temperature T, the extent of conversion α, the pressure P, 
etc., (Vyazovkin et al., 2011) as follows: 

dα
dt

= k(T) h(P) • • • f (α) (12) 

Eq. 12 implies that constants (such as k, h, etc.) measured for dα
dt at a 

particular condition can be corrected for other conditions with proper 
factors (or functions). These functions can also be translated directly 
into the specific surface degradation rate constant kss based on the 
straightforward relation of kss with dα

dt in Eq. 11. 
Therefore, we define the depth-corrected specific surface degrada

tion rate k′
ss as: 

k′
ss = ⟦

〈

kss • θ(T − Tsur) • exp
[

Va

R

(
Psur

Tsur
−

P
T

)]

•

[

1+ tanh
(

I
Ik

)/

2
]〉

• γ ⟧+ kSSE (13)  

where:  

• the temperature correction relies on the modified Arrhenius function 
(MAF), known to be accurate at low temperatures (below 30 ◦C), 
where T and Tsur denote the temperature at the required depth, and 
the marine surface (or experimental) temperature in Kelvin, 
respectively. The value of T, at a specific water depth of interest, can 
be calculated from the exponential depth decay in Fig. 2. We set the 
constant θ to a value of 1.06 as determined by the International 
Water Association (Kadlec et al., 2000). To avoid the errors due to 
Arrhenius extrapolation, we limit our work to data collected from 
experiments conducted at near-ambient temperature.  

• the pressure correction stems from the effect of hydrostatic pressure 
on the hydrolysis and microbial reactions (Serment-Moreno et al., 
2015; Stapelfeldt et al., 1996; Torres et al., 2009). The terms Va, R, 
Psur, and P represent the activation volume, gas constant (J/K⋅mol), 
marine surface (or experimental) pressure (MPa), and the pressure at 
the required water depth (MPa), in that order, while T and Tsur 
remain as defined above. The activation volume has been defined as 
the excess of the partial molar volume of the transition state over the 
partial molar volume of the initial species (Luft et al., 2001; Van 
Eldik et al., 1989). A Va < 0 will increase the reaction rate, while Va 
= 0 and Va > 0 will have a neutral effect and decrease the reaction 
rate, respectively. We employed a Va value of − 40 cm3/mol that is an 
average of typical hydrolysis and enzymatic set of reactions (Asano 
and Le Noble, 1978; Heiber et al., 1990; Lohmüller et al., 1978; 
Morild, 1981).  

• the light intensity correction takes on the form of hyperbolic tangent 
function that mimics the physical aspects of subsea light attenuation. 
By setting the characteristic light intensity Ik to 130 W/m2, the light- 
dependent rate increases linearly at low light intensities. However, as 
light intensity increases further, the rate levels out as it becomes 
limited by other factors. Another physical aspect of setting Ik to 130 
W/m2 is that it constrains the rate of photoreactions to remain 
constant up to 50 m depth (i.e., the UV cut-off depth), and then de
creases rapidly down to 200 m (i.e., the euphotic zone, see Fig. 2), 
before levelling near zero at lower depths (i.e., the dysphotic zone). 
Moreover, the symbol I denotes the depth-specific solar total irra
diance, expressed in exponential depth decay function in Fig. 2. 
Additionally, this model (i.e., the (1 + tanh-function)/2) assumes 
that only 50 % of the functional groups is directly influenced by solar 
radiation (see Section 4 that describes the mechanism of degradation 
of the selected polymers in marine conditions). 

Noting that kSSE adds in the mass-loss due to sand abrasion (refer to 
Section 3), Eq. 13 provides the correction based on the identified 
essential depth-controlled parameters. For instance, the appropriate 
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temperature, hydrostatic pressure, and solar intensity at a particular 
depth can be estimated from the appropriate equations, respectively, 
and inserted into Eq. 13 to obtain the depth-corrected surface degra
dation rate k′

ss. The term γ represents a multiplying factor that accounts 
for the bulk transient (irreversible) thermal treatment due to service 

conditions. We have discussed in Section 4 that in the presence of oxy
gen, moderate thermal pre-treatment enhances the rates of oxidative 
degradation significantly, e.g., by increasing the polymer hydrophilicity 
due to incorporation of oxygen-containing functional groups (Chamas 
et al., 2020). The value of γ is unity during the service period and 
changes accordingly for different polymers during the decommissioning 

Fig. 4. Validation of modelling result based on field data, and variations in the depth-corrected surface degradation rate of HDPE and PA in oceanic Northwest (a), 
coastal Northwest (b), and coastal Bass-strait waters. The upper and the lower limits represent rates calculated with and without abrasion due to sand sediments, 
respectively. The combined current velocity at the surface of the offshore waters is taken to be 1.54 m/s. The normalised global sensitivity indices show the relative 
contribution of the temperature correction factor (Tcorr), pressure correction factor (Pcorr), light intensity correction factor (Icorr) and sediment abrasion to the overall 
uncertainty of each plot. Refer to the Supplementary Material for the complied literature rates, and calculated rate variations for the other synthetic polymers 
and plastics. 
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phase. 

5.2. Depth-corrected degradation rate constant 

Fig. 4 illustrates the model validation based on degradation rates of 
flexible flowlines retrieved from the field (i.e., Northwest region of 
Australia) after ~25 years in subsea service, and exemplifies the depth- 
corrected degradation rate k′

ss (e.g., for HDPE and PA), illustrating how 
the degradation rate changes with water depth. The details of the vali
dation strategy are shown in Fig. S5, validating both the chemical (solar 
irradiation, temperature, and pressure) and mechanical degradation 
pathways; for example, the degradation rate was higher near the seabed 
as predicted by the model. Generally, the degradation rate decreases 
with depth mainly due to decreasing temperature, and solar irradiance. 
The figure also shows that the degradation rate may increase slightly in 
the lower depths because of the surface abrasion by sand sediments in 
the lower depths of the water column. However, the presence of 
biofouling could limit the sand abrasion, especially within the mild- 
degradation zone. Macrofoulants such as barnacles, hydroids, bryo
zoans, and small marine animals can effectively cover pipelines and 
infrastructure at shallow water depths. Therefore, the tolerance 
thresholds in Fig. 4 represent degradation rate calculated with and 
without sand abrasion. In other words, the lower limit of the curve 
corresponds to degradation rate without the effect of sand abrasion, 
while the upper limit signifies the degradation rates that includes the 
effect of abrasion; and the coloured centre line is the average of the two 
conditions (i.e., with and without abrasion). The Supplementary Mate
rial assembles the ambient surface degradation rate constants of the 
selected polymers (experimental data acquired under simulated marine 
conditions at the surface of the marine environment), calculated me
chanical surface abrasion rate constants, and corresponding depth- 
corrected values. 

We performed sensitivity analysis to explore how the model inputs (i. 
e., the essential parameters) contribute to the output uncertainties of our 
model. By using the global sensitivity indices for nonlinear mathemat
ical modelling, Fig. 4 also illustrates that the relative impacts of each 
variable change at different depths or stratified zones. Each of the syn
thetic polymers has a different rate of degradation and responds 
differently to the effect of water depth and associated physicochemical 
parameter. HDPE (and PP, and EP – see Supplementary Material) have 
the lowest degradation rate, and are most likely to be impacted by sand 
abrasion. However, sand abrasion has a relatively low impact on 
hydrolysable synthetic polymers such as PA and PU. Both PA and PU 
have relatively high degradation rates in marine conditions due to the 
presence of hydrolysable chemical bonds. The result of these computa
tions confirmed that sand abrasion, as currently estimated in the model, 
represents a significant source of uncertainty for some polymers (i.e., 
HDPE, and PP and EP as shown in the Supplementary Material), espe
cially at oceanic depths near the seabed due to higher concentration of 
buoyant sand sediments. Therefore, further studies are needed to 
investigate the influence of transport of marine sediments on abrasive 
wear of polymer surfaces during decommissioning. Such work should 
also evaluate the degradation products and quantify the formation of 
microplastics and nanoplastics. 

6. Lifespan assessment of plastics in subsea environments 

6.1. Predicting the lifespan 

Chamas et al. have recently assembled the differential equations and 
the algebraic solutions for predicting the lifespan of plastics based on the 
surface degradation rate kss. The authors defined the algebraic solutions 
in terms of mass as a function of time (mt) and the total degradation time 
(td) for a plate, shrinking sphere, and shrinking cylinder, respectively 
(Chamas et al., 2020), noting that the surface area functions may also be 

translated in diameter (or radius) instead of mass in the differential 
equations. However, for subsea applications, the degradation rate kss 

should be replaced by the depth-corrected degradation rates k′
ss and the 

best geometrical representation should be adopted. For instance, the 
best representation for submarine pipeline coatings will assume a 
different formula suitable for an annular cylinder, and the limits of 
integration can account for multiple layers of coatings. Considering an 
annular cylinder (Fig. 5a) having a large aspect ratio (i.e., radius r ≪ 
height h) and degrading from the external surface, the solution to the 
differential equation for the shrinking external radius (r2) can be 
formulated as in Eqs. 14–16, where r1 is a constant value (e.g., the 
external radius of the steel component of a pipe being protected by the 
polymer coating – this also equals to the internal radius of the polymer 
coating layer). 

−
dm
dt

= k′
ss ρ SA = 2k′

ss (πρh)
1
2
(
m + πρhr2

1

)1
2 (14)  

mt =
[(

m0 + πρhr2
1

)1
2 − k′

ss(πρh)1
2 t

]2
− πρhr2

1 (15)  

td =
1

k′
ss

[( m0

πρh
+ r2

1

)1
2
− r1

]

=
1

k′
ss

[(
V0

πh
+ r2

1

)1
2

− r1

]

(16) 

The ordinary differential equation (ODE) in Eq. 14 can be modified 
to account for the different exposure conditions on the time domain. For 
instance, if a plastic experienced a relatively harsh condition (e.g., the 
relatively higher temperature during service period) before being sub
jected to an ambient marine environment (e.g., during decommission
ing), the piecewise ODE Eq. 17 can capture the timelines provided that 
the k′

ss values are properly adjusted for the period 1 (t1, service life) and 
period 2 (decommissioning period), respectively. Furthermore, a 
multilayer coating system (depicted in Fig. 5b) requires an accurate 
arrangement of the piecewise time function. Eq. 17 illustrates how to 
compute the total mass loss of a system having infinite layers of syn
thetic polymer coatings. It is evident in Eq. 17 that the service-life period 
will only influence the mass-loss of the topmost polymer layer (i.e., t1 <

< td of the topmost layer). However, as discussed earlier, the k′
ss of the 

inner layers must also be corrected for any bulk alterations (e.g., high- 
temperature exposures) during the service life of the coatings. The 
term tdn can be calculated from Eq. 16. These mathematical expressions 
do not account for material inhomogeneity and lateral changes in sur
face area due to gaps (e.g., from air bubbles during injection moulding), 
crevasse, pitting and cracks within the cross-section of the synthetic 
polymers. These features will increase the surface area and hence the 
degradation rate and can also contribute to surface ablations and 
abrasive erosion (Chamas et al., 2020). Another assumption is that the 
degradation is unidirectional. This is valid until disbonding occurs as the 
adhesion between the coatings and the steel pipe begins to fail, then 
surface degradation (mass-loss) will occur from the internal radius of the 
coating. 

−
dm
dt

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
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6.2. Evolution and degradation of polymer debris (microplastics) 

In addition to the produced CO2 (carbonate), and dissolve organic 
carbon (DOC, e.g., carboxylic acids, ketones, esters, etc. – See Section 4 
and Supplementary Material) and nitrogen (DON), polymer debris (e.g., 
microplastics and nanoplastics) in the marine environment form from 
both shearing (i.e., abrasive wear) and chemical degradation pathways, 
which are coupled under realistic conditions. As photo- and thermo- 
chemical degradation (weathering) proceeds in time, the mechanical 
properties of the plastic deteriorates from the surface, allowing for a 
faster rate of abrasive wear (Andrady, 2011; Gerritse et al., 2020; Song 
et al., 2017; Ter Halle et al., 2016). Similarly, chemical degradation 
unzips the synthetic polymer into low molecular weight fragments, 
contributing to the fragmentation of the plastics along the surface cracks 
and fissures (Andrady, 2011; Costa and Barletta, 2015; Ivar do Sul and 
Costa, 2014; Wang et al., 2021). 

While there has been an attempt to detect the onset of microplastic 
generation in marine systems (Kalogerakis et al., 2017), and the role of 
water in fragmentation of plastics (Julienne et al., 2019), there exists no 
information in the literature on the mass balance of plastics' degradation 
into chemical products and fragmentation debris. In other words, there 
is no information on the number of microplastics generated per unit 
mass of the parent plastic's degradation in the ocean. Gerritse et al., 
while investigating the fragmentation of plastics in a microcosm 
experiment, reported that microplastic generation was responsible for 
portions of the detected gravimetric weight loss (Gerritse et al., 2020). 
More data are required to estimates the amount of microplastics 
generated from plastic degradation in the ocean. It can be assumed that 
the fraction of microplastics in the initial degradation products can be 
estimated based on the ratio of total degradation rate to rate of abrasion 
(i.e., kSSE/k′

ss). This kind of approximation will be influenced by the type 
of plastic, discontinuities in the form of voids and cracks in the structure 
of the plastics, and the environmental degradation factors (discussed in 
Section 3). 

Microplastics are not readily degradable in marine systems, unless 
they are comprised of inherently biodegradable polymers. As shown in 
Eqs. 18, the rate of formation of polymer debris is calculated from the 
ratio of abrasion rate to the total surface degradation at a specific con
dition. This is an assumption that excludes fragmentation due to photo- 
chemical degradation. Moreover, the rate of degradation of the micro
plastics (expressed in the second term in the RHS of Eqs. 18) relies on the 
first-order reaction kinetics fitting of photochemical dissolution of 
buoyant microplastics (Wayman and Niemann, 2021; Zhu et al., 2020). 

−
dmp
dt

= φ
dm
dt

+ kpmp (18)  

where φ represents the ratio of abrasion rate to overall surface degra
dation rate (i.e., kSSE/k′

ss), kp denotes the corrected degradation rates of 
microplastics, and mp corresponds to the mass of polymer debris (i.e., 
microplastics). dm

dt is computed in the form of piecewise differential 
function (e.g., Eq. 17). Once formed, the residence time of small-size 
polymer debris in the water column is a crucial factor (Nguyen et al., 
2020; Van Sebille et al., 2020; Wang et al., 2022b), however research 
has shown that the debris are likely to oscillate within the water column 
due to buoyancy and settling (Choy et al., 2019). Therefore, to correct 
degradation rate of the debris kp, we adapted Eq. 13, excluding the 
abrasion correction factor, and taking the depth as the average of the 
total water column. The Supplementary Material lists the experimental 
values for microplastics degradation rates and the correction 
methodology. 

6.3. Long-term exposure prediction and fate of polymer debris 

The lifetime and fate of the plastics in marine depths can be predicted 
by coupling the essential physicochemical equations with the system of 
ODEs listed above. Figs. 6 and 7 illustrate the predicted geometry- 
dependent long-term degradation profile of synthetic polymer in
ventories in offshore application, using the upper limit of the depth- 
corrected surface degradation rates in Figs. 4. The Python code in the 
Supplementary Material can solve the coupled systems of ordinary dif
ferential equations (ODE) for different scenarios, i.e., different types of 
water depths, locations, service life, and synthetic polymer geometries. 
It takes approximately 400 years to completely degrade HDPE (6 mm 
thickness on 1 m long, 150 mm OD pipe) into CO2, dissolved organics, 
and polymer debris in near coastal conditions. However, the polymer 
debris (i.e., microplastics) will persist for another approximately 200 
years. A similar HDPE material will take approximately 800 years in 
oceanic-bed conditions due to low temperature and near-zero solar ra
diation. In Figs. 6 and 7, the debris are experiencing natural degradation 
concurrently as they are being formed (Eq. 18); hence, the polymer 
debris plot signifies the residual concentrations in the water, in addition 
to other organics chemical products. To the best of our knowledge, there 
are no quantitative data (i.e., mass percent of degradation) of the dis
solved organic compounds in natural marine conditions. However, a 
very recent study shows that the leachable chemical products can reach 
1400 species from high-density polyethylene, and 7000 species from 
polypropylene (Zimmermann et al., 2021). 

This prediction assumes the depth corrected specific surface degra
dation rate k′

ss to be constant; however, its value may change over a very 
long period. As shown in Figs. 6 and 7, the total amount of plastic debris 
from the HDPE (and PP) coating material can reach >1000 g per meter 
of the flowline. This will result in thousands of particles per g of HDPE 

Fig. 5. (a) Geometric representation (annular cylinder) of surface erosion of a single-layer synthetic polymer coating and (b) multi-layer coating system (b). The 
specific depth-corrected degradation rate (k′

ss) is defined as the volume of material lost by removal of a layer of thickness in a specified time (i.e., kss) corrected based 
on the physicochemical changes in marine depth. 
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(or PP) coatings, considering a particle mean diameter of about 500 μm. 
From an environmental point of view, microplastics may have adverse 
effects on marine biota, and migration of microorganisms depending on 
the local environment and concentration gradients (Naik et al., 2019; 
Troost et al., 2018; Wang et al., 2021; Wayman and Niemann, 2021). 

Calculating the half-life, i.e., the time in which the material loses 50 
% of its original mass, is known to yield a somewhat accurate result, 
mainly because the subsequent half-lives may be very different from the 
first half-life, depending on the rate law (Chamas et al., 2020). Here, 
although the solution of the mass-loss differential equation is non-linear, 
the relative ratio of the pipe's diameter to the thickness of the coating 
makes the solution appear linear. Hence, the linear extrapolation of the 
half-life is valid in this case. These results should be interpreted carefully 
because the degradation mechanism may change after many years of 
exposure. There is currently no information to account for such mech
anistic changes but the use of a unidirectional surface degradation (Min 
et al., 2020) model should reduce the errors in describing the rates of 
complex phenomena involved in synthetic polymer degradation. 

7. Summary and future perspectives of critical information 

The amount of plastic-ladened infrastructure subsea in offshore op
erations is considerable. Decisions regarding decommissioning requires 
an appropriate measure of the degradation and lifetime of the envi
ronmentally persistent plastic components, especially considering there 
could be 100,000 s of metric tonnes of plastic in the ocean depths from 
these sources alone. The current estimates of the plastics in the ocean 
(Eriksen et al., 2014; Geyer et al., 2017; Jambeck et al., 2015) do not 
capture these values explicitly; therefore, it is challenging to make a 
relative comparison to global mass budget of marine plastics. We have 
described a methodological approach of correcting polymer degradation 
rates for depth to estimate their respective lifetime and formation of 
debris such as microplastics. Whilst we have used Australian waters as a 
case study, the results are universally applicable. To the best of our 
knowledge, this is the first degradation model that implicitly accounts 
for essential factors in water depths. While essential parameters such as 
attenuated temperature and solar irradiance decrease the degradation 
rate with depth, the increasing hydrostatic pressure and sands in the 
water column have the opposite effect. Materials buried under the 
seabed are likely to degrade at relatively lower rates (see the lower limits 

Fig. 6. Degradation profiles of synthetic polymer coatings on a 1 m rigid pipe near the bed of coastal and oceanic waters, using the upper limit of the depth-corrected 
surface degradation rates, e.g., in Fig. 4. SL refers to service life. The polymer debris are generated per unit meter of the flowlines. 
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of Figs. 4 and S6–S8) due to negligible marine sand abrasion. Adding to 
the volume of subsea microplastics (Kane et al., 2020), the environ
mental impact of the polymer debris (and other degradation products) 
should be explored. 

Furthermore, we have employed reasonable postulations based on 
the principles of abrasive wear to develop an approach to estimate the 
rate of abrasion of synthetic polymers due to marine particles. However, 
most of the wear coefficients in the literature were measured under air- 
borne sand conditions and high impact velocity. Projecting such data to 
water-borne sands and low impact velocity may result in some level of 
overestimation. We recommend further representative tests to measure 
the abrasion of the selected synthetic polymers and correlate this with 
the conditions in marine environments. A marine campaign is also 
needed to experimentally measure the rate of degradation of the plastics 
at varying depths. Such data are currently not available but will be 
highly instrumental in validating the depth-controlled kinetic model. 

For the case of materials buried under the seabed, there is currently 
no information in the literature on the degradation of plastics embedded 
below the seabed. It can be argued that components buried under the 
seabed are likely to encounter degradation rates similar to those 

recorded for terrestrial underground degradation, and may be influ
enced by the bathymetry, and the existence of benthic organisms. 
However, practically, the degradation rate of the synthetic polymer will 
be influenced by the geochemistry of the mudline and the poroelastic 
nature of the seabed. There is currently no information in the literature 
quantifying the effects of mudline geochemistry and poroelasticity of 
seabed on the degradation of synthetic polymers. However, the degra
dation rate of the synthetic polymer coatings in this scenario can be 
assumed to be between the degradation rates on the seabed with and 
without abrasion (if the sand below the seabed is relatively stable) based 
on the fact that (i) like underwater buried condition, the material 
located on the seabed is already experiencing a near-zero light intensity 
(see Section 3), (ii) the temperature at a few metres below the seabed 
can be represented by the bulk water temperature at the seabed, (iii) due 
to the poroelastic nature of the seabed, water can diffuse to a consid
erable depth (e.g., >20 m) below the (porous) seabed (Lee and Lan, 
2002; Lee et al., 2002). In fact, beyond the porous seabed depth, the so- 
called rigid impermeable bottom are also made of porous materials (Lee 
et al., 2002); therefore, all the hydrolytic (and consequential biotic) 
degradation channels are likely to persist in underwater buried 

Fig. 7. Degradation profiles of synthetic polymer coatings and inner sheath on a 1 m flexible flowline near the bed of coastal and oceanic waters, using the upper 
limit of the depth-corrected surface degradation rates, e.g., in Fig. 4. The polymer debris are generated per unit meter of the flowlines. The dashed line represents the 
serial degradation of the second layer of the outer sheath (i.e., PE in this case). 
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conditions. In such a scenario, the impact of sand abrasion becomes 
negligible; therefore, the lower limits of the degradation rates in Fig. 4 
(and Figs. S6–S8) can be used. However, there may be other potential 
degradation mechanisms at play. 
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Torres, J.A., Sanz, P.D., Otero, L., Pérez Lamela, C., Saldaña, M.D.A., 2009. Temperature 

distribution and chemical reactions in foods treated by pressure-assisted thermal 
processing. Processing effects on safety and quality of foods 415–440. 

Tosa, T., Chibata, I., 1965. Utilization of cyclic amides and formation of ω-amino acids by 
microorganisms. J. Bacteriol. 89, 919. 

Troost, T.A., Desclaux, T., Leslie, H.A., van Der Meulen, M.D., Vethaak, A.D., 2018. Do 
microplastics affect marine ecosystem productivity? Mar. Pollut. Bull. 135, 17–29. 

Turley, C., Eby, M., Ridgwell, A., Schmidt, D., Findlay, H., Brownlee, C., et al., 2010. The 
societal challenge of ocean acidification. Mar. Pollut. Bull. 60, 787–792. 

Van Eldik, R., Asano, T., Le Noble, W., 1989. Activation and reaction volumes in solution. 
2. Chem. Rev. 89, 549–688. 

Van Sebille, E., Aliani, S., Law, K.L., Maximenko, N., Alsina, J.M., Bagaev, A., et al., 
2020. The physical oceanography of the transport of floating marine debris. Environ. 
Res. Lett. 15, 023003. 

Vyazovkin, S., Burnham, A.K., Criado, J.M., Pérez-Maqueda, L.A., Popescu, C., 
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