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ABSTRACT

In the coming years, the oil and gas industry will have a significant liability in decommissioning
offshore infrastructure such as subsea pipelines. The policies around decommissioning vary
depending on regional policies and laws. In Australia, the ‘base case’ for decommissioning is
removal of all property and the plugging and abandonment of wells in line with the Offshore
Petroleum and Greenhouse Gas Storage (OPGGS) Act 2006. Options other than complete
removal may be considered where the titleholder can demonstrate that the alternative decom-
missioning activity delivers equal or better environmental outcomes compared to complete
removal and meets all requirements under the OPGGS Act and regulations. Recent research
has demonstrated that decommissioning in situ can have significant environmental benefits by
forming artificial reefs, increasing marine biodiversity, and providing a potential fishery location.
An issue, which has been given less attention, is around contaminants remaining within decom-
missioned infrastructure and their potential risks to the marine environment. Mercury is a
contaminant of concern known to be present in some oil and gas pipelines, but the potential
long-term impacts on marine ecosystems are poorly understood. We present a synthesis of
information on mercury cycling in the marine environment including key drivers of methylation in
sediments and ocean waters, existing models to predict methylmercury concentrations in
sediments, and toxicological effects to marine biota. We discuss the applicability of existing
water and sediment quality guidelines, and the associated risk assessment frameworks to
decommissioning offshore infrastructure contaminated with mercury. Globally, research is
needed to provide a comprehensive risk assessment framework for offshore infrastructure
decommissioning. We recommend future areas of research to improve our understanding of
the potential risks associated with mercury in subsea oil and gas pipelines.

Keywords: decommissionineg, marine, methylmercury, offshore infrastructure, petroleum,

risk assessment, sediments, toxicity.

Introduction

Mercury is a global pollutant found in all ecosystems (Li et al. 2020). While mercury
occurs naturally, its concentration in the environment has increased in the last 200 years
due to anthropogenic activities (Poulain and Barkay 2013). This has prompted global
action to limit its release and to better understand its impacts on the environment and
human health. Primary natural sources include the mercury emitted from topsoil, geo-
thermal and volcanic sources (Li et al. 2020). Factors such as land use change, biomass
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burning, changing meteorological conditions and exchange
mechanisms of gaseous mercury can result in the re-emission
of previously deposited sources (Pirrone et al. 2010).
Anthropogenic sources of mercury to the atmosphere include
fossil-fuel power plants, artisanal scale gold mining, non-
ferrous metals manufacturing, cement production, waste
disposal and caustic soda production (Pirrone et al. 2010).
Atmospheric deposition is the primary pathway by which
mercury enters the ocean (Li et al. 2020). Elemental mercury
(Hgo) is the dominant form of natural and anthropogenic
emissions. Owing to its volatility, Hg® has long residence
times in the atmosphere (6-12months) allowing it to be
transported long distances and deposited in all environments
including remote locations (Li et al. 2020). In the atmo-
sphere, Hg® is photo-oxidised to Hg** and returned to the
land or oceans in rainfall (Mason et al. 1994; Mason and
Sheu 2002; Sunderland and Mason 2007; Soerensen et al.
2010). Riverine, submarine groundwater discharges and
deep-sea hydrothermal vents are additional sources of mer-
cury into oceans (Lamborg et al. 2006; Ganguli et al. 2012;
Amos et al. 2014). Sea-based anthropogenic sources of
mercury pollution include seabed mining, shipwrecks and
accidental releases from oil and gas activities (e.g. drilling
wastes, produced water, accidental oil spills) (Tornero and
Hanke 2016). Estuarine and coastal sediments are often
contaminated with mercury from historical and new inputs,
and dredging of contaminated sediments can release mercury
back into the water column (Tornero and Hanke 2016).
Mercury naturally presents in some oil and gas reservoirs.
Various species of mercury coexist in production fluids
(oil, gas, water) from these reservoirs including; Hg°,
inorganic forms (e.g. HgCl,), cinnabar or metacinnabar
(a-HgS, B-HgS, respectively), or organic mercury (dimethyl-
mercury or methylmercury) (Kho et al. 2022). Over the
production life of an oil or gas system, the various forms
of mercury interact differently with the infrastructure used
to transport and process the production fluids. Subsea
oil and gas infrastructure includes subsea Christmas trees
(a pressure-containing barrier between the well and the
surrounding environment), well head jumpers and spools,
flexible and rigid risers, and pipelines (Koppel et al. 2022).
In pipelines, particularly gas-export pipelines, elemental
mercury can adsorb to surfaces, bind to corrosion products
(e.g. iron sulfides), and form sulfide species such as meta-
cinnabar, forming a scale on the internal walls of pipelines.
During production and prior to decommissioning, technologies
such as pigging or chemical cleaning are used to remove the
scale (Kho et al. 2022). Before cleaning options are employed,
mercury concentrations in pipelines can be above 1gHg/m
length of pipeline (Wilhelm and Nelson 2010), depending on
the pipeline material, form of mercury, and presence of any
internal coatings. Subsea pipelines are believed to contain
the largest inventory of contaminants due to the large number
of pipelines and their direct contact with production fluids
(Kho et al. 2022; Koppel et al. 2022). In Australia, the total

length of subsea pipelines is estimated at 8160 km. In the Gulf
of Mexico there are over 29 000 km of pipelines that have
already been decommissioned in situ (Koppel et al. 2022).

Once an oil or gas field reaches the end of its productive
life, the associated infrastructure will need to be decom-
missioned. In Australia, the ‘base case’ for decommissioning
is removal of all property and the plugging and abandonment
of wells, as described in the Australian Offshore Petroleum
and Greenhouse Gas Storage (OPGGS) Act 2006. Options
other than complete removal may be considered where the
titleholder can demonstrate that the alternative decommission-
ing activity delivers equal or better environmental outcomes
compared to complete removal and meets all requirements
under the OPGGS Act and regulations (DISER 2022). One
possible option currently being explored in Australia is to
decommission in situ, whereby certain parts of the infra-
structure are left on the seabed. Previous studies have
demonstrated the benefits of decommissioning in situ
through the provision of artificial reefs that increase bio-
diversity and improve ecosystem connectivity (McLean
et al. 2017, 2022; Bond et al. 2018; Fowler et al. 2018).
However, few studies to date have assessed the potential
risks due to contaminants associated with the infrastructure
(MacIntosh et al. 2021; Melbourne-Thomas et al. 2021;
Koppel et al. 2022).

Currently, 97 countries, including Australia, have ratified
the Minamata Convention. The Convention holds all parties
accountable for reducing the release of mercury into the
environment (UNEP 2021). This includes the release of mer-
cury from waste products, which can include decommissioned
infrastructure, and stipulates that ‘Parties are required
to ensure that mercury waste is managed in an environmen-
tally sound manner’ (UNEP 2020). Implementation of the
Minamata Convention, as well as other existing international
treaties (London Protocol, Basel Convention, United Nations
Convention on the Law of the Sea) will likely guide decision
making around decommissioning activities in Australia.
Policies around mercury management are based on inter-
disciplinary science with well accepted principles around
mercury methylation, methylmercury cycling and bioaccumu-
lation, and food web/trophic transfer to humans (Bank 2020).
However, fine-scale aspects of mercury cycling processes,
especially in the marine environment remain poorly under-
stood (Bank 2020). This increases the difficulty when assess-
ing the potential long-term risk from mercury associated with
oil and gas infrastructure.

A comprehensive risk assessment of offshore decommis-
sioning activities requires an understanding of the potential
release of mercury from subsea pipelines and its subsequent
fate in the marine environment (Melbourne-Thomas et al.
2021). Models suggest the major pathway for mercury
release into the environment will be due to corrosive break-
through of subsea pipelines, expected to occur >100 years
after decommissioning (Kho et al. 2022). The offshore envir-
onment around Australia where much of this infrastructure
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is located is very different to the environments where most
research on mercury has focused (freshwater, estuarine,
coastal), which has predominantly been in the Northern
Hemisphere. Key differences in the Australian marine envir-
onment include low sedimentation rates, tropical and tem-
perate ecosystems, different species compositions and low
primary productivity (Melbourne-Thomas et al. 2021).

Current knowledge on the formation of mercury in oil
and gas production systems was recently reviewed by (Kho
et al. 2022). This paper follows on from that review and
presents a synthesis of information on mercury cycling in the
marine environment including key drivers of methylation in
sediments and ocean waters, existing models to predict
methylmercury concentrations in sediments, and toxicologi-
cal effects to marine biota. We discuss the applicability of the
Australian and New Zealand water and sediment quality
guidelines and risk assessment framework to mercury in
decommissioned offshore infrastructure. Globally, research
is needed to provide a comprehensive risk assessment frame-
work for decommissioning offshore infrastructure. We rec-
ommend future areas of research to better understand
potential long-term risks associated with mercury in subsea
pipelines.

Mercury in the marine environment

Mercury undergoes chemical and biochemical processes
which facilitate its speciation and transport between solid
and aqueous phases (Gworek et al. 2016). There are five
main species of mercury detected in the environment,
inorganic mercury (Hg’, Hg®>") and the organic forms,
monomethylmercury, dimethylmercury and monoethylmer-
cury (Li and Cai 2013). In most aquatic systems >95% of
total mercury load is associated with sediments (Craig
1986), because dissolved mercury is effectively scavenged
from solution by organic matter and mineral phases. Of the
dissolved mercury, typically 90% is inorganic (i.e. Hg®*),
which is the most stable species of mercury in oxygenated
waters. The remainder is found as elemental mercury and
methylated forms.

Table I.

In aquatic systems, the adsorption and desorption pro-
cesses involving benthic sediments are critical to the distri-
bution of mercury and its transport, transformation, uptake,
and toxicity. Whilst the methylation and demethylation of
mercury tends towards equilibrium, the dynamic nature of
aquatic environments, including the stability of the various
forms of mercury, results in continuous shifts in the balance
of these reactions (Hintelmann et al. 2000). The additional
complexity of oceanic processes further increases the diffi-
culty in accurately determining the fate of mercury in the
ocean and its accumulation in marine biota.

Surveys of the Atlantic, Pacific, Arctic and Southern
Oceans have reported low concentrations of total mercury
(in the picomolar (10713 range; as reviewed by Bowman
et al. (2020)). The proportion of methylmercury relative to
total mercury in surface oceanic waters (0-2 m) ranged from
3 to 34%. At the thermocline (150-1000 m), methylmercury
ranged from 3 to 41% of total mercury (Bowman et al
2020). Limited data exists for total mercury and methylmer-
cury in Australian oceanic waters. Two studies have
reported total mercury in marine waters of the North West
Shelf of Australia ranging from 0.2 to 0.4 ng/L (Wenziker
et al. 2006). Only one data set could be found for methyl-
mercury in Australian waters. Cossa et al. (2011) measured
methylmercury in the Southern Ocean with data for the
south of Tasmania; the concentration (mean =+ s.d.) was
0.06 = 0.04ng/L (n = 71). Concentrations of mercury mea-
sured in oceanic waters in offshore basins around Australia
were reported to be <100 ng/L (Table 1).

Data on mercury concentrations in offshore sediments is
lacking globally and especially around Australia. Chen and
Li (2019) reviewed mercury cycling in the Pacific Ocean and
cited total mercury concentrations in sediments ranged from
0.02mg/kg in the Gulf of Thailand to 0.24mg/kg in
Kagoshima Bay in Japan. The proportion of methylmercury
relative to total mercury in sediments from the Pacific Ocean,
sampled around San Francisco Bay, Malaysia and East China
Sea ranged from 0.2 to 7% (Conaway et al. 2003; Shi et al.
2005; Chen and Li 2019). In the open ocean of the northwest
Pacific, total mercury in surface sediments ranged from 0.02
to 0.16 mg/kg (Sattarova and Aksentov 2018). This study

Summary of water quality parameters measured within offshore petroleum basins around Australia. The range of values reported the

basin is presented. For a complete compilation of the data and all samples, see Supplementary Table S|. Refer to Fig. | for location of these

basins around Australia.

Location Woater Temperature (°C) pH DO (%) Total Hg References

depth (m) (ng/L)
Otway and Gippsland Basins, VIC 66-105 13.2-13.9 8.08-8.34 93.1-95.2 <100 DAWE (2021)
Bonaparte Basin, WA/NT 11-282 16.0-30.0% 7.85-8.30%  37.7-100* <100 ConocoPhillips (2019)
Browse Basin, WA 120.65-433.63* 9.3-33.14 848-897%  24.8-77.8" <100 Woodside (2019)
Ichthys Field, Browse Basin, WA ~95-200 18.1-30.8 7.97-847%  83.4-958" <0.2 URS (2009)
Crux Field, Browse Basin, WA 95-201 16.2-31.3~ 7.75-8.13*  41.3-100* <100 AECOM (2016)

AData extracted from graphs using Imagej®. DO, dissolved oxygen. VIC, Victoria. WA, Western Australia. NT, Northern Territory.
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sampled sediments at >700 m and found that mercury con-

b &
centrations in sandy sediments (>20% grain fraction of Tﬂé- é = =
0.063-2.0 mm) was negligible compared to clayey/silty sedi- 9 =~ 23 S g
ments (>50% grain fraction of 0.004-0.063 mm), which were N 818 2 & & S
enriched with organic matter and the remains of silicate -E_ & w o E S :%.
phytoplankton (Sattarova and Aksentov 2018). These studies ® $ E g s ¢ 9 8
were conducted in bays or deep trenches where the sediment g [0 0 3 5 <3
composition is predominantly of a clayey/silty nature, unlike £
Australian offshore marine sediments, which are predomi- ) =
nantly sandy (Table 2). However, total organic carbon % = - - B
(TOC) (0.2-2.2%, Conaway et al. 2003; Shi et al. 2005) in 2 El_ 3 g 5 3 .
these few studies was similar to what was reported for g P9 c—', E c—', 3' z
Australian offshore sediments (Table 2). A handful of publicly 5 5 < g 9
accessible industry reports and environmental plans have 2 L
reported on mercury concentrations in sediments in the off- = y
shore environment around Australia. Total mercury concen- o s
trations measured in offshore basins around Australia ranged $§2 |85 o S -
from <0.01 to 0.25 mg/kg (Table 2). Off the North West Shelf 73 : 8 ;' Sl j é £ g
of Australia, mercury concentrations were below the limit of 5 S|F|V V 5V
detection, <0.01 mg/kg (DEC 2006). % &
Baseline data for total mercury and methylmercury in g2
Australian oceanic waters and sediments are lacking. Such é 8| NG e %
data are required to better understand the sources, transport, S813%Z 4 3 & Tz
and fate of mercury in the offshore environment. Data on g5 g s = ° 3
physico-chemical properties of offshore sediments (e.g. grain ;(3 G
size, redox potential, organic carbon content, pH, sulfide o ,§
concentrations) are also required to better assess the potential § g S o G e L
for mercury methylation in these environments. Z g o § g ol ) 3 OI
B (o] - —_
a_ |wn
e} .
bo
Methylmercury and mercury methylation % " .
oI o L v T
. . oSl T 9 % 2 R
Methylmercury is the most common form of organic mercury g ;qz é zZ < SI T = &
in the environment. For over half a century, scientists and g o ©
regulators have been aware of the toxicity of methylmercury 5 <
and its potential for biomagnification through aquatic food E E < “ - 9
webs (Bloom 1992; Sgrensen et al. 1999; Sunderland 2007). 5~ E =l = N I E 2
The average proportion of methylmercury to total mercury g S|0 N — BS
increases from about 10% in the water column to 15% in o2
phytoplankton, 30% in zooplankton, and 95% in fish (Luoma % 2 =
and Rainbow 2008). The accumulation of methylmercury in £ §' Els o
higher trophic level organisms results mainly from the inges- g 8|5 ‘—? $ J 2 ¢
tion of methylmercury-containing food rather than the direct E o g‘ K % < 5
uptake of methylmercury from the water. £ = %‘Og
Methylation is a result of abiotic and biotic processes. by g £ g
Abiotic methylation of mercury can occur through reactions E = g < ® go
with methylcobalamin, methyltin compounds and humic s g ; g f 5
matter (Weber 1993). Under laboratory conditions, methylco- .,g g ’g, E % g '§ 8
balamin readily methylates mercury. In the marine environ- >~ - I S & <™ 3
ment, methyltin and humic matter are the main compounds g g LZ_ ; g g § ; § =
responsible for abiotic methylation (Weber 1993). This is E S 3 % = '5 cg § EE
considered a minor contribution to the total environmental 5 lc|® PR ng g2
methylmercury pool compared to biotic processes. % = -% % g_ 9 '; i 2 X g
Biotic methylation of mercury in sediments is facilitated by 3 gl8| 2 £ 5 2 3 £|8 :,
methylating microbes (including sulfate and iron reducing Fg|d0 @& 2 U Ujas
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bacteria) (Compeau and Bartha 1985; Kerin et al. 2006).
Strong environmental controls on this process are provided
by pH, redox potential, temperature, the presence of sulfates
and the availability of organic carbon (Gilmour et al. 2018).
These parameters can increase rates of mercury methylation
by either increasing the bioavailability of mercury to methy-
lating microbes, increasing the activity of these microbes, or
both (Regnell and Watras 2019). In freshwater systems, it is
widely accepted that the dominant source of methylmercury
is anoxic sediments by the activity of anaerobic microbes
(Regnell and Watras 2019). In these environments, methyla-
tion is favoured by low oxygen, high TOC, and fine silty/
clayey sediments. Although in stratified lake water columns,
methylmercury production is highest just below the oxic-
anoxic boundary near the sulfide/sulfate transition zone, pos-
sibly reflecting the migration of sulfate reducing bacteria to
the sulfate source (Watras and Bloom 1994). Demethylation of
methylmercury occurs simultaneously due to photochemical
reactions as well as microbial processes (Wang et al. 2020;
Li et al. 2022). It is the net result of methylation and
demethylation reactions that regulate the concentrations of
methylmercury available for uptake by organisms (Paranjape
and Hall 2017).

Monomethylmercury appears to be the principal methy-
lated mercury species in freshwater systems while dimethyl-
mercury is more prevalent, and at times is the dominant
species, in open ocean waters (Black et al. 2009; Munson
et al. 2015). In marine systems, the processes driving meth-
ylation are less well understood. Sediments, particularly
in the open ocean, are not believed to be a dominant source
of methylmercury (Hammerschmidt and Bowman 2012).
Offshore marine sediments typically have a sandier texture,
with a lower organic matter content and higher dissolved
oxygen concentrations compared to coastal, estuarine, or
freshwater sediments (Table 2, Supplementary Table S2).
There is also minimal evidence to link methylmercury pro-
duction in marine sediments to the high concentrations
observed in some marine organisms, particularly fish. This
issue is illustrated by the situation in the open oceans where
mercury concentrations in pelagic marine organisms reach
parts-per-million range in spite of there being no food web
connection with benthic sediments, which lie typically
>3 km beneath the ocean surface (Monperrus et al. 2007).
However, it is important to note that in the scenario of
decommissioning oil and gas infrastructure, subsea pipelines
could be a point source of mercury release into the sur-
rounding sediment (Kho et al. 2022).

Anaerobic microbes possessing the hgcAB gene pair that
encodes proteins for mercury methylation (Parks et al
2013) have been identified and well described in anaerobic
environments including coastal ‘dead zones’, sediments and
extreme environments like deep sea trenches (Podar et al.
2015). The hgcAB gene has been identified in iron reducing
bacteria and methanogens, but more often sulfate reducing
bacteria are reported to be the dominant drivers of
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methylmercury production in freshwater, estuarine and
coastal sediments (Merritt and Amirbahman 2009; Regnell
and Watras 2019). However, methylmercury has been mea-
sured in the open ocean without clear links to a sediment
source (Mason and Fitzgerald 1990; Cossa et al. 2009, 2011;
Sunderland et al. 2009; Munson et al. 2018). It is believed
that methylation of mercury in the oceans is largely bio-
logically mediated, but the organisms involved are poorly
understood (Lin et al. 2021). Lin and co-authors conducted a
large-scale multi-omics study along defined redox gradients in
a coastal environment in Canada. Several new marine micro-
organisms with the hgcAB gene pair and a greater oxygen
tolerance and habitat range were identified (Lin et al. 2021).

There is growing evidence that methylation can also occur
in oxic environments such as the oxygenated surface waters
of the ocean (Monperrus et al. 2007; Heimbiirger et al. 2010;
Sonke et al. 2013) and polar marine waters (Lehnherr et al.
2011; Sonke et al. 2013). Liu et al. (2015) found no relation-
ship between methylmercury concentrations and trends in
water column hypoxia in the Gulf of Mexico, although poten-
tial rates of both methylation and demethylation were higher
than in other coastal systems. Other research has demon-
strated positive correlations between oxygenic conditions
such as those that exist in photosynthetic blooms in marine
waters and methylmercury concentrations (Cossa et al. 2009;
Sunderland et al. 2009; Heimbiirger et al. 2010).

Recent developments in the use of stable isotope tracers
and genomic work have begun to examine the interplay
between multiple environmental factors. For example,
Kucharzyk et al. (2015) found that methylation rates in
marine sediments were highest when mixed cell cultures
were amended with carbon, regardless of whether inorganic
mercury was added as dissolved nitrate salt or as nanopar-
ticles of mercuric sulfide (HgS) (as also observed by Graham
et al. 2013). Similarly, nutrient loading stimulated microbial
activity indirectly by increasing phytoplankton biomass,
which was as important as the bioavailability of mercury
to methylators (Liem-Nguyen et al. 2016). The conclusion
was that methylmercury production is limited by microbial
productivity, regardless of mercury bioavailability, and that
there is a threshold over which inorganic mercury specia-
tion becomes a contributing control on methylation.

Short-term laboratory measurements of potential rates of
methylation and demethylation have been found to be
unrelated to gross measures of long-term methylmercury
accumulation in sediments (Paranjape and Hall 2017).
However, significant positive correlations have been found
between the rate of methylation and the proportion of
methylmercury in many environments (Drott et al. 2008),
suggesting some predictive utility of these measurements.

The relative importance of methylation in the ocean and
offshore sediments are no doubt important and require further
investigation. Data on the ranges of physico-chemical para-
meters (particle size for sediments, TOC, dissolved oxygen
etc. for waters and sediments) in offshore environments is
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required. Fundamental studies on how variations in these
parameters influence mercury methylation are also needed.
An ecological assessment of the microbial community in
sediments around subsea oil and gas pipelines could identify
the presence of the hgcAB gene pair and elucidate the ability
of local microbes to methylate mercury from scale if it were
to be released from subsea pipelines.

Solubility and methylation of different mercury
species

Mercury solubility and speciation are important variables
controlling methylation. Inorganic (Hg® and Hg?*) and
organic (methyl- and dimethyl-) forms of mercury move
between sediments, porewaters and overlying waters depend-
ing on local environmental conditions. Typically, only a small
fraction of inorganic mercury is present in the aqueous phase
with the majority partitioned to the solid phase (Jonsson et al.
2014). For example, partition coefficients (Ky) derived from
empirical measurements of mercury in estuarine and coastal
waters have been reported in the range of 10*-10°L/kg
(Benoit et al. 1999; Turner et al. 2001; Fitzgerald et al.
2007; Schartup et al. 2014).

Divalent mercury (Hg>") has a very strong affinity for
chloride and reduced sulfur-containing ligands, particularly
sulfide. The control that sulfide exerts on mercury bio-
availability is not well understood but has been the focus of
research in the past 30 years. In reducing environments, most
of the mercury is likely to be present as mercuric sulfide,
which can include both solid and aqueous species (Benoit
et al. 1999). It is also possible that, even in oxygenated
surface waters, some or much of Hg>* might be bound to
sulfides, which have been measured at nanomolar concentra-
tions in surface seawater (Morel et al. 1998). At low sulfide
concentrations, soluble neutral mercury sulfide (HgSO) com-
plexes are formed, which are capable of diffusing through cell
membranes and are therefore more bioavailable (Morel et al.
1998). At moderate to high concentrations of sulfide,
insoluble solid HgS as well as HgS® can form. Higher concen-
trations of sulfide can result in charged mercury sulfide and
polysulfide complexes (HgHS, ) that may still be bio-
available (Benoit et al. 1999; Jay et al. 2000). In the marine
environment, it is suggested that the HgS® species is the form
of mercury most bioavailable to methylating microbes (An
et al. 2019).

Solid HgS species such as cinnabar or metacinnabar are
considered to be sinks for mercury in sediments, due to the
very low solubility of HgS (Oliveri et al. 2016). However,
the solubility of HgS can increase under anoxic conditions
where there is high sulfide activity (Benoit et al. 1999).
Oxidation of HgS may also occur in suboxic environments.
Oliveri et al. (2016) found irregular vertical distributions of
sulfate (SO427) and enrichment in the iron-manganese
(Fe-Mn) reduction zone in coastal marine sediments off
Sicily, Italy. Results also showed varying concentrations of

dissolved Hg** in sediment porewaters between 0 and 6 cm
depth profile. The authors suggested this indicated mecha-
nisms of sulfate generation by sulfide oxidation and hence
mercury mobilisation. Within these sediments, the authors
also identified specific microbial populations dominated by
sulfur oxidising bacteria (Oliveri et al. 2016).

Inorganic mercury also exhibits a very high affinity for
natural organic matter as is evidenced by strong correlations
between organic matter and total mercury content of sedi-
ments (Mazrui et al. 2016; Oliveri et al. 2016). A fraction of
Hg>* will be bound to humic and fulvic acids, the assem-
blage of poorly defined organic compounds that constitute
50-90% of the dissolved organic carbon (DOC) in natural
waters (Wu et al. 1997). Mercury-organic matter complexes
may not be bioavailable for methylating microbes (Zhao
et al. 2017). However, it has also been shown that the
presence of dissolved organic matter (DOM) can increase
the dissolution of some mercury complexes, including cinna-
bar (aHg-S) (Waples et al. 2005; Mazrui et al. 2016). DOM
can easily adsorb to the surface of HgS nanoparticles and
cause changes in the micro-environment around the Hg atom
(Lei et al. 2022). This can break the Hg-S bond and dissolve
Hg (possibly as a Hg-DOM complex) into the surrounding
solution (Lei et al. 2022). Organic matter may also increase
methylation of mercury by providing a food source to methy-
lating microbes (Regnell and Watras 2019).

To our knowledge, there are no published studies investi-
gating the solubility and methylation of different forms of
mercury under marine conditions, so the consequence of
these speciation differences is not well understood. However,
several studies have been conducted in estuarine environ-
ments. Jonsson et al. (2012) determined the methylation
rates of five different types of geochemically important mer-
cury species in estuarine sediments. Adsorbed and solid forms
of stable Hg®* isotope tracers were added to estuarine sedi-
ments and incubated under anoxic conditions. Rates of meth-
ylation were determined at 24 h, and 7, 14, and 21 days.
Methylation rates of the more insoluble mercuric sulfides
(metacinnabar and cinnabar) were two orders of magnitude
lower than the aqueous mercury (II) nitrate (Hg(NOs),). In
sediments spiked with metacinnabar, the proportion of
methylmercury relative to total mercury after 21 days was
~0.5%. In comparison, sediments spiked with Hg(NOs3),
isotope tracer resulted in ~10% methylmercury (relative to
total mercury) after 21 days (Jonsson et al. 2012). The
authors concluded that the rate of mercury methylation in
sediments is controlled by thermodynamic and kinetic effects
of Hg?™" solid-phase dissolution and surface desorption con-
trol (Jonsson et al. 2012).

Zhang et al. (2012) demonstrated that nanoparticulate
forms of metacinnabar are far more amenable to methylation
by sulfate reducing bacteria than microparticulate forms,
likely due to a substantially increased surface area to volume
ratio. They also demonstrated that ageing of particles over
periods of days reduced the methylation potential of the
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nanoparticulate metacinnabar. Tian et al. (2021) investi-
gated the influence of ageing on methylation potential of
nanoparticulate metacinnabar. They found that ageing
altered the nano-scale surface structure while particle size
and surface area remained relatively unchanged. The nano-
scale crystalline structure was interrogated by X-ray diffrac-
tion. The facet or the surfaces of the crystalline structures
identified as (111) are octahedral in shape (Tian et al. 2021).
The nano-scale surface structure of the facet identified as
(111) had a larger binding affinity to methylating bacteria
and hence increased methylation rates. During the ageing
process/nanocrystal growth, the (111) facet decreased and
therefore so did mercury methylation (Tian et al. 2021). The
speciation, particle size and age of solid-phase mercury are
important factors that influence mercury solubility and
methylation (Zhang et al. 2012; Tian et al. 2021).

The methylation and bioaccumulation of different forms
of mercury was further explored by Jonsson et al. (2014). In
mesocosm experiments using Hg>* and methylmercury iso-
tope tracers, the authors simulated recent mercury inputs in
the water phase and mercury in sediment bound to organic
matter or as metacinnabar. The experiment measured the
formation of methylmercury and bioaccumulation within a
model estuarine ecosystem. The results indicated that methyl-
mercury from terrestrial and atmospheric sources bioaccumu-
lated more readily in estuarine biota than methylmercury
formed within the local sediment (Jonsson et al. 2014).

The studies discussed above have focused on understanding
methylation under estuarine conditions. Further research is
needed to understand the oxidation, solubility, and rate of
methylation of different forms of mercury (e.g. HgS, Hg°,
Hg2+) under marine sediment conditions relevant to the
Australian offshore marine environments. The mechanisms
and reactions behind mercury oxidation, solubility and
bioaccumulation by microorganisms are not yet fully under-
stood. We should also investigate the mobility and bio-
availability of atmospheric/aqueous mercury versus solid
phase/point source additions of mercury, such as HgS or
Hg®, which could be released from subsea pipelines into
surrounding sediments. This will provide an indication of
potential concentrations of inorganic and methylmercury
in sediment porewaters and contribute to assessing risk of
mercury in subsea oil and gas pipelines.

Models to predict mercury methylation in
sediments

Previous studies have aimed to determine if methylation
rates are proportional to inorganic mercury concentrations
(i.e. is methylation a first-order reaction). This was exam-
ined in the context of freshwater ecosystems by Krabbenhoft
et al. (1999). Methylmercury production appeared propor-
tional to total mercury concentrations at low total mercury
concentrations in sediments; but at high total mercury levels
little additional methylmercury was produced with additional
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total mercury suggesting a saturation effect (Krabbenhoft
et al. 1999). A similar relationship was found for mercury
in sediments from a range of environments including marine
and estuarine systems (Cossa et al. 2014).

Cossa et al. (2014) proposed a Michaelis—-Menten type
model to relate total mercury to methylmercury and vali-
dated the model for a range of estuarine and marine sedi-
ments. Other studies have similarly attempted to model
mercury methylation or predict methylation potential in
sediments including Beldowski et al. (2015) and Dai et al.
(2021). The model proposed by Beldowski et al. includes
labile mercury, organic matter, redox potential, and abun-
dance of sulfate reducing bacteria as inputs. The model was
developed based on field surveys in the Baltic Sea with sedi-
ments predominantly under anoxic conditions. The inclusion
of sulfate reducing bacteria (SRB) in the model equation is
questionable given not all SRBs have the hgcAB gene, there-
fore the activity of SRB is not an ideal indicator for methyl-
ation (Heyes et al. 2006; Paranjape and Hall 2017).
Microbes of other groups (iron reducers, methanogens and
aerobic microbes) also have the ability to methylate mer-
cury (Paranjape and Hall 2017). In the development of this
model, it appears that some of the parameters co-vary, e.g.
organic matter and SRB. However, there is no clear demon-
stration of which parameters are the key drivers in predict-
ing methylation potential.

Dai et al. (2021) used structural equation modelling to
investigate global distribution and environmental drivers of
methylmercury production in sediments. Marine sediments
were found to have the highest methylation potential, com-
pared to paddy soils, wetlands, lakes, and forest soils. After
accounting for local drivers of methylation, mercury availa-
bility and sediment geochemistry, temperature and precipita-
tion were important regulators of methylmercury production
in sediments. This study provided a valuable and comprehen-
sive analysis of global data, although data for marine sedi-
ments in the Southern Hemisphere were considerably lacking.
To determine the applicability of these models to the
Australian offshore environment, research is needed to under-
stand site-specific sediment geochemistry, mercury speciation
and methylation rates.

Toxicity of mercury to marine organisms

It is well established that mercury is one of the most toxic
metals in the environment (Chen et al. 2008; Mason et al.
2012). Both organic and inorganic forms of mercury have
been reported to have a range of effects on marine organisms
including reduced growth/development and reproduction,
behavioural changes and lethality in acute exposures.
Chen and Dong (2021) exposed an estuarine copepod,
Tigriopus japonicus to mercury (as HgCl,) for 24h. The
authors reported 50% lethality (LC50) at 1000 ug Hg>* /L
at 22°C and 520 pg Hg?* /L at 25°C (Chen and Dong 2021).
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Lee et al. (2017) assessed lethality of aqueous methylmer-
cury exposure to T. japonicus for 48 h and reported an LC10
(concentration of methylmercury to cause 10% lethality) of
3.8 ug/L. Development time and reproduction were also
inhibited at 0.5 and 0.1 pg/L, respectively, however, toxicity
estimates were not calculated for these chronic endpoints
(Lee et al. 2017). Harayashiki et al. (2016) reported reduced
swimming activity in prawns, Penaeus monodon, fed a diet
containing 0.6 and 1.2 pg/g of HgCl, for 96 h. This could
indicate an increased risk for prawns in mercury contami-
nated environments due to the increased risk of predation
(Harayashiki et al. 2016).

In a marine flounder, Paralichthys olivaceus, morphologi-
cal abnormalities and mortality of embryos significantly
increased following aqueous exposure to 13 and 11 pg/L of
methylmercury (48 h exposure) (Ren et al. 2019). Embryos of
another marine fish, Pseudoscianaena crocea, appeared to be
less sensitive than the flounder with 50% lethality following
48h exposure to aqueous methylmercury reported to be
28 ug/L (Yu et al. 2019). Yu et al. also reported a higher
rate of morphological abnormalities at =1 pg/L. In contrast,
larvae of female fish (Cyprinodon variegatus) fed a methyl-
mercury contaminated diet (4.8 mg/kg wet weight) for
2 months were not impacted with respect to survival or growth
(Ye and Fisher 2020). The studies discussed so far represent
estuarine environments with test species exposed to mercury
(inorganic or organic) either through water or diet at salinities
between 27-32 psu. It is also noted that many of the reported
concentrations are substantially higher than are found in the
marine environment and are short term/acute exposures.

Limited chronic mercury toxicity data, for example those
including key endpoints such as development and reproduc-
tion, exists for marine species (salinities >33 psu). The
Australian and New Zealand marine water quality guidelines
report lethal effects ranging from 1.8 ug Hg®* /L, in a crusta-
cean to 800ug Hg?*/L in a fish following exposures for
>30 days (ANZG 2018). This data, along with other mercury
toxicity data is summarised in Supplementary Table S3. We
note that most of this data are acute endpoints and used species
or tests which are more relevant to the Northern Hemisphere
and/or estuarine environments (see above and section
“Application of the ANZG guidelines and framework to the
offshore decommissioning scenario”, for further discussion).

Limited data exists on the toxicity of organic mercury
compounds to marine organisms. ANZG and United States
Environmental Protection Authority (USEPA) reported that
organomercury compounds appear to be 4-31 times more
toxic than inorganic mercury (ANZG 2018). We searched for
recent studies which directly compared the toxicity of
inorganic and methylmercury to marine species. This was
done using the databases and search strings as described
in Supplementary Table S4. This review paper focuses
on understanding impacts of mercury in the offshore
marine environment. Therefore, we identified studies where
exposures were conducted at salinities =33 psu, or where test

species were identified as having a coastal/oceanic distribu-
tion. We identified two publications which are summarised in
Table 3. Raihan et al. (2020) fed adult olive flounder a diet
spiked with HgCl, (at 10, 20, 40 and 160 mg/kg Hg*") or
methyl mercury (10, 20, 40 and 160 mg/kg) for eight weeks
and measured growth (weight gain). Food spiked with
methylmercury reduced weight gain 1.5 times compared to
fish with a diet containing HgCl, (Raihan et al. 2020). The
second study by Wu and Wang (2011) used mercury radio-
isotope tracers (*°*Hg) to investigate the effects of HgCl,
versus methylmercury exposure on marine microalgae.
They observed changes in growth rate and bioaccumulation
of mercury depending on the algal species and the form of
mercury (Wu and Wang 2011). Based on growth rate,
methylmercury was ~60-200 times more toxic than
HgCl,. Chlorella autotrophica (green alga) was the most
and least sensitive species to methylmercury and HgCl,,
respectively. Thalassiosira pseudonana (diatom) was more
sensitive to HgCl, but less sensitive to methylmercury, when
compared to the other two algal species. The authors
reported that the differences in sensitivity to methylmercury
could be explained by the total or intracellular accumulation
of methylmercury. Isochrysis galbana (haptophyte) and
T. pseudonana showed similar sensitivities to HgCl, but
I. galbana accumulated about half the amount of total cellu-
lar Hg®>* compared to T. pseudonana.

A critical knowledge gap exists for the toxicity of mercury
to sediment organisms. Conder et al. (2015) compiled
sediment quality values (SQVs) for mercury based on
‘co-occurrence’ data on the effects of co-occurring contami-
nants on benthic invertebrates from field collected sediments.
In most cases, mercury concentrations were at background
levels and the derived guideline values did not reflect cause-
effect or concentration-response relationships for mercury
because of the potential effects from multiple stressors. The
co-occurrence SQV associated with a lack of effects was 0.16
(0.13-66) mg/kg (median * interquartile range). The SQV
with a potential for effects was 0.88 (0.50-1.4) mg/kg.
Mercury-specific effects data were also compiled from labora-
tory studies using mercury-spiked sediments and field studies
at mercury-contaminated sites. Data from these studies
resulted in no observable effect concentrations that were
orders of magnitude higher than the co-occurrence SQVs; 3.3
(1.1-9.4) mg/kg (median * interquartile range) for mercury-
spiked sediment toxicity tests and 22 (3.8-66) mg/kg for mer-
cury site investigations (Conder et al. 2015). The authors
recommended that further research is required to understand
what measures of mercury exposure best reflect difference in
mercury bioavailability and toxicity of mercury in sediments.
The authors recommended development of a more robust
exposure-response dataset for bioavailable mercury in sedi-
ments. This data could be generated from further studies
investigating toxic effects to benthic organisms in laboratory
studies using mercury-spiked sediments, or in field-studies at
mercury contaminated sites (Conder et al. 2015).
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Summary of studies comparing the toxicity of inorganic and organic mercury to marine species. Only two publications were identified.

Table 3.
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Reference

Toxicity value

Threshold
value (mg/kg)

Temperature
13.5

pH

Mercury Salinity
(psu)

Test
duration

Route of Endpoint
exposure

Common

Species

IC50
(ng/L)

4

species

name

Raihan

18+2

HgCl, 33

Oliver Dietary Growth 8 weeks

Paralichthys
olivaceus

et al. (2020)

8.7

(weight gain) MeHg

Flounder

Wu and

51.7

225+

82+0.1

Aqueous Growth rate 72h 203HgCl,

Diatom

Thalassiosira

Wang (2011)

0.88

Me?*Hg in

N32CO3

pseudonana

96.7

2251

82+0.1

203HgCl,

Green Agqueous Growth rate 72h

algae

Chlorella

0.49

Me?Hg in

N32CO3

autotrophica

56.4

225+ |

82+0.1

203HgCl,

72h

Growth rate

Aqueous

Flagellate
algae

Isochrysis
galbana

0.66

Me?®Hg in
N32CO3

IC50, concentration which causes 50% inhibition in growth rate.

Marine sediment and water quality guidelines
for mercury

Australia and New Zealand’s water quality management
framework includes water and sediment quality guidelines
for mercury (ANZG 2018). These are based on data describ-
ing where negative effects were observed to different marine
organisms and so represent a toxicity impact. The origin of
all the data points used in the water quality guideline is not
clear, although we believe most of the data originates from
the USEPA (1985). We were unable to find the original
publications for all the cited data nor identify all the 43
data points used in deriving the guideline (Supplementary
Table S3). Where we were able to identify the original
source of the data, toxicity was typically based on exposures
to HgCl, (Supplementary Table S3). The source of the toxic-
ity data used in the derivation of the sediment guideline
value is not clear, although it is believed to originate from
Long et al. (1995) and possibly includes data which was
reviewed in Conder et al. (2015).

For waters in Australia and New Zealand, the default
guideline value (DGV) of 0.1 ug/L total mercury is applied
to pristine and slightly to moderately disturbed systems to
account for the biomagnifying nature of mercury. For sedi-
ments the DGV is 0.15 mg/kg total mercury. The DGV-High
is 1 mg/kg total mercury (ANZG 2018). The DGV-high pro-
vides an indication that toxicity-related adverse effects may
already be observed and should only be used as an indicator
of potential high-level toxicity problems, not as a guideline
value to protect ecosystems (ANZG 2018).

These values should be used as part of a weight-of-evidence
process where multiple lines of evidence are applied to assess
risk to an ecosystem. If concentrations of mercury in the
environment are measured below guideline values, it may
be possible that the risk is low, and no further action is
required. If concentrations are measured above these guide-
line values, then further investigations must be undertaken to
determine risk.

Application of the ANZG guidelines and
framework to the offshore decommissioning
scenario

The data used to develop the Australian and New Zealand
sediment and water quality guidelines originates from the
Northern Hemisphere and predominantly represents estuarine/
coastal, not marine species (Supplementary Table S3). This is
understandable given that pollution impacts are typically
located along the coast and in estuarine systems. Offshore
oil and gas activities, including decommissioning, may intro-
duce point sources of pollution in the ocean where environ-
mental conditions are different to the coast. For example, the
main Australian offshore oil and gas producing regions range
from tropical (Bonaparte and Browse Basins) to sub-tropical
(Carnarvon Basin), and temperate (Gippsland and Otway
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Basins) ecoregions (Fig. 1). Maximum water temperatures in
these regions have been recorded above 30°C (Table 1).

The toxicity data used to derive the water quality guide-
lines were generated from tests where the salinity ranged
from 20 to 33 psu and temperature ranged from 4.5 to 25°C
(Supplementary Table S3). As discussed above, the trans-
port, fate and especially methylation of mercury in marine
environments varies greatly depending on the physico-
chemical conditions. The current water quality guidelines
may not be appropriate to apply to the offshore Australian
marine environment. A significant improvement to the
water quality guidelines would be the inclusion of marine/
oceanic species (salinity > 33 psu), and species representa-
tive of tropical/subtropical habitats (temperature > 20°C).

The data used to derive the ANZG sediment DGVs are for
predominantly estuarine or silty sediments (Long et al
1995; Conder et al. 2015; ANZG 2018). Marine sediments
in basins around Australia are typically comprised of sandy
sediments (12-99%) and low TOC (<0.1-2.4%) (Table 2).
Therefore, the ANZG sediment DGVs may not be applicable
to sandy sediments, such as those in the offshore environ-
ment on the continental shelf.

In lieu of site-specific values, guidance is provided to
tailor existing guidelines to local conditions (Simpson and
Batley 2016; van Dam et al. 2019). In waters, this requires
water chemistry data to account for local conditions (Warne
et al. 2014). For sediments, grain size and organic carbon
content are used to refine guidelines for local conditions.
Sediments with finer grain size have an increased capacity to
bind contaminants, including mercury. When conducting site-
specific assessments, the <2 mm sediment particle size frac-
tion should be used to determine metal concentrations and

compare with DGVs so that the potential risk from contami-
nants is not diluted by a mass of larger particles. Contaminants
in the <63 um fraction should be analysed, as particles of this
size are more readily resuspended or potentially ingested by
benthic organisms (Simpson and Batley 2016).

The unique chemistry of mercury means that relation-
ships between sediment characteristics and risk are not clear.
For example, sandy sediments have a lower binding capacity
compared to silty sediments, so metal contaminants may
pose a greater risk to marine organisms because they are
more likely to partition to the porewaters and may be more
bioavailable to local organisms (ANZG 2018). However,
sandy sediments also typically have unfavourable conditions
for mercury methylation (low TOC, oxygenated) and are not
believed to promote methylating microbial activity. This
could reduce the methylation rate and mean that methyl-
mercury may pose a lower risk in these environments.

For both waters and sediments, guideline values are
based on total mercury and derived largely using toxicity
data for inorganic mercury. As discussed above, it has been
demonstrated that methylmercury is more toxic (Table 3).
Future iterations of these guideline values should consider
the inclusion of toxicity data for methylmercury or the devel-
opment of a guideline value specifically for methylmercury.

Additional impacts beyond toxicity to local organisms may
also arise from mercury contamination. Methylmercury can
biomagnify in food webs. This may cause toxic effects to
organisms occupying higher trophic levels (such as seabirds
and humans) and may cause other impacts to users of marine
resources. The USEPA has released a water quality criterion
based on 0.3 mg of methylmercury per kg of fish tissues (wet
weight). This is the concentration of methylmercury in

Major offshore oil and gas producing basins in Australia
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freshwater and estuarine fish and shellfish tissue which
should not be exceeded to ensure protection of human con-
sumers (USEPA 2001). This is the first time that a water
quality criterion for methylmercury expresses a human
health criterion as a concentration of contaminant in fish
and shellfish tissue, rather than the concentration in the
water column (USEPA 2001). Using a fish tissue concentra-
tion of methylmercury as the criterion could create chal-
lenges in the application to monitoring levels in waters or
sediments. However, given concentrations of methylmercury
in waters and sediments are often <5% of total mercury, and
may be close to or below detection limits of analytical
instruments, measuring concentrations of methylmercury in
higher trophic organisms provides an additional line of evi-
dence to assess impacts on the ecosystem and potential
exposures to human consumers.

The Australian and New Zealand Food standards Code
(FSANZ 2017) prescribes maximum levels for mercury in
seafood for human consumption. In fish known to contain
high levels of mercury (such as swordfish, southern bluefin
tuna, barramundi, ling, orange roughy, rays and shark), a
tissue concentration of 1 mg/kg of total mercury is applied.
For all other species of fish, it is 0.5 mg/kg. Exceeding these
values may result in impacts to recreational and commercial
fishing communities and Indigenous populations that use
marine resources. We are uncertain if the current FSANZ
guideline values will prevent regional-scale food web impacts
from local releases of mercury from oil and gas infrastructure.

It is unclear how best to predict the environmental concen-
trations that will cause mercury biomagnification impacts.
Tissue concentration standards for metals could be adopted
for contaminants such as mercury which biomagnify in
marine food webs. However, models that can predict tissue
concentrations in any given food web based on exposure
concentrations are still in their infancy.

Past examples of mercury contamination in
the marine environment

This section describes two instances of historical anthropo-
genic mercury contamination in the marine environment.
These examples highlight the local environmental controls
on the subsequent fate of that mercury in sediments, over-
lying water, and accumulation in marine food webs.

German submarine U-864 wreck, Norway

Lying in approximately 150 m of water off the Norwegian
North Sea Island of Fedje is the German World War II
submarine (U-864), which was estimated to be carrying
67 tonnes of elemental (liquid) mercury when it was sunk
in 1945. The mercury was believed to be stored in >1860
steel canisters to provide ballast within the submarine’s keel
(Ndungu et al. 2017). This has contributed to an elevation of
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up to 108 g/kg dry weight (d.w.) inorganic mercury within
the sediment (gravelly sand and sandy clay overlying glacial
debris deposited on bedrock) at the wreckage hotspot to
approximately 1 mg/kg d.w. at 100 m from the wreck, sam-
pled in 2005 (Uriansrud et al. 2005). Ndungu et al. (2017)
collected 2-3m length sediment core samples and found
that the average mercury concentration at 0.1-3m depth
sampled close to the wreck was 0.13 mg/kg, suggesting that
the majority of mercury was still present in the surficial
layers within the sediments. The concentration of methyl-
mercury within sediments around the wreck was very low
(<0.05% of total mercury; Ndungu et al. 2016).

Ndungu et al. (2016) conducted a laboratory study using
sediments collected near the U-864 wreck, with the addition
of organic carbon (in the form of Chlorella algae), to deter-
mine the formation of methylmercury within the sediments
and in the overlying water. Total mercury concentration mea-
sured in the sediment was 8.9 + 1.8 mg/kg d.w. (mean * s.d.
n = 3). The study was conducted over 6 months in the
absence of bioturbating biota (i.e. burrowing invertebrates)
and found that methylmercury production was limited by the
amount of organic carbon available within the sediment. For
those sediments without any additional organic carbon (1%
organic matter as per field conditions), the methylmercury
fraction (as a % of total mercury) in the sediment was very
low (approx. 0.02%) for the duration of the 6-month experi-
ment. The study also found a strong positive correlation
(R%? = 0.92) between organic carbon within the sediment
and the flux of both total mercury (up to 1000 ng/m?/day)
and methylmercury (up to 100 ng/m?/day) to the overlying
water (Ndungu et al. 2016). Though the results of this study
demonstrated the methylation potential of the mercury-
contaminated sediment, the study was conducted under con-
trolled laboratory conditions, and it is unknown how this
would translate to field conditions.

While mercury concentrations in surficial sediment around
the submarine U-864 were substantial, the mean concentra-
tion in the muscle tissue of tusk fish caught in 2009
(0.21 + 0.08 mg/kg wet weight (w.w.); Brosme brosme, the
main fish species around the island of Fedje at 150 m) were
similar or lower than the mean tissue concentration of tusk
caught at nine other stations along the Norwegian coast in the
same period (0.37 mg/kg w.w.; Kvangarsnes et al. 2012).
These values were below the European Commission’s upper
regulatory limit of mercury in fish muscle meant for human
consumption of 0.5mg/kg w.w. (European Commission
(EC) 2006).

Rua-Ibarz et al. (2016) conducted analyses of the stable
mercury isotope composition of elemental mercury recov-
ered from an intact steel container and from sediments
around the U-864 wreck in 2013. They also collected
crabs (Cancer pargurus) from the wreck location and at
4 nautical miles (nm) north and south of the wreck. Due
to the use of stable mercury isotopes, the sediment mercury
contamination and the mercury within the brown meat
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(mainly the digestive organ/hepatopancreas and gonads)
could be unequivocally linked with the elemental mercury
from the wreck. Furthermore, the stable mercury isotope
signatures of the crab’s brown meat suggested that direct
ingestion of the elemental mercury from the wreck was occur-
ring (Rua-Ibarz et al. 2016). No other wreck-originating mer-
cury was found in the marine food chain.

Mean concentrations of total mercury in claw meat (mus-
cle tissue) were 0.11 mg/kg w.w. and in brown meat were
0.094 mg/kg w.w. (Rua-Ibarz et al. 2016). These concentra-
tions were not substantially higher than tissues of the same
species caught elsewhere along the Norwegian coast with
means of 0.095 and 0.067 mg/kg w.w. for claw and brown
meat respectively. Rua-Ibarz et al. (2016) noted that the low
organic matter content of the sediments around U-864
(approximately 1%; Ndungu et al. 2016) likely means that
the majority of total mercury within the sediments was
present as elemental mercury, which is less bioavailable
than other mercury species. The data suggest that even
when exposed to significant concentrations of total mercury
in sediments (as elemental mercury) the total concentrations
of mercury within crabs was not substantially above back-
ground concentrations found in non-contaminated sites.

Studies conducted around this wreck where significant
concentrations of elemental mercury were deposited within
the sediment suggest that there was minimal bioaccumula-
tion of mercury to the broad marine food chain. When
mercury was found to have bioaccumulated in benthic spe-
cies (e.g. in crabs and tusk fish), concentrations were below
human consumption regulatory limits and not substantially
above mercury concentrations found in the same species
collected away from the wreck. These findings are contrary
to other studies where lower mercury concentrations within
sediments were found to have bioaccumulated to a greater
degree. This suggests that the speciation of mercury (ele-
mental mercury in the case of this wreck) within marine
sediments is a governing factor driving the methylation
potential and bioavailability of mercury to marine orga-
nisms. It is therefore important to understand the site-
specific mercury speciation when assessing the potential
for bioaccumulation in marine biota.

Minamata Bay, Japan

Between 1932 and 1968, industrial wastewater containing
methylmercury and other mercury compounds was dis-
charged directly into Minamata Bay, Japan, seriously con-
taminating waters, sediments, and biota (Balogh et al. 2015).
Subsequent studies suggested that 70-150t of mercury had
been discharged to Minamata Bay, including 0.6-6t of
methylmercury. Total mercury concentrations in the bottom
sediments of Minamata Bay were found to exceed 25ug/g
d.w. over a large area (2.1 km?). Concentrations over
100 ug/g were not uncommon, and contamination to a sedi-
ment depth of 4 m was observed. As part of a comprehensive

remediation project initiated in 1977, the portion of the bay
closest to the discharge outlet was sealed off from the rest of
the bay. The enclosed area (0.58 km?) isolated the most
highly contaminated sediments. Sediments outside this
area, with total mercury concentrations exceeding 25 ng/g,
were suction-dredged and deposited within the enclosure.
Upon project completion in 1990, the enclosed area was
capped and covered with clean topsoil and developed for
recreational use. In samples taken in 2002, concentrations of
total mercury in surface sediments in Minamata Bay were
generally less than 6ug/g and varied little within the top
6-8 cm, indicating that the most highly contaminated sedi-
ments had been removed but suggesting also that substantial
sediment resuspension, mixing, and subsequent re-deposition
had occurred since the dredging project (Balogh et al. 2015).

Methylmercury concentrations in the Minamata Bay sed-
iments were measured by Matsuyama et al. (2016) in sam-
ples collected between June 2013 and October 2014,
28 years after dredging operations ceased. The Bay sedi-
ments consisted of sandy silt, and the average loss-on-
ignition organic carbon concentration in surface sediment
was 7.0 = 2.3%. The average methylmercury concentrations
in the upper sediment layers in Minamata Bay were signifi-
cantly higher than those in the lower sediment layers. The
average concentration of methylmercury in surface sediment
was 1.74 = 1.0ng/g, d.w. (n = 107, maximum 5.50, mini-
mum 0.01 pg/kg). This was almost 16 times higher than that
in surface sediment from a nearby control site, which was
0.11 = 0.045ng/g (n = 5). The ratio of the methylmercury
concentration to the total-mercury concentration was 0.06%
(Matsuyama et al. 2016).

Total mercury and methylmercury were determined in
core samples taken at selected locations in Minamata Bay in
2002 by Tomiyasu et al. (2006). Both total mercury and
methylmercury were highest in the upper layers (top
10-20 cm) of the sediment profile. Fish mercury concentra-
tions decreased following remediation but remained near the
Japanese regulatory limit of 0.4 ug/g w.w. and are higher
than those found in many other coastal Japanese fisheries
(Balogh et al. 2015). Overall, these studies indicate that
Minamata Bay provides very valuable information on the
fate of mercury in a contaminated marine environment. The
linkages between mercury methylation in sediments and
bioaccumulation in fish are worthy of further investigation.

Understanding potential risks of mercury
from subsea pipelines

Studies of inputs of metal contaminants to the marine envir-
onment from offshore oil and gas activities have largely
been concerned with rock cuttings from drilling and forma-
tion water (produced water) extracted with hydrocarbons
(Bakke et al. 2013). In a review of chemical contaminants
entering the marine environment from sea-based sources,
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including offshore oil and gas exploration and production
(Tornero and Hanke 2016), the only mention of risks from
subsea pipelines is from the mobilisation of contaminants
held within the sediment when the seabed is disturbed i.e.
via pipeline laying during asset development or during scour
due to seabed currents during operation. Residual scale
(containing mercury and other contaminants) within pipe-
lines was not mentioned in the review.

In a paper reviewing offshore decommissioning regulations
in five countries, Fam et al. (2018) mentioned that there is
high mercury content in crude oil in the region of South East
Asia and that consequently, equipment and structures ‘may be
contaminated with higher levels of mercury and require spe-
cial waste processing.” Where contaminated infrastructure is
removed from the seabed and transported across boundaries
for cleaning/disposal, the Basel Convention must be adhered
to in order to provide operational and safety boundaries of the
shipment of contaminated items. Furthermore, management
plans in the receiving country need to be in place (Fam et al.
2018). However, nothing further is discussed in the publica-
tion around the management or fate of mercury within off-
shore infrastructures.

The Gulf publication entitled ‘The Petroleum Engineering
Handbook: Sustainable Operations’ lists specific national
standards for decommissioning of subsea pipelines: in
Norway a preferred option is to abandon pipelines in situ
provided they do not ‘impede other users of the sea’; in the
United Kingdom, pipelines are addressed case by case with
major pipelines considered for in situ abandonment; in the
United States, pipelines can be abandoned in situ provided
they do not ‘constitute a hazard to navigation or commercial
fishing’ (Khan and Islam 2007). There are no other mentions
of pipeline scale/contaminants within this publication.

A recent review by Sommer et al. (2019) did not mention
mercury or pipeline scales and made only a single mention
of metals (vis bioaccumulation) in the context of considera-
tions of environmental criteria for decommissioning assess-
ment. Another contemporary review of practices and reefing
options for global oil and gas platform decommissioning by
Bull and Love (2019) provides a comprehensive summary of
decommissioning and multiple case studies. However, the
review focuses primarily on the ecological aspects of ‘rigs to
reefs’ and has no mention of mercury and only mentions
metals in the context of scrap infrastructure and drilling
fluids. In the last year, a handful of review papers have
highlighted the need to understand the risks associated
with any contaminants (Melbourne-Thomas et al. 2021;
Schlappy et al. 2021) within subsea infrastructure, especially
naturally occurring radioactive materials (MacIntosh et al.
2021; Koppel et al. 2022), and mercury (Kho et al. 2022).

The available literature demonstrates that there has pre-
viously been a lack of appreciation for the management of
contaminants within offshore petroleum infrastructure.
Critical knowledge gaps around mercury cycling in marine
environments need to be addressed to better facilitate risk
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assessments and decommissioning practices into the future.
In addition, to assess potential risk of mercury from subsea
pipelines, data on mercury inventories in oil and gas infra-
structure are needed. We also require standardised methods
to calculate and model dispersion and mixing of mercury
from pipeline scale into sediments to estimate mercury con-
centrations in surrounding sediments.

Recommendations

Scientific principles related to mercury methylation, methyl-
mercury cycling, bioaccumulation and trophic transfer to
humans are relatively well established (Bank 2020).
However, certain aspects on the biogeochemistry, transfer,
and fate of mercury in the marine environment remain
poorly understood. It was just under 10 years ago that the
hgcAB gene pair for mercury methylation was identified
(Parks et al. 2013). But the diversity of microorganisms
which possess this gene and the habitats in which they are
found are yet to be fully uncovered. The presence and
bioaccumulation of methylmercury in the marine food
chain is one example where we still do not completely
understand the source of the methylmercury.

In the context of decommissioning, we need to better
understand the biogeochemistry, transport, and fate of mer-
cury in the marine environment so that we can appropriately
assess the risk of potential contamination from mercury
within subsea oil and gas pipelines. Fig. 2 is a conceptual
model outlining some of the research questions that require
further investigation:

1. What is the likely spatial extent of mercury contamina-
tion following pipeline decommissioning? We require an
understanding of the mercury inventories within subsea
pipelines and standardised methods/models to estimate
mercury contamination in the sediment once corrosive
breakthrough of a pipeline occurs. Further information is
required on background concentrations of total- and
methylmercury in Australian marine sediments to assess
when contamination has occurred, or to detect concen-
trations above a site-specific threshold value that may be
of concern.

2. What are the likely rates of mercury methylation in the
Australian marine environment and how do local envir-
onmental factors and mercury speciation affect these
rates? What are the concentrations of total- and methyl
mercury in porewaters? Laboratory and field experiments
are required to understand the oxidation, solubility, and
rates of methylation of different forms of mercury (HgS
and Hgo, for example) under various sediment conditions
relevant to the Australian marine environment. Data on
sediment physico-chemical properties and biomonitoring
of local microbial communities are also required to pro-
vide better assessments on methylation potential.
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Fig. 2. A conceptual model highlighting some of the key research areas that require further investigation to contribute to a
more robust risk assessment of mercury in subsea oil and gas pipelines.

. What are the likely dispersion and diffusion rates of
different mercury species from solid to aqueous and
particulate phases? Laboratory and field studies should

accumulation within a food-web and possible outcomes
to human consumers. Food safety standards for mercury
in fish tissue should be considered in a risk assessment

aim to understand the rate of diffusion of total and
methylmercury from marine sediments to the overlying
water accounting for various sediment and water condi-
tions relevant to the offshore environment.

4. What is the impact (bioaccumulation and toxicity) of
inorganic- and methyl-mercury to Australian marine orga-
nisms? The sediment and water quality guidelines were
derived using data for predominantly northern hemi-
sphere/estuarine species. Toxicity data and guidelines
which are more relevant to the offshore environment are
required.

5. At what concentration do local mercury releases (i.e.
from a subsea pipeline) result in substantial biomagnifi-
cation of inorganic- and methyl-mercury in a marine food
web? If subsea pipelines are decommissioned in situ with
the justification of forming an artificial reef, which sup-
ports enriched biodiversity and a higher biomass of com-
mercially important fishery species, then further research
is required to understand the potential risk of mercury

framework, alongside chemical and toxicological data.

Supplementary material

Supplementary material is available online.
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