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• Mercury (Hg) species associated with 
offshore infrastructure are determined. 

• Hg accumulation and ecological risks 
are addressed in the decommissioning 
context. 

• Potential bioaccumulation risks and 
impacts on humans are discussed. 

• Understanding of Hg risk to the marine 
ecosystem is needed for decision 
making.  
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A B S T R A C T   

Many oil and gas fields are nearing production cessation and will require decommissioning, with the preferred 
method being complete infrastructure removal in most jurisdictions. However, decommissioning in situ, leaving 
some disused components in place, is an option that may be agreed to by the regulators and reservoir titleholders 
in some circumstances. To understand this option’s viability, the environmental impacts and risks of any residual 
contaminants assessed. Mercury, a contaminant of concern, is naturally present in hydrocarbon reservoirs, may 
contaminate offshore processing and transmission infrastructure, and can biomagnify in marine ecosystems. 
Mercury’s impact is dependent on its speciation, concentration, and the exposure duration. However, research 
characterising and quantifying the amount of mercury in offshore infrastructure and the efficacy of decontam-
ination is limited. This review describes the formation of mercury-contaminated products within oil and gas 
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infrastructure, expected exposure pathways after environmental release, possible impacts, and key research gaps 
regarding the ecological risk of in situ decommissioned contaminated infrastructure. Suggestions are made to 
overcome these gaps, improving the in situ mercury quantification in infrastructure, understanding environ-
mental controls on, and forecasting of, mercury methylation and bioaccumulation, and the cumulative impacts of 
multiple stressors within decommissioned infrastructures.   

1. Introduction 

As production in offshore oil and gas fields near the end of their life, 
oil and gas infrastructure will require decommissioning (Wood Mack-
enzie, 2017). The current methods for decommissioning entails either 
(1) the removal of all infrastructure, (2) the removal of topside with the 
submerged sections of the platform structure left in situ, or (3) the partial 
removal or modification options of the infrastructure (Bull and Love, 
2019). Approximately 12,000 offshore assets that facilitate the extrac-
tion and transportation of produced oil and gas resources have been 
installed globally as of 2017 (Ars and Rios, 2017). Pipelines are a major 
component of the asset inventory and therefore represent a large pro-
portion of the decommissioning cost. Within the producing basins of 
Australia and the North Sea, pipelines such as infield flowlines and 
export and inter-field pipelines contribute to 33 % and 10–15 % of the 
total decommissioning liability, respectively (Advisian Pty Ltd, 2020; 
Shen et al., 2017). 

There are many factors considered when decommissioning, 
including environmental impacts, financial costs, human safety, local 
regulations and social acceptability (Shaw et al., 2018). It has been 
proposed that a multi-criteria decision matrix should be adopted when 
deciding a decommissioning approach. Many such frameworks have 
been proposed and reviewed (see Capobianco et al., 2021, Fowler et al., 
2014, Li and Hu, 2021 and Tan et al., 2021 for more details). However, 
the lack of quantitative data on the potential inventory of residual 
contaminants at the point of decommissioning (i.e., post cleaning) and 
likely environmental impacts preclude effective multi-criteria assess-
ments (Capobianco et al., 2021; Fowler et al., 2014). 

There has been a growing interest in the in situ decommissioning of 
offshore infrastructure. Recent studies have identified a range of benefits 
from this approach, including the formation of artificial reef habitats 
leading to increased marine biomass and biodiversity (Fowler et al., 
2018; Macreadie et al., 2011). However, studies of the detrimental im-
pacts of oil and gas production systems to the marine environment have 
mainly focused on hydrocarbon contaminants from the operational 
phase of oil and gas production, rather than the impacts from any re-
sidual contaminants left in situ. For example, recent reviews have 
highlighted the limited study and understanding of the potential impacts 
of residual naturally occurring radioactive materials that may be left 
within decommissioned offshore infrastructure (Koppel et al., 2022; 
MacIntosh et al., 2021). Similar knowledge gaps exist for other con-
taminants, including mercury. 

Mercury has been identified as a contaminant of concern for the in 
situ decommissioning of oil and gas infrastructure because of its preva-
lence within most oil and gas reservoirs around the world (Wilhelm, 
2001b). Mercury presents as several different species in oil and gas 
systems, namely elemental mercury (Hg0), inorganic mercury (e.g., 
HgCl2, HgS) and organic mercury (e.g., dimethylmercury, methylmer-
cury) (Enrico et al., 2020). As these different species co-exist within the 
production fluids (gas, hydrocarbon, and water), they interact differ-
ently with the infrastructure used to transport and process these fluids. 
This leads to the formation of various products that can accumulate 
within the infrastructure that are subjected to decommissioning de-
cisions. This is of concern for subsea pipelines because they have direct 
and long-term exposure to both raw well stream (i.e., reservoir fluid) 
and processed hydrocarbons. Coupled with their large spatial scale, they 
may be a significant source of mercury pollution to marine environ-
ments depending on whether they are removed, repurposed, relocated, 

or left in situ. 
Current research into the impacts of mercury related to oil and gas 

production mainly focus on consequences arising from produced water 
discharges, drilling muds, or cutting piles (Bakke et al., 2013; Neff, 
2008). Findings have been mixed, with some studies reporting elevated 
mercury having a limited impact on the environment (Gillett et al., 
2020; Regoli et al., 2019). Other studies have shown increasing 
contaminant concentrations negatively alter natural eco-systems by 
affecting the abundance and diversity of certain organisms near the oil 
and gas production area (Montagna and Harper, 1996; Olsgard and 
Gray, 1995). However, most of these studies only consider mercury 
contaminants from the operational phase of oil and gas production, 
there is a lack of research about the ecological risk of residual mercury in 
decommissioned infrastructure left in situ. The understanding of mer-
cury transport, exposure pathways and toxicity in marine environments 
and biota is also relatively limited compared to freshwater or terrestrial 
ecosystems. 

This information is vital in assessing future risks of decommissioning, 
as mercury is highly toxic to marine organisms. Its effects on marine 
ecosystems are highly dependent on mercury speciation, concentration, 
and exposure duration (Wiener, 2013). For example, methylmercury is 
bioavailable and readily absorbed by soft tissues in organisms, where it 
is not easily eliminated (Harding et al., 2018a). This leads to its bio-
magnification across the food web. This has led to devastating effects not 
only on wildlife but also on humans (Yorifuji, 2020), as seen by incidents 
such as the Minamata Bay disaster in the 1950s and 60s (Kitamura et al., 
2020). 

This review describes the formation of mercury-contaminated 
products in oil and gas production systems focusing on subsea pipe-
lines. The expected mercury exposure pathways in the marine envi-
ronment, the possible impacts of mercury to the marine environment, 
and key research gaps in knowledge relating to the assessment of the 
ecological risk of decommissioning in situ mercury-contaminated oil and 
gas infrastructure are then discussed. Recommendations of research 
needed to improve ecological risk assessments and in situ mercury 
measurement techniques are then given to ensure decommissioning 
decision making is informed by a holistic understanding of benefits and 
risks. 

2. Roadmap 

This review will address the accumulation and speciation of mercury 
in oil and gas infrastructure (Section 3)Section 3.1Sections 3.2 and 3.3. 
Following this, the ecological risks of mercury in the marine ecosystem 
will be discussed (Section 4), focussing on the exposure pathways 
(Section 4.1) and potential hazards to the marine environment as well as 
humans (Section 4.2). Other considerations that are discussed include 
mitigation options (Section 5.1) and the current measurement tech-
niques of mercury in subsea pipelines (Section 5.2). Next, research needs 
are assessed (Section 6), which deals with aspects of the development of 
environmental risk assessment frameworks (Section 6.1), subsea pipe-
line inventory and in situ quantification of mercury (Section 6.2), the 
variability of mercury bioavailability and methylation in marine envi-
ronments (Section 6.3), the biomagnification in food webs (Section 6.4), 
and the need to consider cumulative impacts and multiple stressors 
(Section 6.5). 
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3. Mercury in oil and gas infrastructure 

Mercury is found ubiquitously in oil and gas systems, existing as 
elemental, inorganic, and organic species, each with different chemical 
and physical properties. An understanding of mercury in terms of its 
sources and behaviour within oil and gas systems is important to un-
derstanding its partitioning tendencies within the production fluids and 
the formation of discreet products that accumulate within the 
infrastructure. 

3.1. Mercury in oil and gas reservoirs 

Mercury is a well-known trace component of production fluids in oil 
and gas reservoirs worldwide. There are competing theories attempting 
to explain how mercury concentrates in oil and gas basins. One possi-
bility is that it originates from accumulated mercury in the organisms 
that lead to the formation of natural gas and hydrocarbons (Lang et al., 
2012; Wilhelm, 2001a). Others suggest that mercury migrates into the 
oil and gas reservoirs from source rocks and metal-rich fluids. This 

migration process may be encouraged by secondary processes such as 
geological and geothermal activities (Abai et al., 2015; Yan et al., 2017). 
Several authors believe that regions with higher tectonic and geological 
activity are responsible for higher mercury content within natural gas 
reservoirs (Gallup, 2014; Lang et al., 2012; Yan et al., 2017) because of 
increased interactions with metal-rich fluids, mineral material, and 
formation waters (Filby, 1994). 

Independent of the origin, the mercury content of oil and gas basins 
and its global distribution may be affected by geographical location, 
geology, age of the basins, as well as tectonic and seismic activity of the 
region (Ryzhov et al., 2003; Wilhelm and Bloom, 2000). The 
geographical variability of mercury in oil and gas basins is shown in  
Fig. 1. Mercury in gas ranges from as low as 0.01 μg/m3 in South 
America to as high as 1930μg/m3 in China. Levels of mercury may also 
vary temporally, as shown by Ryzhov et al. (2003) who measured 
considerable variability in natural gas mercury concentrations ranging 
from 1.6 to 17 times over 20 years at the same location. 

Fig. 1. Mercury concentration detected in oil and gas products at different geological regions. Units are µg/m3 for gas and µg/kg for condensate and crude products. 
Line segments represent concentration ranges summarised from various sources including Ezzeldin et al. (2016), Mussig and Rothmann (1997), Shafawi (1999), 
Wilhelm et al. (2007), Crafts and Williams (2020), and Lang et al. (2012). 
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3.2. Mercury speciation in oil and gas production systems 

The behaviour of different mercury species in oil and gas processes 
are specific to their physical and chemical properties. These behavioural 
differences lead to variations in their partitioning in oil and gas phases 
or products in the production system (Wilhelm, 1999a). Different solu-
bilities lead to preferential partitioning in the production fluids while 
different volatilities may lead to separation due to temperature and 
pressure changes within the extraction and processing system. 

The speciation of mercury (and therefore its propensity to partition 
into different fluid phases or to different infrastructure) may also change 
within the oil and gas production systems. The oxidation of Hg0 in crude 
oil leads to the formation of water-soluble ionic mercury compounds and 
complexes. Hg0 and ionic mercury species are known to be very reactive 
with sulphur, forming the generally insoluble HgS species (Wilhelm, 
2001b). 

Production fluids contain several co-existing mercury species due to 
the multiphase nature of the fluids, which are transported within the 
production tubing, subsea equipment, and flowlines/risers prior to the 
upstream processing facility. Mercury speciation that has been reported 
within the different phases have been reviewed and summarised in  
Table 1, these phases will now be discussed in more detail. 

3.2.1. Mercury speciation in the gas phase 
Mercury occurs in gas phase in its elemental and organic form. Hg0 is 

believed to be the dominant species in natural gas, making up over 50 % 

of total mercury detected (Wilhelm, 2001b) due to its volatile nature. 
Gaseous Hg0 can also partition from the gas phase into the liquid phase 
of multiphase well fluids (i.e., containing gas and liquids) based on its 
solubility limit. Once dissolved, Hg0 is unstable and easily converted to 
other species through oxidation and reduction processes (Corns et al., 
2020; Yan et al., 2017). In the presence of ions such as chlorides, sul-
phates, and other sulphur-bound compounds, oxidised Hg0 may react to 
form more stable compounds such as HgCl2 and other chloride species 
(Kozin and Hansen, 2013; Ma et al., 2014), and other types of organic 
mercury with R-Hg-X structures (Zettlitzer et al., 1997). 

Ionic mercury is rarely detected in gas phases because of its low 
volatility and its high solubility in production fluids (Wilhelm, 2001b). 
Volatile organic mercury species such as dimethylmercury (Hg(CH3)2) 
and organometallic mercury (i.e., R-Hg-X where R represents alkyl 
group and X represents inorganic monovalent cation) have been re-
ported to coexist in natural gas (Table 1) but only in low proportions (<1 
%). 

The speciation of mercury in gas phases may also be affected by basin 
geochemistry. Natural gas containing elevated amounts of hydrogen 
sulphide (H2S) and carbon dioxide (CO2) is commonly termed as ‘sour’ 
gas. When these two sour gases are present at low concentrations, the 
gas is termed as ‘sweet’ gas. Various authors have observed that in sour 
gas reservoirs, mercury is usually detected as its sulphur-bound species 
(HgS, HgSx

y-). On the other hand, mainly Hg0 and several other species 
are usually detected in sweet gas reservoirs (Gallup, 2014). 

3.2.2. Mercury speciation in the water phase 
Mercury is present in both the produced water stream from the pri-

mary separation unit and the waste water discharge stream (Gallup, 
2014; Lothongkum et al., 2011; Tao et al., 1998; Zettlitzer et al., 1997). 
Typical mercury concentrations detected in produced waters from 
several well-known gas and oil fields are between 0.001 and 0.3 mg/L 
(Ahmadun et al., 2009; Gallup and Strong, 2007; Zettlitzer et al., 1997). 
Mercury occurs in the water phase in all forms (Table 1), namely 
elemental, ionic, organic, and adsorbed to particulate matter (O’rear 
et al., 2016; Gustafsson et al., 2007). Inorganic species, such as HgCl2, 
are very water soluble and have the highest abundance at 10–50 % of 
total mercury detected in the water phase (Wilhelm, 2001b). For 
example, of all published records of mercury speciation in the water 
phases of oil and gas production systems reviewed here, HgCl2 was 
present in all except for the samples analysed by Zettlitzer et al. (1997) 
(Table 1). The results of Zettlitzer et al. (1997), however, are only based 
on two samples, one in which all mercury species were below the in-
struments’ detection limit of 0.1 mg/L. 

Not all inorganic species are soluble; HgS is insoluble in hydrocarbon 
and water phases under typical process conditions. The presence of 
sulphur and its compounds in gas streams has resulted in the formation 
of mercury complexes such as thiol complexes, HgSR2 where R repre-
sents alkyl groups (Gallup, 2014). 

3.2.3. Mercury speciation in gas condensate/crude oil 
All mercury forms have been detected in gas condensates and crude 

oil samples (Table 1). Detected species include Hg0, methyl mercury 
HgCH3, ethyl mercury HgC2H5, dimethyl mercury Hg(CH3)2, diethyl 
mercury Hg(C2H5)2, phenyl mercury HgC6H5, diphenyl mercury Hg 
(C6H5)2, HgCl2, CH3HgCl, Hg2Cl2, and particulate mercury (as solid 
HgS). 

Suspended insoluble HgS is found in both condensate and crude oil, 
making up ~60 % of the total mercury detected by Zettlitzer et al. 
(1997). Avellan et al. (2018) and Ruhland et al. (2019) reported that 
HgS was present as nanoparticles of various sizes (mostly < 100 nm but 
some larger) in condensate. Inorganic mercury, such as HgCl2, is highly 
soluble in gas condensates and crude oil. Tao et al. (1998) detected the 
presence of HgCl2, which represented 53–97 % of the total dissolved 
mercury in several condensate samples. Similarly, 58–85 % of the total 
mercury in gas condensates detected by Zettlitzer et al. (1997) was 

Table 1 
Mercury species detected in different phases of oil and gas production fluids. R 
represents alkyl groups such as CH3 and C2H5. X represents inorganic anions 
such as chloride and other halides.  

Elemental 
Hg 

Inorganic Hg Organic Hg Source 

Gas phases 
Hg0 – Hg(CH3)2 (Wilhelm, 2001b) 
Hg0 Ionic Hg – (Nengkoda et al., 

2009) 
Hg0 – – (Bingham, 1990) 
Hg0 – – (Schickling and 

Broekaert, 1995) 
Hg0 – R-Hg-X and R-Hg-R (Abbas et al., 2016) 
Hg0 – – (Mussig and 

Rothmann, 1997) 
Hg0 – Hg(CH3)2 (Wilhelm and 

Bloom, 2000) 
Water phases 
– HgCl2 – (Lothongkum et al., 

2011) 
Hg0 HgCl2, Hg2Cl2, 

HgS, HgO, HgSR2 

Hg(CH3)2, CH3HgCl (Gallup, 2014) 

– HgCl2 HgCH3 (Zettlitzer et al., 
1997) 

Hg0 HgCl2 – (Tao et al., 1998) 
Gas condensates and crude oil phases 
Hg0 Ionic Hg (Hg+, 

Hg2+) 
HgCH3, Hg(CH3)2, 
HgC2H5, Hg(C2H5)2 

(Frech et al., 1996) 

Hg0 HgCl2 Hg(CH3)2, HgC3H8, 
Hg(C2H5)2 

(Tao et al., 1998) 

Hg0 HgCl2, Hg2Cl2, 
HgS 

Hg(C6H5)2, CH3HgCl, 
HgCH3, Hg(CH3)2 

(Schickling and 
Broekaert, 1995) 

Hg0 Hg2+ – (Bouyssiere et al., 
2002) 

Hg0 Ionic Hg 
(Not specified) 

HgCH3 (Ezzeldin et al., 
2016) 

Hg0 HgCl2, Hg2Cl2 – (Snell et al., 1996) 
Volatile Hg Ionic Hg (Hg+, 

Hg2+) 
Non-ionic organic Hg 
| 
(Not specified) 

(Gaulier et al., 2015) 

Hg0 Hg2+, HgS HgCH3, HgC2H5, 

HgC6H5 

(Zettlitzer et al., 
1997) 

Hg0 Ionic Hg R-Hg ionic, R-Hg-R (Nengkoda et al., 
2009)  
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found to be HgCl2. 
The occurrence of other forms of organic mercury is still debated 

because of the challenges associated with sampling and preserving 
mercury species that are unstable outside oil and gas system conditions. 
For example, organic mercury tends to undergo species interconversion 
and photolysis to form Hg0, which might explain the presence of Hg0 in 
condensate (Bouyssiere et al., 2000; Dessy and Lee, 1960; McAuliffe, 
1977). Other organic species are possible. For example, Schickling and 
Broekaert (1995) have observed reactions between Hg(C6H5)2 with 
HgCl2 and CH3HgCl to form other types of organic mercury. 

The likelihood of organic mercury in condensate is higher due to the 
fact that it is more soluble in organic solutions compared to water 
(Haynes, 2017). Several authors have suggested that the partitioning of 
mercury into gas condensate is generally related to the boiling point of 
the gas condensate itself (Edmonds et al., 1996; Shafawi, 1999). As gas 
condensates are made up of several straight chain alkanes (C2-C6 +) 
with different boiling points, it is suspected that organic mercury will 
partition into those hydrocarbon phases as they condense from the gas 
phase. 

3.3. Mercury accumulation in subsea pipelines 

Mercury partitions from production fluids to oil and gas infrastruc-
ture during production due to its chemical behaviour at different points 
of separation and extraction process. This partitioning leads to the po-
tential for mercury-species specific accumulation in some infrastructure, 
such as in pipelines carrying raw-well stream fluid. 

The accumulation of mercury is also known to depend on the pipe-
line material and any internal coatings, the pipeline temperature (i.e., 
ambient external temperature), pressure conditions, and mercury 
speciation. Pipelines coated with an internal epoxy layer may prevent 
the build-up of corrosion products that otherwise are known to accu-
mulate mercury (Collet and Chizat, 2015). 

Several mechanisms may lead to mercury accumulation in produc-
tion infrastructure:  

• Deposition of Hg0 to pipeline surfaces by condensation (coated, 
corrosion-resistant, and uncoated).  

• Adsorption to steel surfaces (in uncoated steel pipelines).  
• Adsorption into corrosion products (in uncoated steel pipelines).  
• Accumulation in sludges such as asphaltenes. 

Evidence of mercury accumulation within the oil and gas infra-
structure is usually indicated by a delay in the detection of mercury in 
downstream oil and gas processing facilities. Wilhelm and Nelson 
(2010) reported that for an offshore subsea development connecting 
wells to an onshore processing plant via a subsea pipeline, operating for 
approximately 4 years, the mercury gas concentrations at the onshore 
facility measured less than 1 µg Hg/m3 compared to the 200–300 µg 
Hg/m3 at the wellhead. Based on the measured mercury concentration, 

internal pipeline geometry and the average gas throughput at the plant, 
an estimated capacity of 1.5–2 g/m2 of mercury was retained in the 
pipeline in the 4 years of operation. Mercury accumulation in pipeline 
systems is further evidenced by Zettlitzer and Kleinitz (1997), who re-
ported total mercury concentrations of 1–80 mg/kg of tubing and piping 
used for a natural gas production system. Fig. 2 summarises the mercury 
species associated with different aspects of the oil and gas installation 
compartments offshore. They will be discussed in turn. 

3.3.1. Deposition and adsorption of mercury 
Hg0 cannot penetrate (absorb) into steel because of its large atomic 

size relative to the steel crystal lattice (Wilhelm and Nelson, 2010). 
Instead, Hg0 is reported to adsorb to steel surfaces forming a monolayer 
(Linderoth and Morup, 1992; Roseborough et al., 2006b), or as adsorbed 
Hg0 droplets, approximately 1–10 µm in size (Chaiyasit et al., 2009). 
The process of Hg0 gas adsorption to pipe walls has been modelled by the 
firm Genesis (Crafts and Williams, 2020). They report that the process is 
reversible with a temperature dependency based on Fick’s first law of 
diffusion. It has also been reported that mercury adsorption capacity on 
iron surfaces increases when the system’s temperature is reduced 
(Roseborough et al., 2006a). Hg0 may also condense on surfaces when 
experiencing changing pressures and temperatures. This may lead to the 
accumulation of Hg0 depositions, particularly in low points of pipeline 
systems and areas of stagnation and changes in flow regime at pipe 
bends and changes in pipe diameter (Wilhelm, 1999a). 

Where H2S is present in the gas stream, the formation of particulate 
HgS may occur. This reaction is not favoured in the gas phase at process 
temperatures, so its reaction on surfaces or in solution following mer-
cury oxidation is more likely (Wilhelm and Nelson, 2010). HgS may 
settle in pipelines if not carried by production fluids or adsorbed to steel, 
where it has been measured as a dominant mercury phase at concen-
trations of 0.05–0.1 g Hg/m2 at a gas production unit (Wilhelm and 
Nelson, 2010). 

3.3.2. Adsorption of mercury on corrosion products 
Corrosion products are typically oxidised steel components and may 

include iron oxides (Fe3O4, FeOOH) in carbon-steel pipes, oxides of 
chromium and nickel in corrosion resistance pipes, or iron sulphide 
(FeS, FeS2) where H2S is present. Additionally, the presence of CO2 can 
also lead to the formation of iron carbonate (FeCO3) within the corro-
sion layer (Popoola et al., 2013). These form a corrosion layer sometimes 
referred to as a scale on the internal surface of pipes. 

Various parameters such as changes in temperature, pressure and 
flow regimes at pipe bends during production activities, presence of 
internal coating, pH, the chemistry of the production fluids, etc. have 
been reported to influence mercury species that are associated with 
corrosion and scale formation on the internal surface of pipelines (Yang 
et al., 2021). In uncoated pipelines, Hg0 reacts with iron oxide and iron 
sulphide scales, which form a mercury-rich layer on the pipe walls 
(Wilhelm, 1999b). FeS is known to interact with Hg2+ via adsorption 

Fig. 2. Summary of mercury deposition and adsorption in different components of the offshore oil and gas installation.  
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and co-precipitation of HgS on its surface (Coulibaly et al., 2016; Rivera 
et al., 2019; Wolfenden et al., 2005) while FeS2 mainly interacts with 
Hg2+ through surface adsorption forming a structured monolayer 
(Bower et al., 2008). Adsorption rates vary with changes in pH whereby 
low pH promotes the formation of monolayer Hg-Cl complexes on FeS2 
while mercury Hg-OH complexes mostly form at higher pH. Findings 
also suggest that mercury adsorption rate and capacity are enhanced at 
higher pH (Bower et al., 2008). 

In gas production systems, HgS in the form of metacinnabar (β-HgS) 
is often reported. HgS was found to contribute up to ~25 wt% of the 
corrosion scale comprising FeOOH, FeCO3 and Fe3O4 (Wilhelm and 
Nelson, 2010). Adsorbed Hg0 on the corrosion product likely reacts with 
gaseous H2S to form HgS (Hall et al., 1991). Other mercury species such 
as HgCl, HgCl2, Hg2Cl2, HgO2, and HgO have also been reported within 
scale associated with gas transmission pipelines, but at much lower 
concentrations than Hg0 or HgS (Chanvanichskul et al., 2017). 

The adsorption of mercury to corrosion products is superficial to the 
pipeline steel, as mercury cannot penetrate non-corroded steel. This has 
been confirmed by measuring mercury at different depths in the steel, 
which was found to be < 0.1 % Hg at 10 nm under the corrosion product 
layer (Chaiyasit et al., 2009). Similarly, Chanvanichskul et al. (2017) 
reported no mercury inside the pipe base metal after removal of the 
corrosion product. 

Wilhelm and Nelson (2010) also performed a characterisation study 
of a carbon steel pipe collected downstream of the primary separator in a 
gas production unit. They found that mercury concentration of < 0.2 g 
Hg/m2 of pipe was both in the scale and on the surface of the metal as 
HgS and as Hg2+ incorporated into the iron oxide. The deposited HgS 
layer accounted for 0.05–0.1 g Hg/m2 pipe. There was no accumulation 
of mercury at the interface between the scale and the metal. 

The adsorption of mercury to corrosion products may be increased 
depending on the production fluid constituents and environment 
contributing to corrosion of carbon steel. For example, chloride ions and 
CO2 are reported to accelerate steel corrosion creating a greater surface 
area for mercury adsorption (Pojtanabuntoeng et al., 2011). This type of 
mercury accumulation should not occur in pipelines that have internal 
coating to prevent corrosion (Bittrich et al., 2011). Having said that, 
welded field joints in subsea pipelines often do not have internal coating 
and so corrosion products may still occur and adsorb mercury over time. 

3.3.3. Incorporation of mercury in sludges 
Sludges are categorised as a heterogeneous mixture of waste oils and 

paraffin/wax, resin, asphaltene, inorganic minerals, and other de-
positions that are not in scales. Heavy hydrocarbons such as asphaltene 
and paraffin/wax are deposited on the pipeline due to surface adsorp-
tion or through precipitation and settling due to gravity. 

Sludges are reported to have higher mercury content compared to 
the process fluid itself, with total mercury concentrations of 
42.5–376.6 mg/kg reported (Camera et al., 2015). A range of mercury 
species may exist in sludges, including Hg0, inorganic (typically HgS) 
and organic species. Condensed droplets of Hg0 or insoluble HgS par-
ticulate matter can be physically incorporated into sludges in pipelines 
(Salvá and Gallup, 2010). Organic mercury species may be more soluble 
in the organic matrix and inorganic mercury may adsorb or complex to 
sludge components (Wilhelm, 1999b). 

The type of sludge may also affect mercury accumulation. For 
example, a significant fraction (10–50 %) of the total mercury concen-
tration within crude oils has also been reported to be associated with the 
asphaltenes component of sludge, which was present in crude oil as both 
dissolved and suspended colloids (Wilhelm et al., 2006). 

3.3.4. Expected forms and types of mercury contamination products 
As outlined in Section 3.1, several mercury species co-exists and 

partition into different types of fluids within oil and gas systems. 
Therefore, depending on the operating conditions, location and fluid 
phases flowing through oil and gas pipelines, mercury species may be 

detected in different contamination products such as sludges and scales. 
Gas export pipelines tend to accumulate Hg0 from its deposition as 

liquid Hg0 and adsorption on steel surfaces as a monolayer. If these 
pipelines carry wet gas and/or produced water and corrode, scales of 
iron oxides and carbonates may be present. This may lead to a higher 
portion of inorganic mercury, such as mercury chloride and mercury 
oxide. Where H2S is produced, adsorbed Hg0 or inorganic mercury may 
react to form HgS, typically as β-HgS. 

Oil and condensate carrying pipelines may contain sludges or 
adsorbed Hg0, but typically at lower concentrations than in gas pipe-
lines. Mercury accumulation in these pipelines is easier to clean through 
routine flushing and pigging operations, and so may be less of a concern 
than mercury products in gas-carrying pipelines. 

It is currently unclear whether organic mercury can accumulate 
within offshore infrastructures due to sampling and measurement 
challenges (see Section 5.2). Having said that, organic mercury has been 
reported to exist within hydrocarbon phases such as gas condensates and 
crude oil, hence pipelines associated with those fluids may have the 
potential to accumulate organic mercury either incorporated into 
sludges and/or dissolved in residual hydrocarbon on steel surfaces. 

Interactions between mercury and other types of pipeline materials 
are not well understood, such as corrosion-resistant alloy (CRA) and 
unbonded flexible pipes containing multiple layers of CRA and ther-
moplastics exposed to production fluids (Khalid et al., 2020). These may 
form different mercury contamination products that behave differently 
in the marine environment. Plastics such as polyethylene, polypropylene 
and high-density polyethylene have been known to readily adsorb 
mercury from solutions (Zhang et al., 2020). However, the mechanisms 
of mercury adsorption onto plastics in terms of capacity and rates of 
adsorption are not well defined. Turner and Holmes (2015) reported 
that the adsorption of mercury to microplastics in the aquatic environ-
ment involved interactions between metal cations, oxyanions, and 
organic complexes as a function of time, pH, and metal concentrations. 
How these interactions affect the release of mercury to the marine 
environment as the pipeline degrades needs to be better understood. 

4. The ecological risk of mercury in the marine ecosystem 

Residual mercury in subsea pipelines may cause negative impacts to 
surrounding marine ecosystems if left in situ. Ecological risk assessments 
are used to understand the likelihood and consequence of these impacts 
to receptors in the ecosystem. An ecological risk assessment typically 
considers the following steps: problem formulation, exposure charac-
terisation, hazard characterisation, and risk characterisation (Suter and 
Norton, 2019). Problem formulation requires an understanding of 
mercury species, their behaviour in the marine environment, their 
concentration within the contaminated products, the types of ecosystem 
receptors that may be impacted, and the legislative and societal context 
defining the requirements for environmental protection. Exposure 
characterisation investigates the likely concentration or dose of mercury 
that will be experienced by ecosystem receptors. A hazard characteri-
sation quantifies the potential magnitude of impact from such an 
exposure. The risk is then characterised by combining hazard and 
exposure information for a particular scenario and comparing it against 
the goals of environmental protection. 

4.1. Exposure pathways 

The exposure pathway of mercury from contaminated products 
described in Section 3.3 to ecosystem receptors will be controlled by its 
chemical speciation, which in turn is controlled by environmental con-
ditions. Understanding contaminant speciation, partitioning, and 
transformation processes in the environment is a crucial aspect of an 
exposure characterisation. The behaviour of mercury in marine envi-
ronments, with respect to its biogeochemical cycling, is generally well 
understood, with the presence of iron and sulphate reducing bacteria, 
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Fig. 3. Conceptual model of mercury (Hg) behaviour, environmental transformations, and exposure pathways in the marine environment Key environmental transformations such as oxidation, methylation, and 
mineralisation reactions are included but not intended to be exhaustive. OM refers to organic matter. 
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sediment organic matter, pH, temperature, and sediment redox potential 
known to affect mercury speciation (Gworek et al., 2016). However, the 
fate and likely behaviour of mercury-contaminated products from 
offshore oil and gas pipelines has not yet been considered. 

Mercury-contaminated products occur in a variety of forms and 
species such as elemental or inorganic mercury species adsorbed to steel 
surfaces, adsorbed to corrosion products, or entrained in hydrocarbon 
sludges and asphaltenes (Section 3.3). A theoretical conceptual model of 
possible mercury environmental transformations and exposure path-
ways in the marine environment from contaminated offshore pipelines is 
shown in Fig. 3. 

The following subsections discuss the key environmental conditions 
and/or processes that may contribute to the transformations of the 
identified mercury-contamination products when introduced to the 
marine ecosystem before and after pipeline breakthrough (i.e., seawater 
ingress to pipe due to corrosion). The general behaviour of mercury 
species and the important environmental processes including reduction, 
oxidation and methylation reactions are reviewed here to infer likely 
mercury exposure pathways. 

4.1.1. Mercury contained in pipeline before breach 
At the time a pipeline is decommissioned; mercury will likely be 

contained inside the pipe and would be inaccessible to ecosystem re-
ceptors (i.e., assuming the pipeline is capped). The rate at which pipe-
line degrades is dependent on the pipeline material, the presence of any 
external coatings, and the physical environment it is decommissioned in. 
As a result, estimates of when corrosive breakthrough may occur vary 
widely. One semiquantitative degradation assessment of an oil and gas 
asset in Australian waters suggested that steel pipelines will fully 
degrade between 1500 and 2000 years (Raitt et al., 2019). However, 
corrosive breakthrough leading to seawater intrusion at sites of localised 
corrosion may occur after 200 years (Raitt et al., 2019). 

It is currently unclear whether there will be changes to the speciation 
of mercury from the point it is decommissioned to the corrosive 
breakthrough of the pipeline steel. Speciation changes will likely depend 
on the redox potential of the internal pipeline environment, which in 
turn will be determined by decisions such pipeline flushing, the addition 
of biocides and corrosion inhibitors prior to decommissioning (Byron 
and Nichols, 2017; Manouchehri, 2017). 

Decommissioned pipelines are normally filled with treated seawater, 
as empty pipelines may float or move on the seabed and cause a 

navigation hazard. Seawater contains high concentrations of chloride 
(~480 mM) which promotes the formation of inorganic ionic mercury 
from Hg0 and HgS(s) (Amyot et al., 2005). Over time Hg0 and HgS(s) may 
leach to the dissolved phase. If anoxic conditions are formed, sulphate 
present within seawater may be reduced to sulphide which can either 
increase the solubility of Hg0 through the formation of HgSx species at 
lower concentrations or lead to the mineralisation of mercury as insol-
uble HgS (Morel et al., 1998). As the reduction of sulphate to sulphide is 
microbially mediated, this may be prohibited by the addition of biocides 
in seawater used to fill the pipeline. Insoluble FeS may also reduce ionic 
mercury to Hg0 or promote the formation of HgS(s) (Coulibaly et al., 
2016). 

4.1.2. Environmental parameters controlling mercury bioavailability and 
methylation in the marine environment 

When the pipeline is breached and seawater ingress occurs, any 
dissolved mercury will be flushed and less soluble mercury species, such 
as Hg0 and HgS(s), will disperse or mix into the surrounding sediments, 
mostly under the pipeline’s footprint. The ecological risk of this mercury 
will depend on its initial inventory, transformation to bioavailable 
inorganic mercury species, and subsequent methylation. Methylmercury 
poses the greatest risk to marine ecosystems because of its greater sol-
ubility and bioavailability (Harding et al., 2018a). As methylation is a 
microbially-mediated process, factors influencing the bioavailability of 
mercury to methylating microorganisms (such as the oxidation of 
insoluble mercury species) (Ma et al., 2019), or environmental condi-
tions that promote the activity of the methylating microorganisms 
(Ndungu et al., 2016) will be important considerations for risk (Fig. 3). 
The variability of these factors is responsible for high variability of 
mercury methylation rates reported in Fig. 4. 

Methylation typically occurs in the upper layers of sediments under 
weakly reducing conditions (i.e., reduced oxygen). It may also occur in 
the atmosphere or water column when mercury is associated with par-
ticulate organic matter. Anaerobic bacteria are largely responsible for 
mercury methylation and may include sulphate-reducing, iron- 
reducing, and methanogenic bacteria (Ma et al., 2019; Slowey and 
Brown, 2007). Anaerobic bacteria are usually found in anoxic sediments 
where they use oxidised sulphate, iron, manganese, or nitrate as electron 
acceptors for biochemical respiration reactions. However, due to the 
higher concentration of sulphate in seawater relative to iron and man-
ganese oxides or nitrate, sulphate respiration is a dominant process in 

Fig. 4. Mercury methylation rates found in different environments reported by Paranjape et al. (2017) and references therein. Individual bars and points represent 
the values for individual studies (maximum and minimum reported values). 

F. Kho et al.                                                                                                                                                                                                                                      



Journal of Hazardous Materials 438 (2022) 129348

9

suboxic and anoxic conditions. 
Mercury-methylating microorganisms can only accumulate dis-

solved forms of mercury (Choi et al., 1994). Therefore, mercury present 
within the pipeline such as adsorbed Hg0 and HgS(s) need to undergo 
reactions transforming them into bioavailable forms, such as dissolved 
neutral complexes or ionic species. Several environmental parameters 
have been identified as having a strong effect on methylation rates 
including pore water sulphide concentrations, pH, temperature, redox 
potential, and the mineralisation of mercury (i.e., its aging). 

4.1.2.1. Pore water sulphide concentration and pH. Sulphide (typically as 
HS-) has the strongest binding affinity to ionic mercury of any abundant 
ligand in the marine ecosystem (Fitzgerald et al., 2007). However, its 
role in determining mercury speciation is concentration dependent and 
may appear contradictory due to various soluble, insoluble, charged, 
and neutral species. At very low sulphide concentrations (such as those 
found in oxic seawater), soluble mercuric sulphide complexes form 
which increase the dissolved fraction of mercury. At moderate to high 
concentrations of sulphide, mercury sulphide forms insoluble HgS(s) or 
neutral dissolved HgS0 complexes (Morse and Luther, 1999). At higher 
sulphide concentrations, the concentration of dissolved HgS0 may 
decrease as polysulfide species, such as HgHS2

- and HgHS2
- , are formed 

(Benoit et al., 1999; Dyrssen and Wedborg, 1989), hence the neutral 
dissolved HgS0 species is suggested to be the predominant bioavailable 
mercury species to methylating microorganisms in the marine 
environment. 

The exact mechanisms behind these precipitation and dissolution 
reactions, or mechanisms behind mercury bioaccumulation by micro-
organisms, are not fully understood. These reactions are subject to 
multiple competing reactions and important knowledge gaps remain 
around the role of high-surface area nanoparticulate iron sulphide spe-
cies, such as framboidal pyrite, mackinawite, and the role of organic 
matter (Tian et al., 2021). However, the presence of binding phases 
including the iron sulphide mineral mackinawite may promote miner-
alisation of mercury to insoluble HgS(s) forms (Johnson et al., 2015; 
Skyllberg et al., 2021). 

Pore water pH has an influence on mercury speciation, with lower 
pH generally increasing the uptake of ionic mercury to methylating 
microorganisms that likely increases methylmercury production (Kelly 
et al., 2003). Pore water pH has also been shown to affect the ratio of 
methylated mercury species produced, with lower pH’s increasing the 
proportion of mono-methylmercury compared to dimethylmercury 
(Bystrom, 2008), and reducing the amount of methylmercury that binds 
to sediment (Rudd, 1995). 

4.1.2.2. Organic matter. Organic matter functions in multiple ways to 
promote and enhance mercury methylation through its capacity to 
stimulate microbial activity (i.e., as a food source) and as a complexing 
agent influencing mercury speciation and bioavailability (Chiasson--
Gould et al., 2014). The influence of dissolved organic matter (DOM) on 
methylation is often confounded by sulphur geochemistry (Benoit et al., 
1999). In environments where sulphate is not limited, methylation is 
primarily determined by the availability of organic matter. However, in 
environments with a sulphide concentration of over 0.01 μM, mercury 
sulphide complexes form preferentially, making binding with DOM less 
significant in determining methylation (Benoit et al., 1999). 

While concentrations of DOM in marine systems are lower than in 
freshwater systems, the availability of organic carbon has been corre-
lated to methylmercury distribution in marine surface and intermediate 
waters in the Arctic (Cossa et al., 2009; Kirk et al., 2012; Sunderland 
et al., 2009), north Pacific (Sunderland et al., 2009), and Mediterranean 
(Cossa et al., 2009), as well as in estuarine (Lambertsson and Nilsson, 
2006) and marine (Mazrui et al., 2016) sediment. 

4.1.2.3. Temperature. Temperature has a complicated relationship with 

mercury methylation, but it has been shown that mercury methylation 
overall peaks during the summer months, which may correlate with the 
optimal temperature range for bacterial activity (Bystrom, 2008; Castro 
et al., 2000). Furthermore, it has been reported that ionic mercury has a 
tendency to partition to pore water with increasing temperature, which 
in turn affects its availability for methylation (Boszke et al., 2003). In 
contrast, the greatest mercury biomagnification occurs in high latitude 
environments where temperatures are often much colder (Lavoie et al., 
2013). The net effect of temperature on methylmercury production is, 
however, less than other environmental parameters such as the influ-
ence of organic matter (Buckman et al., 2019). 

4.1.2.4. Redox potential. Anoxic sediments have been found to correlate 
to increased mercury methylation rates. This is likely because anoxic 
sediments promote the formation of bioavailable mercury species and 
because they are characteristic of methylating microorganisms, such as 
sulphate reducing bacteria. For example, in oxygen minima zones, 
mercury methylation rates increased with dissolved oxygen concentra-
tions up to 80 µM in the Arabian Sea (Chakraborty et al., 2016), whilst 
others measured the highest methylmercury concentration in Arctic 
waters around 290 µM dissolved oxygen (Heimbürger et al., 2015). 

Redox potential may also be affected by other environmental pa-
rameters. Finer sediment texture (i.e., higher silt/clay fractions) can 
reduce sediment porosity and the penetration of overlying water leading 
to anoxic/suboxic conditions at shallower depths in sediments. Climate 
change is leading to reduced oxygen in coastal and ocean waters which 
is expanding anoxic zones above sediments (Breitburg et al., 2018). This 
is because higher temperatures reduce the amount of oxygen that can be 
dissolved in seawater and increases metabolic rates of microorganisms 
consuming oxygen for respiration. The influence of these global shifts 
may be important as mercury release will only occur following pipeline 
corrosion, which may take hundreds of years. 

4.1.2.5. Morphology and age of pipe scale. Background mercury species 
are methylated in the environment at much lower rates compared to 
more recent inputs, indicating an aging process of mercury species 
which reduces its ability to be methylated (Chen et al., 2017; Gustafsson 
et al., 2007). HgS is an important mercury species in this process as the 
initial sulfidation of mercury may form bioavailable HgS0 species but its 
ongoing mineralisation, such as to β-HgS(s), reduces its bioavailability 
and therefore methylation. For example, Jonsson et al. (2012) reported 
that β-HgS in anoxic estuarine sediments had a methylation rate con-
stant of ~0.001 d-1, up to two orders of magnitude lower than other 
geochemically relevant mercury compounds. 

β-HgS is the major species found within contaminated pipelines and 
has a lower tendency to be methylated in comparison to the other spe-
cies such as cinnabar (α-HgS) and FeS-adsorbed mercury (Jonsson et al., 
2012; Sumner et al., 2020). The size of β-HgS particles has been shown 
to affect its ability to be methylated, with increasing sizes having lower 
methylation rates (Zhang et al., 2019, 2012). This may relate to the 
changing surface structure of the mineral (Tian et al., 2021). 

The aging process of HgS may occur quickly, compared to timescales 
of pipeline corrosion. Zhang et al. (2012) found that particulate HgS 
methylation decreased by 1.6–4.9x at an ‘age’ of 21 days. The ecological 
risks from mercury methylation should also consider the wall thickness 
and material, as it will influence the corrosion timeline of > 200 years. 

4.1.3. Mercury released from decommissioned oil and gas pipelines 
Mercury contained in pipelines will not pose a risk to the marine 

ecosystem until it is released. Dissolved-phase mercury will readily 
disperse while solid-phase mercury will deposit to sediments in oxic or 
anoxic conditions. Changes to mercury speciation and the propensity for 
its methylation will be highly dependent on site-specific factors (as 
described above in Section 4.1.2 and Fig. 3). Environmental parameters 
(pore water sulphide concentration and pH, organic matter, 
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temperature, redox potential) will vary site to site. The morphology and 
age of pipe scale will be different depending on the local reservoir, 
production life and method of pipeline cleaning and preservation for 
decommissioning. This makes it difficult to draw general conclusions 
about individual environmental parameters that may be used to predict 
risk in the future. 

The redox potential of sediments is a consistent indicator for the 
potential for methylation to occur. Indications of sediment conditions 
from suboxic to anoxic can include a reduction in potential < 0 mV, 
dissolved oxygen concentrations in overlying water < 2 mg/L, and the 
presence of HS-. In sub-/anoxic conditions, the microorganisms are most 
active, increasing the likelihood of methylation (Benoit et al., 1999; 
Harding et al., 2018a; Ma et al., 2019). Oxic sediments aid the formation 
of chloride or organic ligand mercury complexes (Lamborg et al., 2004), 
and reduced the activity/prevalence of microbes (Ma et al., 2019). In 
highly sulfidic anoxic sediments, the bioavailability of mercury and the 
activity of the bacteria decrease (Benoit et al., 1999). The speciation of 
mercury will affect its bioavailability and thus its methylation potential 
(Zhang et al., 2012). Analytical methods to detect mercury speciation 
are further discussed in Section 5.2. 

Some environmental parameters have multiple effects to mercury 
methylation (Ma et al., 2019). Sediment organic matter affects the ac-
tivity of local microbial communities, in turn affecting the reducing 
conditions and sulphide production. Sediment organic matter also pro-
vides strong adsorbent sites for mercury. This may facilitate more 
bioavailable mercury as it is generally correlated to increased methyl-
mercury production (Taylor et al., 2019). 

The current understanding of mercury speciation in oil and gas 
pipelines comes from samples collected from coupons or pig dust and 
may not reflect the likely speciation of mercury when released to the 
environment following corrosive breakthrough of a pipeline in 10–100 s 
of years after it is decommissioned. This is particularly important given 
the recalcitrance of HgS(s) compared to Hg0 or recently precipitated 
HgS0 and other sulphide species. 

Other questions still remain around the role of adsorbents such as 
nanoparticulate iron sulphides (Rivera et al., 2019), the uptake mech-
anisms of mercury from sediments, and the diffusion of methylmercury 
from sediments to the overlying water. Additionally, factors that lead to 

demethylation in an environment may mitigate some risk of methyl-
mercury (Paranjape et al., 2017), but are generally less understood. 
Finally, the current understanding of mercury methylation and risk in 
marine environments is largely based on studies of estuarine conditions 
which are very different to coastal and open ocean environment 
conditions. 

4.2. Potential Hazards of Mercury to Marine Ecosystems and Humans 

Mercury-contaminated products within oil and gas pipelines could 
give rise to several hazards to marine organisms when released to ma-
rine ecosystems. Mercury is known to be toxic and is persistent in the 
environment. The environmental impact of mercury is considered in the 
subsequent subsections including its bioaccumulation and bio-
magnification in the food web and toxicity to marine organisms. Fig. 5 
summarises the hazards of mercury to marine ecosystems and human 
health, which are discussed in detail below. 

4.2.1. Bioaccumulation and biomagnification 
Methylmercury is the mercury species of greatest concern as it 

readily bioaccumulates to tissue (Harding et al., 2018a). Marine or-
ganisms are exposed to mercury throughout their life from both natural 
and anthropogenic mercury sources. Direct absorption from seawater 
and accumulation from dietary sources are the main exposure routes 
(Atwell et al., 1998; Campbell et al., 2005). Methylmercury is efficiently 
transferred from prey to predator via a dietary exposure and so bio-
magnifies up the food web (Bowles et al., 2001; Gray, 2002; Scheu-
hammer, 2012). A recent meta-analysis found that the bioconcentration 
of methylmercury from water to plankton resulted in the greatest single 
step increase in mercury concentration in the food web, a 105 increase in 
mercury concentration from seawater to phytoplankton (Booth et al., 
2020; Streit, 1998). Subsequent increases of approximately 10x per 
trophic level reflect the dietary-based biomagnification in the food web,  
Fig. 6 (Wu et al., 2019). As a result, fish methylmercury concentrations 
are 10,000 to 100,000 + times higher than in the surrounding water. 

Trophic position and dietary preference are important determinants 
of mercury accumulation. An example of the latter is provided by Gil-
mour et al. (2019) who investigated mercury concentrations in blood 

Fig. 5. Summary of the potential hazards of mercury released into the marine environment for ecosystems and humans.  
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samples from two seabird species that exhibited different foraging 
strategies in Western Australia: the great-winged petrel, Pterodroma 
macroptera, which feed on pelagic squid, and the flesh-footed shear-
water, Ardenna carneipes, that forage fish close to the coast. Mercury was 
found to be six times higher in great-winged petrels (3.36 ± 0.18 μg/g 
ww) than flesh-footed shearwaters (0.55 ± 0.11 μg/g ww). 

Once methylmercury is absorbed by organisms, it is not easily 
eliminated (Harding et al., 2018a). This coupled to its ability to transfer 
from prey to predator enables mercury’s biomagnification. Large and 
long-lived organisms occupying predatory trophic positions tend to have 
the highest mercury concentrations (Driscoll et al., 2013; Gray, 2002). 
This poses a unique challenge for mercury released from offshore oil and 
gas pipelines as the spatial range of impact may extend well beyond the 
footprint of the pipeline. For example, Australian fur seals travelled 
65–175 km to forage along subsea oil and gas infrastructure (Arnould 
et al., 2015). 

One approach to estimating mercury biomagnification in food webs 
is using an ecosystem model, such as ‘Ecotracer’ in ‘Ecopath with Eco-
sim’ (EwE). EwE combines static mass balance analysis (‘Ecopath’), with 
temporal dynamics (‘Ecosim’), and spatiotemporal scales (‘Ecospace’) 
(Christensen and Walters, 2004). These types of models require pa-
rameters describing the direct uptake rate of mercury from the envi-
ronment to different species representing functional groups in the food 
web, their diet transfer between organisms, and their excretion (Booth 
et al., 2020; Walters and Christensen, 2018). These parameters are 
species specific and location specific (Streit, 1998), possibly reflecting 
different dietary preferences, food web structures, and the influence of 
different environments on contaminant bioavailability (Rajeshkumar 
and Li, 2018). 

The application of EwE has been reported by Booth and Zeller (2005) 
who modelled the effect of climate change on the bioaccumulation of 
mercury in the food web of the Faroe Islands. They modelled 21 func-
tional groups of the Faroe Island food web for 100 years to match 
baseline concentrations of methylmercury that were comparable to field 
observations. Simulations were then run to evaluate how seawater 
temperature rises would affect the biomagnification of mercury. They 
found that increased seawater temperatures would lead to an increase in 

methylmercury concentration in the food web by 1.7 % and 4.4 % and 
therefore increase the dietary mercury exposure of the local population. 
To our knowledge, food web modelling has not been applied to the 
context of residual mercury in subsea oil and gas pipelines. 

4.2.2. Toxicity 
All forms of mercury may cause toxicity to marine organisms and 

mercury is one of the most toxic metals in the environment. The 
magnitude of a toxic effect to an organism depends on the mercury 
speciation, concentration, and exposure duration (Wiener, 2013). The 
mechanism of mercury toxicity is through neurotoxic effects. Observa-
tions of marine medaka (Oriyzas melastigma) exposed to HgCl2 indicated 
that inorganic mercury may cause neurotoxicity by inducing oxidative 
stress, cytoskeletal assembly dysfunction, and metabolic disorders 
(Wang et al., 2015). Mercury may also induce morphological changes in 
the brain including the number and volume of neurons and glial cells, 
which in turn may induce changes in swimming behaviour and 
long-term neurological effects (Wang et al., 2015). Methylmercury is 
able to cross the blood-brain barrier (Evans et al., 2016) and accumulate 
in the brain, leading to central nervous system damage (Roos et al., 
2010). This can have adverse effects on organism sensory and motor 
system, as well as their behaviour (Das et al., 2003). 

Toxic effects of mercury to marine organisms are life-stage depen-
dent with embryonic and larval stages more sensitive to mercury than 
adult stages. For example, toxicity tests on red sea bream, Pagrus major 
suggested mercury (as inorganic ionic mercury) concentrations 
exceeding 20 µg/L can reduce hatching success, increase mortality, and 
induce teratogenicity (a disruption of development) in both embryo and 
larvae (Huang et al., 2011). Other impacts resulting from several 
different species of mercury (i.e. methylmercury, HgCl2 and HgS) 
exposure caused malformations to the spine, bladder, head, and fins 
with these deformities leading to reduced chances of survival of medaka 
(O. latipes) embryos (Dong et al., 2016). 

Mercury may be intracellularly detoxified by the formation of com-
plexes with selenium (Ralston et al., 2012). This is commonly observed 
in marine mammals such as dolphins and whales (Caurant et al., 1996; 
Wagemann et al., 1998). However, although binding to selenium 

Fig. 6. Conceptual model of methylmercury bio-
accumulation showing that bioconcentration to phyto-
plankton (inclusive of particulate organic matter) accounts 
for the greatest single biomagnification step (Wu et al., 
2019). Transfer up trophic levels occurs in a stepwise 
manner is summarised by a predictive equation repre-
sented as the dotted black line. The two red lines represent 
the Food Standards Australia and New Zealand seafood 
safety mercury guidelines (FSANZ (2017)). Australian and 
New Zealand food standard for fish known to accumulate 
mercury (1 mg/kg) and all other seafood (0.5 mg/kg).   
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detoxifies methylmercury, Hg-Se induces oxidative damage and can lead 
to neurotoxic effects (Ralston et al., 2012; Ralston and Raymond, 2010). 

The toxicity of mercury can be measured by ecotoxicological tests. 
These are usually carried out in a laboratory setting to control or 
investigate environmental parameters that may modify toxicity. These 
tests expose organisms to increasing concentrations of a known mercury 
species and measure the physiological response (Depew et al., 2012). 
Examples of the mercury concentration where no toxic effects are 
observed (NOEC) to an organism are summarised for individual species 
at the phylum level and are given in Table 2. 

In oil and gas pipelines, mercury may not be the only residual 
contaminant. Mercury is often found alongside radioactive lead, 210Pb, 
which is a decay product of radon, 222Rn. Radon is extracted with nat-
ural gas in oil and gas systems but due to its short half-life of 3.8 days 
will often decay into a number of unstable radioisotopes before depos-
iting as 210Pb (Koppel et al., 2022). Other contaminants may include 
residual hydrocarbons, metals such as nickel and chrome from corroding 
steel, or the components of plastic coatings. In such circumstances the 
toxicity of all contaminants should be considered jointly (Cedergreen 
et al., 2008). 

In humans, mercury can have long-term health implications 
including neurological damage, reproductive effects, and increased 
cardiovascular risks. Exposure to all forms of mercury may lead to 
nephrotoxicity as it is primarily accumulated in the kidneys (Zalups, 
2000). HgCl2 is the most nephrotoxic form of mercury and exposure to a 
moderate or high dose can lead to acute cellular necrosis (Bridges and 
Zalups, 2017). Humans are at risk from dietary exposure to mercury in 
seafood, especially in the form of methylmercury. Typical symptoms of 
methylmercury poisoning in humans (known as Minamata disease) 
include sensory disturbances, ataxia, dysarthria, constriction of the vi-
sual field, auditory disturbances, and tremors were also documented. 
Foetuses may also be poisoned by methylmercury when mothers ingest 
contaminated marine organisms (Sakamoto et al., 2018). 

5. Other considerations for ecological risk assessment 

5.1. Mitigation options 

A range of mitigation strategies currently exists and are well adopted 
by oil and gas operators to reduce the risk of mercury in pipelines. 
Current mitigation strategies can be categorised into three main options: 
flushing, pigging and chemical cleaning. Understanding the types of 
mercury-contaminated products that can be removed and the efficacy of 
these mitigation strategies are important considerations to environ-
mental risk assessments and hence drive the need to determine and 
understand the contamination inventory. 

Before decommissioning, pipelines are depressurised and hydrocar-
bons within the structure are removed in line with relevant regional 
regulations by flushing and pigging. Pipelines are thoroughly cleaned 
whether being removed from the seabed or left in situ. In some cases, 

pigging cannot be carried out for pipelines with a small diameter or of 
unfavourable infrastructure. Typically, the pipeline is flushed with 
treated seawater to reduce its hydrocarbon content to the same level or 
lower than seawater concentration. Flushing activities will help remove 
mercury species that are associated with fairly mobile contaminants 
within the pipeline such as liquid hydrocarbons, loose corrosion prod-
ucts or sludges. It is not clear the extent to which flushing and pigging 
can remove Hg0 adsorbed to the steel pipeline wall, rigid corrosion 
products containing mercury, or mineral scales containing HgS. 

Larger diameter pipelines are typically cleaned during routine 
pigging campaigns. A recent pigging development by Chanvanichskul 
et al. (2017) utilised specialised pigs for the in situ decontamination and 
sampling of mercury from pipelines. The pig design constitutes a train of 
one chemical and two mechanical pigs. The first pig is designed to be 
used with chemicals, while the second removes residual mercury me-
chanically by grinding and scraping the corrosion scale. These pigs also 
allow for simultaneous sampling of the deposited pipe scale containing 
mercury during the decontamination process collected for subsequent 
analysis in the lab. Multiple samples could be obtained during multiple 
runs of the pigs to verify the amount of mercury within the pipeline prior 
to decommissioning. 

In cases where it is known that high levels of residual mercury exist, 
for example in the Gulf of Thailand, it is common to employ an addi-
tional chemical cleaning step using lixiviants to reduce any potential 
long-term risk of methylation that could arise from residual insoluble 
mercury. Lixiviants refer to liquid chemicals that can be used to scav-
enge any residual mercury from the pipe after flushing and pigging. The 
majority of these lixiviants are either acidic, strong oxidants and/or a 
complexing agent which removes mercury from the pipelines via 
oxidation to its more soluble forms. Acidic solutions can dissolve mer-
cury alongside the iron oxide and iron sulphide but not HgS that are 
present within the pipe scale. In mercury-contaminated pipelines that 
contain primarily HgS, inorganic sulphide/polysulfide solutions are 
commonly employed due to their ability to dissolve both HgS and Hg0 to 
yield soluble HgS2H- and HgS2

2- complexes. A 1 wt% sodium sulphide 
solution has been reported to dissolve HgS to yield a 1663 µg/L mercury 
in solution (O’rear et al., 2016). The use of 0.2 M Iodine (I2)/2 M po-
tassium iodide (KI) has been reported to successfully remove adsorbed 
various mercury species such as Hg0, HgS and HgO from contaminated 
carbon steel (Chaiyasit et al., 2009) following oxidation and complex 
formation mechanism, forming soluble HgI42- (Ebadian, 2001). Execu-
tion of chemical cleaning of mercury-contaminated pipelines can be 
achieved using a pig train containing the appropriate lixiviant at a given 
contact time to achieve a desired removal percentage (Baker et al., 
2021). 

The complexity and local environmental controls on mercury’s 
bioavailability and toxicity across marine conditions means that miti-
gation options such as the use of mercury removal technology will be 
important components of any decommissioning plan. What is still 
missing, however, is an understanding of how low the mercury in-
ventory needs to be to pose an acceptable risk to the marine 
environment. 

5.2. Current measurement techniques for mercury in pipelines 

The identification and quantification of mercury in oil and gas 
pipelines is an important step to understanding its risk from decom-
missioning activities through the potential exposure to the marine 
environment. It is also important from a verification perspective that 
contamination mitigation options are as effective as specified, providing 
the regulator assurance of the assets ‘as is’ condition for decom-
missioning. A summary of the techniques can be found in Fig. 7, and all 
methods will be discussed in turn. 

The measurement and speciation of mercury contamination within a 
pipeline is a function of the sampling method, which can range from 
collecting pipe scale from pigging campaigns, extracting a removable 

Table 2 
No observed effect concentrations (NOEC, the maximum 
concentration where no toxicity is observed) from chronic 
exposure of mercury for different taxonomic groups 
aggregated at the phylum level (ANZECC/ARMCANZ, 
2000). *The source has only specified NOEC values for 7 
species of algae with no indication of micro or macro algae 
species.  

Taxonomic Group NOEC (µg/L) 

Fish 7.4–160 
Crustaceans 0.8–10 
Echinoderms 4 
Molluscs 0.12–10.14 
Annelids 3.4–18 
Algae* 0.9–88  

F. Kho et al.                                                                                                                                                                                                                                      



Journal of Hazardous Materials 438 (2022) 129348

13

coupon or pipeline spool, or cutting a sample of pipework. The testing 
methods can be classed as either destructive or non-destructive. 
Destructive testing entails an acid digestion step to extract mercury 
from either the collected pipe scale or the pipe section itself to its soluble 
form. The extracted mercury then follow conventional laboratory 
analysis methods of using either cold vapour atomic absorption spec-
trometry (CV-AAS); (US EPA, 2007a), cold vapour atomic fluorescence 
spectrometry (CV-AFS); US EPA (2007b), inductively coupled 
plasma-mass spectrometry (ICP-MS); (US EPA, 2014), or inductively 
coupled plasma-optical emission spectrometry (ICP-OES); (US EPA, 
2018). Cold vapour techniques utilise reductants such as SnCl2 (Cle-
venger et al., 1997) or NaBH4 (Schickling and Broekaert, 1995) to 
reduce the divalent mercury species in the solution into the more vol-
atile Hg0. The gaseous Hg0 is then introduced into either the AAS or AFS 
cell for detection. Despite the existence of well-established laboratory 
techniques, current mercury measurement techniques for pipelines are 
expensive, time-consuming, and typically require retrieval of a physical 
sample. This limits the amount of sampling that can be done over the 
entire pipeline and may result in permanent mechanical damage to the 
pipeline. 

Non-destructive testing involves the use of x-ray fluorescence (XRF); 
(Chanvanichskul et al., 2017; IPIECA, 2014) to measure the total 
amount of mercury on the surface of the sample. However, measure-
ments using XRF are susceptible to measurement uncertainties and 
require proper calibration. This is difficult given the lack of reference 
standards for mercury scale on pipe steel. Most mercury will commonly 
exist in the surface scale layer therefore the dilution factor contribution 
from the bulk of the pipe needs to be taken into consideration to get a 
representative mercury concentration within a given pipe section. This 
is possible if the steel pipe thickness and the thickness of the scale layer 
are known. However, XRF’s x-ray penetration depth depends on the 
density of the sample and varies with the depth and type of scale present 
on the pipe. The mercury scale thickness is usually reported as 
approximately 0.01–20 µm in steel (Chaiyasit et al., 2009; Chanva-
nichskul et al., 2017). However, uncertainties remain, with scale 
thickness to vary from several microns to several millimetres (Chanva-
nichskul et al., 2017). Furthermore, its distribution is unlikely to be 
homogenous due to the turbulent flow of the fluids during service. This 
means that there may be uncertainty converting the mercury content of 
the surface scale to a whole-steel mercury concentration. 

The current research focus involves developing technologies that can 
be deployed in situ or in field. For example, SWASV (Square Wave 
Anodic Stripping Voltammetry) can quantify total mercury and is 
comparable to analysis using ICP-OES (Silakorn et al., 2019). The device 
is portable in comparison to those used in traditional labs; however, it 
still requires an acid digestion step as the analysis is on liquid samples. In 

situ developments involve the application of sampling techniques to pig 
devices (Silakorn et al., 2018) or neutron activated gamma analyses 
(Vickery et al., 2019) which can measure internal mercury concentra-
tions subsea from the outside of the pipe. 

6. Knowledge gaps 

Mercury is prevalent in oil and gas systems; however, little research 
has been undertaken to quantify the in situ inventories for subsea 
infrastructure nor understand how accumulation of mercury within 
decommissioned infrastructure will affect marine ecosystems. The 
following sub-sections highlight the knowledge gaps and recommend a 
series of research needs to better understand the risk of mercury from 
decommissioned oil and gas infrastructures to develop and conduct a 
well-informed ecological risk assessment. 

6.1. Development of an ecological risk assessment framework 

Ecological risk assessments of contaminants should consider all po-
tential impacts to ecosystem receptors, direct and indirect. For mercury, 
this is complicated by its biogeochemistry, the extent to which local 
environmental conditions can affect rates of mercury methylation, and 
its ability to biomagnify in food webs (i.e., its hazards and exposure 
pathways in the marine environment). Based on its potential hazards, 
these impacts may include persistent sediment and water contamina-
tion, toxicity to local organisms leading to loss of ecosystem services and 
biodiversity, and impacts to indigenous, recreational, and commercial 
fishing communities because of mercury-contaminated marine re-
sources. Additionally, decommissioning infrastructure containing con-
taminants means that the contaminant release and environmental 
exposures will occur in the future on timelines reflecting infrastructure 
corrosion rates (Raitt et al., 2019). This limits the potential for moni-
toring options and retrospective studies of impacts following release. 
These unique factors for ecological risk assessments for decommission-
ing need to be explicitly considered. 

Environmental quality standards are important components of 
existing ecological risk assessment frameworks and are well adopted 
because of their simplicity and ease of application. These typically take 
the form of a concentration value for a contaminant in water or sedi-
ments, below which the risk(s) of negative impacts occurring is 
considered low. However, these are typically developed to be protective 
of direct toxicity to marine organisms and so may not be protective of 
other potential impacts. Site-specific investigations looking at multiple 
lines of evidence to understand contaminant risks, including the quan-
tification of mercury partitioning and methylation rates in the receiving 
environment, the potential for bioaccumulation in local organisms, and 
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potential trophic transfer in food webs, would be the best practice 
approach to understand all risk and impacts. However, such studies are 
rare, possibly because of costs and uncertainty around how regulators 
will interpret such data. That is, it is easier to demonstrate regulatory 
compliance if there is a single numerical value to compare against. 

The development of a single numerical guideline value that is pro-
tective of all potential impacts would require a significant research effort 
to ensure that it protects all environments (across the range of envi-
ronmental conditions that can affect mercury speciation) and contami-
nant release scenarios. It would also require a level of conservatism that 
reflects a precautionary approach to ensure future generations do not 
inherit environmental harm from decommissioning decisions. The value 
of such a guideline is in its simplicity, ease of application, and the reg-
ulatory certainty it would provide. Exceedance of such a guideline 
would then prompt further mitigation (cleaning) activities or more 
detailed site-specific investigations. The development of an ecological 
risk assessment framework to support decommissioning decisions re-
quires syndication of stakeholder views and alignment on the impacts 
and risks that need to be considered. Given the current understanding of 
mercury behaviour and impact in the marine environment this will 
require additional research, particularly in the areas discussed in the 
following subsections. 

6.2. The inventory and in situ quantification of mercury in subsea 
infrastructure 

The inventory of residual mercury left in pipelines, following in situ 
decommissioning, may be required to be reported under the Minamata 
Convention on Mercury (Article 9, ‘Releases’). 

No published data exists that defines this inventory in subsea pipe-
lines. This limits the ability to understand the underlying drivers of 
mercury formation and accumulation in oil and gas systems, which 
likely relate to basin reservoir fluid properties, operating parameters, 
pipeline materials, and internal coatings. This also limits the ability to 
determine a priori the cleaning and mitigation needs. 

Inventories could be better established when in situ measurement 
technologies are fully developed and qualified for subsea deployment (i. 
e., at a technology readiness level for operational deployment). Current 
‘off-the-shelf’ measurement technologies require direct access to the 
source of contaminant and a series of preparation steps. When subsea in 
situ mercury measurement technologies are verified “ready for deploy-
ment”, they have the potential to efficiently, accurately and cost effec-
tively detect and measure mercury species along the entire length of a 
pipeline, both spatially and temporality (i.e., pre and post contamina-
tion mitigation) to characterise the mercury inventory. 

Research is needed to develop and validate new techniques to 
quantify the inventory of mercury in pipelines. This may be coupled to 
models to better understand mercury accumulation in oil and gas sys-
tems that can then be used to predict cleaning and mitigation needs in 
other infrastructure. 

6.3. Environmental controls on mercury bioavailability and methylation 

Key environmental transformations control whether sediments 
become sinks or sources of bioavailable mercury in the marine envi-
ronment, including: (1) speciation changes of Hg0 and insoluble HgS to 
bioavailable forms, the (2) methylation of mercury by endemic micro-
organisms, and the (3) availability of binding phases including sul-
phides, iron and manganese oxides, and organic matter that may control 
organic and inorganic mercury mobility. These reactions will depend on 
the initial mercury species, and while the likely species are Hg0 and 
β-HgS, an understanding of how speciation changes between decom-
missioning and corrosive breakthrough is still missing. 

Environmental transformations of mercury are controlled by highly 
localised environmental conditions and so the actual mercury risk must 
be considered on a site-specific basis. Predictive models of mercury 

methylation potentials are generally not applicable across different en-
vironments for this reason. Research is required to understand under 
what conditions Hg0 and HgS(s) react to form bioavailable mercury 
species. The constraints of these reactions, such as the sediment reduc-
tion potentials and pore water sulphide concentrations which promote 
methylation or mineralisation, should be quantified, and better under-
stood. This will allow more robust predictions of mercury behaviour in a 
particular environment and will therefore reduce the uncertainty in the 
quantification of risks. This is required because mercury release from 
pipelines will only occur following corrosive breakthrough of the pipe-
lines which may be 100–1000s of years in the future. 

6.4. Mercury biomagnification 

The methylation, bioaccumulation, and biomagnification of mercury 
means that impacts from decommissioned oil and gas pipelines may be 
observed on much wider spatial scales than the footprint of the infra-
structure itself. Ideally, measures that link mercury biogeochemistry to 
biomagnification for a given environment and food web is required to 
predict future impacts from mercury release. 

Biomagnification models, such as EwE may be used to explore po-
tential impacts to food webs. However the influence of local species 
interactions and food webs, environmental conditions on the uptake of 
mercury from the environment, and excretion rates need to be consid-
ered to accurately portray accumulation scenarios (Christensen et al., 
2005; Walters and Christensen, 2018). 

6.5. Consideration of cumulative impacts and multiple stressors 

Ecological risk assessments should consider the broader environ-
mental context to get a holistic understanding of risk. This includes 
assessing the potential impact arising from multiple stressors as well as 
the effect of having cumulative impacts to an ecosystem. Multiple 
stressors can interact with one another and affect risk in unanticipated 
ways. For example, climate change impacts to environmental parame-
ters, such as increase seawater temperatures, expansion of areas with 
low dissolved oxygen concentrations, and ocean acidification may affect 
mercury exposure and hazards in ways that will not be apparent when 
the risks of mercury are assessed using the present marine conditions. 

Mercury may not be the only contaminant present in decom-
missioned oil and gas pipelines and the impact of multiple stressors to 
organisms may be unexpected. Multiple stressors may lead to amelio-
rative effects, such as observed between selenium and mercury to 
toxicity. Alternatively, they may lead to synergistic effects where the 
impact is greater than what would be expected from the sum of the in-
dividual contaminants. 

Cumulative impacts may also arise where multiple or repeated local 
impacts affect a broader ecosystem. Current frameworks assess the 
ecological risk of contaminants on a case-by-case basis. Yet the cumu-
lative impact of mercury release from multiple assets should also be 
considered, particularly because of mercury’s propensity to biomagnify. 

7. Conclusions 

Regardless of the decommissioning methodology, the impact of 
contaminants, especially mercury, to the marine ecosystem from oil and 
gas infrastructure needs further research. This review identifies the 
species of mercury that can be found in subsea pipelines, likely exposure 
pathways, and methylation of mercury. Several key research gaps have 
been discussed, as well as the research needed to overcome these gaps. 
An improved understanding of the risk of mercury to the marine 
ecosystem will enable better decision making, support comparative as-
sessments of disposal options, and promote societal acceptance of 
decommissioning decisions. 
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Environmental implication 

Past research has shown that mercury associates with offshore oil 
and gas pipelines as well as other products associated with the infra-
structure, deeming such materials “hazardous”. However, the current 
environmental risk assessments for decommissioning activities of such 
contaminated materials does not take into account the complexity of the 
compound’s nature and the potential harmful effects on e.g., marine 
food webs. This review paper has outlined these gaps in our current 
understanding, as well as providing advice on addressing these gaps to 
ensure that the marine environmental risk assessments reflect the haz-
ardous nature of mercury-contaminated offshore infrastructure. 

References 

Abai, M., Atkins, M.P., Hassan, A., Holbrey, J.D., Kuah, Y., Nockemann, P., Oliferenko, A. 
A., Plechkova, N.V., Rafeen, S., Rahman, A.A., Ramli, R., Shariff, S.M., Seddon, K.R., 
Srinivasan, G., Zou, Y., 2015. An ionic liquid process for mercury removal from 
natural gas. Dalton Trans. 44 (18), 8617–8624. https://doi.org/10.1039/ 
C4DT03273J. 

Abbas, T., Gonfa, G., Lethesh, K.C., Mutalib, M.I.A., Abai, M. b, Cheun, K.Y., Khan, E., 
2016. Mercury capture from natural gas by carbon supported ionic liquids: 
Synthesis, evaluation and molecular mechanism. Fuel 177, 296–303. https://doi. 
org/10.1016/j.fuel.2016.03.032. 

Advisian Pty Ltd, 2020. Offshore Oil and Gas Decommissioning Liability (Australia): 
Executive Summary. National Energy Resources Australia. 〈https://www.nera.org. 
au/Publications-and-insights/Attachment?Action=Download&Attachment_id 
=345〉. 

Ahmadun, F. l-R., Pendashteh, A., Abdullah, L.C., Biak, D.R.A., Madaeni, S.S., Abidin, Z. 
Z., 2009. Review of technologies for oil and gas produced water treatment. 
J. Hazard. Mater. 170 (2–3), 530–551. https://doi.org/10.1016/j. 
jhazmat.2009.05.044. 

Amyot, M., Morel, F.M.M., Ariya, P.A., 2005. Dark oxidation of dissolved and liquid 
elemental mercury in aquatic environments. Environ. Sci. Technol. 39 (1), 110–114. 
https://doi.org/10.1021/es035444k. 

ANZECC/ARMCANZ, 2000. Australian and New Zealand Guidelines for Fresh and Marine 
Water Quality. 

Arnould, J.P.Y., Monk, J., Ierodiaconou, D., Hindell, M.A., Semmens, J., Hoskins, A.J., 
Costa, D.P., Abernathy, K., Marshall, G.J., 2015. Use of anthropogenic sea floor 
structures by australian fur seals: potential positive ecological impacts of marine 
industrial development? PLoS One 10 (7), e0130581. https://doi.org/10.1371/ 
journal.pone.0130581. 

Ars, Francois, Rios, Renato, 2017. Decommissioning: A call for a new approach. Offshore 
Technology Conference. https://doi.org/10.4043/27717-MS. 

Atwell, L., Hobson, K.A., Welch, H.E., 1998. Biomagnification and bioaccumulation of 
mercury in an arctic marine food web: insights from stable nitrogen isotope analysis. 
Can. J. Fish. Aquat. Sci. 55 (5), 1114–1121. https://doi.org/10.1139/f98-001. 

Avellan, A., Stegemeier, J.P., Gai, K., Dale, J., Hsu-Kim, H., Levard, C., O’Rear, D., 
Hoelen, T.P., Lowry, G.V., 2018. Speciation of mercury in selected areas of the 
petroleum value chain. Environ. Sci. Technol. 52 (3), 1655–1664. https://doi.org/ 
10.1021/acs.est.7b05066. 

Baker, S., Andrew, M., Kirby, M., Bower, M., Walls, D., Hunter, L., Stewart, A., 2021. 
Mercury Contamination of Process and Pipeline Infrastructure - A Novel, All- 
Encompassing Solution for the Evaluation and Decontamination of Mercury from 
Pipelines and Topside Process Equipment to allow Safe Disposal SPE Symposium: 
Decommissioning and Abandonment 〈https://doi.org/10.2118/208475-MS〉. 

Bakke, T., Klungsøyr, J., Sanni, S., 2013. Environmental impacts of produced water and 
drilling waste discharges from the Norwegian offshore petroleum industry. Mar. 
Environ. Res. 92, 154–169. https://doi.org/10.1016/j.marenvres.2013.09.012. 

Benoit, J.M., Gilmour, C.C., Mason, R.P., Heyes, A., 1999. Sulfide controls on mercury 
speciation and bioavailability to methylating bacteria in sediment pore waters. 
Environ. Sci. Technol. 33 (6), 951–957. https://doi.org/10.1021/es9808200. 

Bingham, M.D., 1990. Field detection and implications of mercury in natural gas. Soc. 
Pet. Eng. Prod. Eng. 120–124. 

Bittrich, D.R., Chadwick, S.P., Babiarz, C.L., Manolopoulos, H., Rutter, A.P., Schauer, J. 
J., Armstrong, D.E., Collett, J., Herckes, P., 2011. Speciation of mercury (II) and 
methylmercury in cloud and fog water. Aerosol Air Qual. Res. 11, 161–169. https:// 
doi.org/10.4209/aaqr.2010.08.0067. 

Booth, S., Zeller, D., 2005. Mercury, food webs, and marine mammals: implications of 
diet and climate change for human health. Environ. Health Perspect. 113 (5), 
521–526. https://doi.org/10.1289/ehp.7603. 

Booth, S., Steenbeek, J., Charmasson, S., 2020. ECOTRACER - A user’s guide to tracking 
contaminants using the Ecopath with Ecosim (EwE) approach. 

Boszke, L., Kowalski, A., Gosiska, G., Szarek, R., Siepak, J., 2003. Environmental factors 
affecting the speciation of mercury in the bottom sediments; an overview. Pol. J. 
Environ. Stud. 12 (1), 5–13. 〈http://www.pjoes.com/Environmen 
tal-Factors-Affecting-the-Speciation-of-Mercury-in-the-Bottom-Sedimen 
ts,87519,0,2.html〉. 

Bouyssiere, B., Baco, F., Savary, L., Lobinski, R., 2000. Analytical methods for speciation 
of mercury in gas condensates. Oil Gas Sci. Technol. 55 (6), 639–648. 

Bouyssiere, B., Baco, F., Savary, L., Lobinski, R., 2002. Speciation analysis for mercury in 
gas condensates by capillary gas chromatography with inductively coupled plasma 
mass spectrometric detection. J. Chromatogr. A 976 (2002), 431–439. 

Bower, J., Savage, K.S., Weinman, B., Barnett, M.O., Hamilton, W.P., Harper, W.F., 2008. 
Immobilization of mercury by pyrite (FeS2). Environ. Pollut. 156 (2), 504–514. 
https://doi.org/10.1016/j.envpol.2008.01.011. 

Bowles, K.C., Apte, S.C., Maher, W.A., Kawei, M., Smith, R., 2001. Bioaccumulation and 
biomagnification of mercury in Lake Murray, Papua New Guinea. Can. J. Fish. 
Aquat. Sci. 58 (5), 888–897. https://doi.org/10.1139/f01-042. 

Breitburg, D., Levin Lisa, A., Oschlies, A., Grégoire, M., Chavez Francisco, P., Conley 
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Salvá, C., Gallup, D., 2010. Mercury Removal Process is Applied to Crude Oil of Southern 
Argentina SPE Latin American and Caribbean Petroleum Engineering Conference, 
Lima, Peru. https://doi.org/10.2118/138333-MS. 

Scheuhammer, A.M., 2012). Ecotoxicology of mercury in fish and wildlife recent 
advances. Mercury in the Environment: Pattern and Process /, 223–238. 

Schickling, C., Broekaert, J.A.C., 1995. Determination of mercury species in gas 
condensates by on-line coupled High-performance liquid Chromatography and Cold- 
vapor atomic absorption spectrometry. Appl. Organomet. Chem. 9, 29–36. 

Shafawi, A.B., 1999. Mercury Species in Natural Gas Condensate University of 
Plymouth]. Plymouth. 

Shaw, J.L., Seares, P., Newman, S.J., 2018. Decommissioning offshore infrastructure: a 
review of stakeholder views and science priorities. WAMSI. 〈www.wamsi.org.au/d 
ecommissioning-offshore-infrastructure-review-stakeholder-views-and-science-prior 
ities〉. 

Shen, Y., Birkinshaw, P., Palmer-Jones, R. , 2017. Challenges in offshore pipeline 
decommissioning and what can we learn from integrity management practices. In: 
the 27th International Ocean and Polar Engineering Conference. 

Silakorn, P., Chanvanichskul, C., Punpruk, S., Phanichtraiphop, P., Stuvik, M., 
Samorfark, J. , 2018. The Technological Solution for Collecting Samples from Pipe 
Walls for Subsequent Analysis of Contaminants.SPE Symposium: Decommissioning 
and Abandonment, 

Silakorn, P., Chanvanichskul, C., Siangproh, W., Chailapakul, O., Boonyongmaneerat, Y., 
2019. Alternative Method for Mercury Detection Using Square Wave Anodic Striping 
Voltammetry. In: Proceedings of SPE Symposium: Decommissioning and 
Abandonment. 

Skyllberg, U., Persson, A., Tjerngren, I., Kronberg, R.-M., Drott, A., Meili, M., Björn, E., 
2021. Chemical speciation of mercury, sulfur and iron in a dystrophic boreal lake 
sediment, as controlled by the formation of mackinawite and framboidal pyrite. 

F. Kho et al.                                                                                                                                                                                                                                      

https://doi.org/10.2188/jea.JE20190173
https://doi.org/10.1016/j.jenvrad.2021.106774
https://doi.org/10.1039/9781849735155-00001
https://doi.org/10.1039/9781849735155-00001
https://doi.org/10.1021/es051785h
https://doi.org/10.1016/j.marchem.2004.03.014
https://doi.org/10.1021/es403103t
https://doi.org/10.1016/j.joes.2021.05.002
https://doi.org/10.1016/j.joes.2021.05.002
https://doi.org/10.1088/0953-8984/4/44/024
https://doi.org/10.1088/0953-8984/4/44/024
https://doi.org/10.1016/j.memsci.2010.12.013
https://doi.org/10.1080/10643389.2019.1594517
https://doi.org/10.1080/10643389.2019.1594517
https://doi.org/10.1016/j.jes.2014.09.011
https://doi.org/10.1016/j.jes.2014.09.011
https://doi.org/10.1080/10643389.2021.1917949
https://doi.org/10.1080/10643389.2021.1917949
https://doi.org/10.1890/100112
https://doi.org/10.1890/100112
https://doi.org/10.1115/OMAE2017-61239
https://doi.org/10.1115/OMAE2017-61239
https://doi.org/10.1016/j.gca.2016.08.019
https://doi.org/10.1016/j.gca.2016.08.019
http://refhub.elsevier.com/S0304-3894(22)01141-4/sbref81
https://doi.org/10.1139/f96-215
https://doi.org/10.1146/annurev.ecolsys.29.1.543
https://doi.org/10.1146/annurev.ecolsys.29.1.543
https://doi.org/10.1016/S0016-7037(99)00258-6
https://doi.org/10.1016/S0016-7037(99)00258-6
https://doi.org/10.1016/j.watres.2016.07.055
https://doi.org/10.1897/IEAM_2007-037.1
https://doi.org/10.2523/IPTC-13368-MS
https://doi.org/10.2523/IPTC-13368-MS
https://www.int-res.com/abstracts/meps/v122/p277-306/
https://www.int-res.com/abstracts/meps/v122/p277-306/
https://doi.org/10.1139/facets-2016-0027
https://doi.org/10.1139/facets-2016-0027
https://doi.org/10.1179/147842209X12579401586609
https://doi.org/10.1186/2228-5547-4-35
https://doi.org/10.1186/2228-5547-4-35
https://doi.org/10.1071/AJ18107
https://doi.org/10.1071/AJ18107
https://doi.org/10.1016/j.toxrep.2018.01.007
https://doi.org/10.1016/j.toxrep.2018.01.007
https://doi.org/10.1016/j.tox.2010.06.004
https://doi.org/10.1016/j.tox.2010.06.004
https://doi.org/10.1007/978-1-4614-2383-6_5
https://doi.org/10.1007/978-1-4614-2383-6_5
https://doi.org/10.3389/fmars.2019.00377
https://doi.org/10.3389/fmars.2019.00377
https://doi.org/10.1021/acs.est.9b00768
https://doi.org/10.1111/j.1742-7843.2010.00577.x
https://doi.org/10.1111/j.1742-7843.2010.00577.x
https://doi.org/10.1007/BF02735027
https://doi.org/10.1007/BF02735027
https://doi.org/10.1007/BF02735027
https://doi.org/10.1007/BF02735027
https://doi.org/10.1007/978-94-011-0153-0_76
https://doi.org/10.1007/978-94-011-0153-0_76
https://doi.org/10.1021/acs.analchem.8b05010
https://doi.org/10.1016/S0048-9697(02)00564-8
https://www.mdpi.com/2305-6304/6/3/45
https://www.mdpi.com/2305-6304/6/3/45
http://refhub.elsevier.com/S0304-3894(22)01141-4/sbref104
http://refhub.elsevier.com/S0304-3894(22)01141-4/sbref104
http://refhub.elsevier.com/S0304-3894(22)01141-4/sbref104
http://www.wamsi.org.au/decommissioning-offshore-infrastructure-review-stakeholder-views-and-science-priorities
http://www.wamsi.org.au/decommissioning-offshore-infrastructure-review-stakeholder-views-and-science-priorities
http://www.wamsi.org.au/decommissioning-offshore-infrastructure-review-stakeholder-views-and-science-priorities


Journal of Hazardous Materials 438 (2022) 129348

18

Geochim. Cosmochim. Acta 294, 106–125. https://doi.org/10.1016/j. 
gca.2020.11.022. 

Slowey, A.J., Brown, G.E., 2007. Transformations of mercury, iron, and sulfur during the 
reductive dissolution of iron oxyhydroxide by sulfide. Geochim. Cosmochim. Acta 71 
(4), 877–894. https://doi.org/10.1016/j.gca.2006.11.011. 

Snell, J.P., Frech, W., Thomassen, Y., 1996. Performance improvements in the 
determination of mercury species in natural gas condensate using an on-line 
amalgamation trap for solid-phase micro-extraction with capillary gas 
chromatography-microwave-induced plasma atomic emission spectrometry. Analyst 
121 (1996), 1055–1060. 

Streit, B., 1998. Bioaccumulation of contaminants in fish. In: Braunbeck, T., Hinton, D.E., 
Streit, B. (Eds.), Fish Ecotoxicology. Basel, Birkhäuser, pp. 353–387. https://doi.org/ 
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