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When offshore oil and gas infrastructure is no longer needed, it is either removed,
partially removed, left in place, or left in place but repurposed. These processes are
collectively referred to as decommissioning. Australian legislation requires oil and gas
companies to develop acceptable plans for the safe removal of all offshore infrastructure
at the end of a project’s life. Over the next 50 years, the liability for this decommissioning
in Australia is expected to exceed US$45 billion. Unlike countries such as Norway,
the United Kingdom and the Netherlands, Australian decommissioning activities are
in their infancy, with only three cases (to date) in Commonwealth waters where
infrastructure has been left in place or partially removed as part of decommissioning.
Differences between the Australian marine environment and that of other regions
around the world where decommissioning-related research is better progressed include
very low sedimentation rates, both tropical and temperate habitats, different species
composition, low primary production, and frequent tropical cyclones, as well as
unique sociodemographic and cultural characteristics. Accordingly, the outcomes of
the decision support tools used in other regions to identify preferred decommissioning
options may not be equally applicable in Australia. Here we describe research to
support risk and impact assessment for offshore decommissioning in Australia, where
full removal of infrastructure is the “base case” regulatory default, but other options
including partial removal and/or repurposing might provide similar or better outcomes
when environmental, social, economic and seafood safety aspects are considered.
Based on our review we propose an integrated framework for research needs to meet
legislative requirements for decommissioning and identify research gaps that need to be
addressed to inform decision-making for decommissioning in the Australian context.

Keywords: oil and gas decommissioning, Australia, decision-making, productivity, connectivity, contaminants,
social license

INTRODUCTION

Decommissioning is the process of plugging and abandoning oil and gas wells then removing
or repurposing infrastructure at the end of its useful life. Decommissioning, as mandated in a
range of national policies, should happen in a safe and environmentally and socially responsible
manner. There has been very limited decommissioning in Australian Commonwealth waters
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(i.e., those that are more than 3 nautical miles offshore)
to date, and almost no associated monitoring (Raitt et al,
2019). Australia has in the order of 3,500 km of pipeline,
57 platforms, and 11 floating facilities currently operating in
Commonwealth waters (National Offshore Petroleum Safety
and Environmental Management Authority [NOPSEMA], 2019a;
Advisian, 2020), with additional pipelines and platforms in
Western Australian and Victorian state waters. Australia’s
National Offshore Petroleum Information Management System
lists 1,648 wells drilled offshore since January 2001, with most
activity concentrated in Australia’s north-west and the south-
east regions (Figure 1). Few of Australias oil fields have been
depleted to the point where decommissioning is required but
more than half of Australias offshore petroleum assets are
older than 20 years, with some exceeding 50 years, and as a
consequence, would be expected to be approaching end of life
soon. Estimates of Australias decommissioning liability over
the next 50 years are between US$30 and 50 billion (National
Energy Resources Australia [NERA], 2019; Advisian, 2020; Wood
Mackenzie, 2020).

The benefits and costs (particularly the environmental ones)
associated with the operational phase of oil and gas infrastructure
have been well established internationally (e.g., Schroeder and
Love, 2004; Bernstein, 2015; Claisse et al., 2015; Cordes et al,,
2016; Fowler et al., 2018; Bull and Love, 2019; Sommer et al,,
2019; Beyer et al., 2020; Meyer-Gutbrod et al.,, 2020) and in
Australia (e.g., Macreadie et al, 2011; McLean et al., 2017,
2018, 2021; Schramm et al., 2021). However, the environmental
costs and benefits associated with decommissioning are less well
studied, particularly in Australia because there is little precedent
for the regulatory requirements for building an environmental
case that justifies choosing a leave-in-place decommissioning
option here. Moreover, the interdependence of the costs and
benefits between the operational and decommissioning phases
is relatively understudied. For example, during the operational
phase, discharging produced water (PW; see Box 1 for acronyms
and definitions of terms used in this paper) containing high
concentrations of organic carbon and nutrients such as ammonia
affects the productivity of the surrounding ecosystem. It is
not certain how comparable the productivity will be once that
discharge stops. There are also likely to be social consequences—
or costs—to decommissioning decisions (discussed below).

Generalisations about the ecological value of decommissioned
oil and gas infrastructure from other well studied regions
may manifest differently in Australian waters because: (1)
Australia’s large marine estate contains a large number of different
temperate and tropical marine habitats at the continental scale
(Figure 1); (2) species assemblages in Australia are distinct
from northern hemisphere regions which have been the focus
of decommissioning research to date (notably the Gulf of
Mexico, California, the North Sea, and the Adriatic Sea; see
section “Status of Decommissioning Research Internationally
and in Australia”); (3) the low rate of sedimentation in the
Australian marine environment (e.g., Blom and Alsop, 1988;
Baker et al., 2008), a consequence of comparatively low primary
production and low riverine discharge, may affect the persistence
of environmental contaminants around offshore infrastructure;

BOX 1| Glossary and acronyms.

BPEO - Best Practicable Environmental Option Analysis; a type of decision
support tool used in decommissioning

CA - Comparative Analysis; a type of decision support tool used in
decommissioning

Commonwealth Waters - located more than three nautical miles offshore
Drill cuttings - the waste material, containing drilling muds, from drilling
wellheads. Drill cuttings may have been in contact with the formation.

Drilling muds - fluids containing lubricants used when drilling wellheads

EP - Environment plans; documents required by NOPSEMA that describe the
potential risks of an activity to the environment and how those risks will be
mitigated.

Formation - in this case, the geological layer in the subsurface in which the
petroleum formed and from which it was extracted

MCA - Multi Criteria Assessment; a type of decision support tool
Mattresses - subsea infrastructure supporting pipelines

NEBA - Net Environmental Benefit Analysis; a type of decision support tool
NOPSEMA - National Offshore Petroleum Safety and Environmental
Management Authority; the Commonwealth agency with regulatory authority
for the offshore oil and gas industry.

QRA - Quantitative Risk Assessment; a type of decision support tool

PAH - Polycyclic Aromatic Hydrocarbons; components within oil that confer
toxicity

PRA - Probabilistic Risk Assessment; a type of decision support tool

PW - Produced water; water from the formation that is brought to the surface
during the oil production process

Sediment infauna - animals that live in sediments

Topsides - the upper portion of an oil and gas platform (above the water line).

and (4) finally, Australia has unique circumstances for social
acceptability/social license in the context of decommissioning
(see section “Socioeconomic Considerations”).

Here we provide an outline of research areas/needs that will
help to ensure decommissioning in Australia builds on extant
knowledge from other locations while recognising Australia’s
specific and unique characteristics. The aims of this paper are to:

(i) consider research needs for evaluating environmental
risk and impacts for decommissioning options in
Australia, relative to the unique aspects of its biodiversity,
marine environment and sociodemographic and cultural
characteristics

(ii) develop a general framework that identifies the
information needed to make environmentally sound
decisions about decommissioning options (and that
considers linkages between these aspects)

THE REGULATORY CONTEXT IN
AUSTRALIA

The National Offshore Petroleum Safety and Environmental
Management Authority (NOPSEMA) is Australia’s independent
regulator for health and safety, structural (well) integrity and
environmental management for oil and gas operations and
greenhouse gas storage activities in Commonwealth waters,
and in coastal waters where regulatory powers and functions
have been conferred (National Offshore Petroleum Safety and
Environmental Management Authority [NOPSEMA], 2019c).
Current decommissioning legislation defines a “base case”
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FIGURE 1 | Locations of offshore oil and gas activity in Australia. Red circles show wells drilled by the oil and gas industry in the Australian marine environment
between January 2001 and January 2021 (not to scale; data from https://nopims.dmp.wa.gov.au/Nopims/). Numbers of structures are indicative based on publicly
available information and are derived from Advisian (2020). The diversity of marine environments in which these operations have occurred is shown by IMCRA v4.0
bioregions (pastel colours; Commonwealth of Australia, 2006). Commonwealth waters are those that are more than three nautical miles offshore.

expectation that oil and gas producers will remove all
infrastructure prior to surrender of the petroleum title. While
full removal of infrastructure is the default decommissioning
option, other options include: (1) partial removal (this may
range from almost complete removal where infrastructure is
removed near to the sea-floor, but foundations are left in place,
through to minimal removal where topsides are removed and any
navigational risks addressed); (2) remain in situ (infrastructure
is left in place, or toppled, after some level of removal); or (3)
reefing (the process of using decommissioned infrastructure to
form an artificial reef in the expectation of some environmental,
social or economic value—infrastructure may be positioned
in situ or placed elsewhere) (Shaw et al., 2018; see also Table 1).
NOPSEMA’s view is that the option selected needs to provide
equal or better environmental outcomes than the base case,
and demonstrate that environmental risks can be managed
to be at an ALARP (As Low As Reasonable Practicable) and
acceptable level (see section “Assessing the Impacts and Risk
of Different Decommissioning Options”). The mechanism for
demonstrating that the environmental risks associated with a
preferred decommissioning option are ALARP is via submission
of an Environmental Plan. An Environment Plan will be rejected

if it does not predict at least equal or better environmental
outcomes for decommissioning in situ rather than the default
base case. NOPSEMA recently released a new compliance
strategy comprising objectives, action and targets to achieve
the overarching goal that decommissioning is completed by
titleholders in a timely, safe, and environmentally responsible
manner (National Offshore Petroleum Safety and Environmental
Management Authority [NOPSEMA], 2021). These updates
identify triggers for decommissioning which include a pending
sale, the time a facility has been in a non-production state,
and/or an apparent lack of planning for decommissioning.
Notably, current proposed changes to legislation also include so-
called “trailing liability,” which would mean that under certain
circumstances a company could remain liable to remediate
an offshore petroleum asset and the immediate environment
surrounding the infrastructure even after the title has been sold
(Commonwealth of Australia, 2020).

Australian State- and Territory-level legislation that applies
to offshore petroleum facilities in their jurisdictional waters
(nearer than three nautical miles to shore) generally mirrors
Commonwealth legislation. The Commonwealth Environment
Protection and Biodiversity Conservation Act 1999 (EPBC Act)
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TABLE 1 | Decommissioning options for oil and gas infrastructure.

Platform infrastructure Decommissioning options

Topsides Leave in place (repurpose)
Remove

Platform jackets Leave in place

Relocate for artificial reefing
Partial removal

Complete removal

Floating Storage Production and Offtake Remove

facilities (FPSO) and Risers
Concrete Gravity Structures Leave in place
Remove

Sea bed Wellheads, Manifolds and Valves Remove

Wells Plug and abandon
Mattresses Leave in place

Remove
Pipelines Cut ends and leave in place

Trench and bury
Remove

Adapted from Advisian (2017).

also applies in State or Northern Territory waters to activities
that may affect a matter of national environmental significance.
In these circumstances, there may be a bilateral agreement in
place to allow the State assessment process to be relied upon by
the Commonwealth.

STATUS OF DECOMMISSIONING
RESEARCH INTERNATIONALLY AND IN
AUSTRALIA

There have been a number of studies that show clear benefits
of leaving oil and gas infrastructure in situ, and others that
demonstrate how these structures pose a risk to the environment.
Generally, the factors that influence these costs and benefits are
considered to be: (i) the creation of habitat for managed or valued
species, as well as the potential risk of oil and gas infrastructure
aiding the spread of invasive species; (ii) the potential for impacts
of legacy contaminants associated with either drilling or oil
and gas production; and (iii) potential socioeconomic concerns
relevant to stakeholders needs (including social acceptability of
different decommissioning options). These factors are likely to
influence each other (Figure 2; Schlippy et al., 2021) and should
not be considered in isolation. In the sections below, we describe
the lessons learned from the international literature for each of
these factors, and also describe the circumstances that are unique
to the Australian context.

Ecological Considerations for
Decommissioning
Habitats and Biodiversity

The positive effects of oil and gas structures on biodiversity
and/or productivity are frequently cited to support a leave-in-
place decommissioning decision. Biodiversity on and around

infrastructure may increase due to the presence of hard, complex
substrate, as well as enhanced recruitment and/or due to
the ongoing attraction of fish and invertebrates (Macreadie
et al, 2011; Love et al, 2012; McLean et al, 2017; Bull and
Love, 2019; Claisse et al., 2019). Approval to leave-in-place
requires operators to provide evidence that the infrastructure
is of high conservation value with respect to habitats and
biodiversity. Specifically, the biomass, community composition,
productivity and health of the organisms inhabiting the oil and
gas structures must be quantified to determine the conservation
value of the habitat.

It is well documented that oil and gas infrastructure is used
as habitat by a variety of marine species (Love et al., 2000,
2012, 2019a; Bull and Love, 2019). For example, oil and gas
platforms offshore of Santa Barbara, California, host abundant,
and productive fish communities (Love et al., 2012; Claisse et al.,
2014; Pondella et al., 2015), with differences in the composition
of invertebrate communities relative to nearby reefs (Love et al.,
2019b), including a large number of introduced species at the
oil platforms (Page et al., 2006). Studies in the Gulf of Mexico
also found a higher diversity of target fish species (i.e., Lutjanus
campechanus, Red Snapper) and deep sea coral communities
associated with platforms than with comparable sites 2-3 km
away (Ajemian et al., 2015; Benfield et al., 2019). These structures
may also offer feeding benefits for apex predators such as seals
(Russell et al., 2014).

Artificial hard structures are known to have different species
assemblages than natural reefs (Carvalho et al, 2013). The
(comparatively) smooth surfaces of oil and gas infrastructure
may alter the species composition. Increased habitat complexity
(3-D relief of a surface) generally increases the biodiversity
and abundance of marine fouling communities (Strain et al.,
2021), with platform complexity linked to enhanced diversity
and abundance of fishes (e.g., Meyer-Gutbrod et al., 2019a).
The smooth surfaces of oil and gas infrastructure may also alter
the species composition of invertebrate communities, especially
when they are “new” and the ecological succession process is
just commencing (Sommer et al., 2019). Artificial structures
are also frequently coated with antifoulants, which can favour
the survival of weedy, generalist species (Piola et al., 2009).
However, the longer infrastructure is immersed, the more similar
species assemblages become with surrounding natural habitat
(Sommer et al., 2019).

Communities with different composition than nearby hard
substrate may still have conservation value. For instance, in the
North Sea it was shown that oil and gas structures increased
connectivity for threatened and endangered cold-water corals
(Fowler et al., 2014). Similarly, widespread bottom trawling on
Australia’s Northwest shelf in the 1970s and 1980s caused a
change in the associated fish community, and it is possible that
oil and gas infrastructure provided refuge for some species. In
Australia, numerous studies have demonstrated that fish utilise
oil and gas infrastructure as habitat (Macreadie et al., 2011, 2012;
Pradella et al., 2014; McLean et al., 2017, 2018) and often support
higher biomass and abundances of large, commercially important
species than adjacent sandy habitats (Bond et al., 2020). However,
the composition of communities at oil platforms and pipelines
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FIGURE 2 | Summary of connections between different research elements needed to consider risk and impacts for decommissioning options. Boxes and arrows are
colour coded as: ecological aspects (green), contaminant aspects (blue) and socioeconomic aspects (purple).

has generally not been compared to natural areas in Australia
(e.g., Macreadie et al., 2011, 2012; Pradella et al., 2014).

There may be seasonal differences in the habitat value of
oil and gas infrastructure. Geographical and seasonal variation
in large-scale oceanographic currents and water temperatures
present unique considerations when assessing habitat quality
of infrastructure. For example, on Australias Northwest shelf,
where there is considerable co-located infrastructure (Figure 1),
environmental conditions are strongly influenced by large-
scale oceanographic currents, including the south-westerly-
flowing Indonesian Throughflow and Leeuwin currents. These
currents transport warm, clear, oligotrophic waters to the
outermost Northwest shelf between March and August (Cresswell
and Peterson, 1993), resulting in strong seasonal variation in
environmental conditions and larval connectivity across the
shelf (Young et al., 1986; Beckley et al,, 2009). Abundances
of fish and invertebrate larvae in the water column have been
shown to be highly variable across seasons (Young et al., 1986),
being generally highest in August when the Leeuwin current
is nearing the end of its seasonal peak (Beckley et al., 2009;
Ridgway and Godfrey, 2015). Video-based observations of fish
larvae on pipeline infrastructure across the Northwest shelf also
supports the notion that larval distribution and connectivity is
strongly influenced by large-scale oceanographic currents, with
highest abundances and diversity of fish larvae also occurring
in August when the Leeuwin current is nearing the end of
its seasonal peak (McLean et al., 2017). Variation in large-
scale oceanographic currents may therefore be an important
consideration in assessing the quality of habitat of co-located
infrastructure on Australias Northwest shelf. We recommend

that in Australia, biological surveys be conducted in multiple
seasons to account for these differences.

Productivity

Biological productivity at oil and gas infrastructure may justify
leaving (partial) structures in situ. The wide depth range of oil and
gas platforms can provide predator refuges at midwater depths,
allowing for vertical separation between juvenile and larger fishes
(Love et al., 2000; Pondella et al., 2015). Recent literature shows
Californian oil platforms have amongst the highest production
for fish of any system measured worldwide (Claisse et al., 2014),
yet habitat values vary greatly among platforms, even among
those located in similar ecological settings (Fowler et al., 2015).
Productivity at one platform therefore cannot be used to infer the
productivity of other platforms, especially across great distances
(Fowler et al., 2015).

High fishery productivity on Californian oil platforms
is strongly linked to high biomasses of structural epifauna
(“biofouling communities”) and high nutrients. Abundant
biofouling communities, including barnacles and blue mussels,
are fuelled by the primary production that occurs in the nutrient
rich environments of the Southern California coast and also
in the North Sea. These abundant biofouling communities
can contribute to fish production via three mechanisms. First,
increased physical complexity greatly increases surface area
of hard substrate available to larval fish (Love et al., 2019a),
promoting enhanced larval recruitment (Emery et al., 2006).
Second, the larvae produced by fouling communities provides
food for juvenile fish that recruit as larvae and utilise the
structures as a predator refuge (Bull and Love, 2019). Third,
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organisms (e.g., blue mussels) grow on platforms until their body
weight exceeds their capacity to remain attached, at which point
they fall to the base of the platform, creating shell mounds at rates
of up to 70 kg of shell per day (Love et al., 1999; see Figure 3).
These shell mounds host a rich and diverse community of
invertebrates and fishes, which provide food for large, predatory
fishes at the base of the platform (Love et al., 1999; Page et al.,
2005; Meyer-Gutbrod et al., 2019b). In the Gulf of Mexico, by
contrast, where shell mounds are comparatively rare, there is not
a comparable invertebrate community and, as a consequence,
there are fewer large predatory fish (reviewed in Goddard
and Love, 2010). In Australian waters, primary productivity
is relatively low, and Australian oil and gas infrastructure is
not typically associated with shell mounds (Figure 3). The fish
productivity at Australian platforms needs to be determined for
productivity to be used as a justification for decommissioning
infrastructure in situ.

The options chosen for decommissioning may affect the
productivity and conservation value of the system. For instance,
the fisheries productivity at a platform may change with depth
(Love et al., 2000; Pondella et al., 2015). Partial removal would
likely result in the loss of fish biomass and production for
species typically occupying the shallow portions of the platform
structure. In California, it has been estimated that complete
removal of a platform would result in 95% or more reduction
in the average fish biomass and production, while losses due to
partial removal would average 10% or less (Meyer-Gutbrod et al.,
2020). We are unaware of similar studies having been conducted
in Australia. If the value of oil and gas infrastructure as habitat
is used to justify leaving the platforms partially in place, we
recommend determining how the removal of the upper portions
of the structure will change the habitat value.

Invasive Species
Subsea infrastructure may act as a conduit to facilitate the spread
of invasive marine species by providing suitable habitat in areas

FIGURE 3 | Shell mounds in California (inset) compared with the Australian
context (no shell mounds). For structures in Californian environments there is a
high level of growth of mussels on infrastructure, which deposits shell mounds
to the seafloor (and then provides habitat and a food source for fish and
invertebrates). By contrast, Australian oil and gas infrastructure is not typically
associated with shell mounds, and as a consequence, may not support
similar levels of fish productivity to California.

where it does not exist naturally. The pipelines that interconnect
oil platforms could provide a connecting pathway for dispersal
of mobile non-indigenous species. The organisms that encrust
oil platforms are generally distinct from those in surrounding
communities and the densities of fish and invertebrates on
pipelines generally higher than surrounding areas (Love and
York, 2005). In Brazil, the servicing of platforms by industry
vessels is thought to be a major source of invasive (exotic)
species introductions, potentially endangering nearby natural
environments (Braga et al., 2021).

In general, a high abundance of exotic species (some of which
are cryptic) has been found on platforms off the Santa Barbara
coast (Page et al., 2006). The exotic species can reach densities
of up to 40% cover and may have very different compositions
between different structures. The exotic species are absent
or rare on natural reefs in the area. Platforms can enhance
connectivity (see also the section “Ecological Connectivity and
Ocean Environment”) and so contribute to the spread of invasive
species (e.g., Watersipora, an invasive bryozoan; Page, 2019).
These differences in species composition are not limited to
invertebrates—in the Gulf of Mexico, fish species composition
around platforms differs from the surrounding area, and it has
been suggested that fish “followed” the platforms as they were
towed in from South America (reviewed in Bull and Love, 2019).
Although invasive species are comparatively rare in tropical
marine waters of the Indo-Pacific (Wells, 2018; Wells et al.,
2019) for unknown reasons, the one documented invasive species
in Australia’s north-west (the ascidian Didemnum perlucidum)
was recorded on artificial structures associated with oil and gas
activity (Wells, 2018).

Nuisance species (e.g., those that can grow to unwanted
abundance) in the pelagic environment may increase because
of oil and gas infrastructure. Oil and gas infrastructure can
also contribute to jellyfish and Harmful Algal Blooms (Duarte
et al., 2013; Schulze et al., 2020). The surge in numbers of
moon jellyfish in Adriatic Sea was positively correlated with
propagation of offshore marine constructions including oil and
gas platforms (Vodopivec et al., 2017) as artificial substrates
are preferred settling surfaces for polyps—the juvenile life stage
(Holst and Jarms, 2007). Encrusting communities represent a
potential habitat for the dinoflagellate Gambierdiscus toxicus
that causes ciguatera fish poisoning. This dinoflagellate was
found in all the platforms (n = 6) surveyed in Gulf of
Mexico (Villareal et al., 2007). Availability of substrate in
combination with climate change that has been linked to
expansion in the range of Gambierdiscus spp. (Villareal et al.,
2007) and jellyfish (Purcell, 2005) makes the risk likely to
increase in future.

We are not aware of studies which quantify the proportion
of exotic sessile epifauna on and around Australian oil and
gas infrastructure. The relative contribution of exotic species,
and the consequences both for indigenous organisms and
biological communities, needs to be assessed in determining the
value of oil and gas infrastructure as habitat for conservation
purposes in Australia. The biofouling communities on oil and
gas infrastructure should be characterised to determine whether
the species they contain have conservation value, or alternatively,
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include invasive pests. Depending on local concerns, these
surveys could be extended to the pelagic environment.

Ecological Connectivity and Ocean Environment

Most prior ecological studies have examined platforms in
isolation (e.g., Love et al, 2005; Benfield et al, 2019) and
have not measured the ecological connectivity among structures.
Determining this conservation value is especially important as oil
platforms, which are grouped around petroleum deposits (e.g.,
Figures 1, 4), are unlikely to be ecologically isolated. Similar to
reefs, oil and gas structures represent interconnected networks
of hard structures which larvae can pass between. Connectivity
of oil and gas infrastructure may allow for associated fish
to “seed” natural areas elsewhere, or for introduced species
and other marine pests to proliferate (Nishimoto et al., 2019).
Local hydrodynamic conditions may affect the connectivity of
infrastructure with nearby reefs or fishing areas, also altering the
value of the area as habitat. Decommissioning research should
therefore consider how well these structures are connected, and
what the implications of removing one or more structures from
the network would be. In addition, the value of structures may
change over time. As described above (see section “Habitats
and Biodiversity”), platforms which have been in place for a
long time could have undergone colonisation and succession,
leading to the formation of diverse and stable communities. As
a consequence, these older platforms may be disproportionally
valuable as sources of larvae/juveniles to neighbouring areas, so
therefore provide higher preservation value, i.e., “the spillover
effect” (e.g., Palumbi, 2003).

Large-scale oceanographic currents will not only affect larval
abundance, composition, and levels of connectivity, but may
affect rates of infrastructure decay as well, such that the life
span of structures in tropical Australian waters is shorter
than in temperate systems, and posing the potential for
increased contaminant exposure. Corrosion of steel in the marine
environment is influenced by many environmental factors,
including water velocity and temperature, with accelerated
rates of corrosion associated with warmer, faster moving water
(Melchers, 2006). As a result, the warm water transported onto
Australia’s Northwest shelf by the Leeuwin current may accelerate
rates of corrosion and decomposition of infrastructure. At the
same time, cyclones are common on the Northwest shelf (1-2
cyclones per year: Drost et al., 2017), producing significant wave
heights of greater than 5 m (Cuttler et al., 2018) and maximum
wave heights in excess of 17 m (CSIRO-BHP unpublished wave
buoy data during cyclone Olwyn, March 12, 2015). Rates of
infrastructure decay are therefore unlikely to be linear and may be
strongly influenced by the prevailing environmental conditions
within the region.

Climate change is modifying the distribution of marine species
(e.g., Pecl et al., 2017; Melbourne-Thomas et al., 2021) and
decommissioning decisions need to consider the effect of climate
change on biodiversity, biomass and recruitment so that changes
in the ecosystem due to climate change (such as poleward
migration of a species) can be differentiated from those changes
brought about by the presence of oil and gas infrastructure.
Warming-induced changes in spawning phenology that impacted

larval transport and consequently ranges shifts of marine
invertebrates were observed in Northwest Atlantic continental
shelf areas (Fuchs et al., 2020).

Future decommissioning research in Australia assessing
ecological aspects will need to holistically consider habitat value,
ecological connectivity of the system, the importance of invasive
species, productivity, and the changing environment. Hence,
research needs to include modelling based on scenarios and
projections for changing conditions into the future.

Contaminant Aspects: Distribution of

Contaminants and Decommissioning

There is the potential for contaminants associated with oil and gas
infrastructure to influence the value of infrastructure as habitat
either by reducing the productivity of fish communities, altering
the species composition found at the sites or by reducing the
perceived or actual safety of the area for collecting fish or other
types of seafood for human consumption. Removing oil and
gas infrastructure may resuspend buried contaminants, making
them bioavailable to filter feeding organisms and the fish that
prey on them. Ongoing exposure to petroleum hydrocarbons
and other toxic compounds may alter the health (e.g., diminish
reproductive capacity) of fishes that inhabit the area (Codi King
et al,, 2011; Box 2). It is also possible that the contaminants that
were once associated with drill cuttings and PW discharge have
either been degraded or dispersed by sediment movement over
time. The sources of these contaminants, their fate and transport
in the marine environment, and examples from the international
literature of how they can be transformed are highlighted in
the sections below.

Contaminant Distribution
The primary sources of contaminants associated with offshore
oil and gas infrastructure include: drilling muds, drill cuttings,
PW, and occasionally incidental oil spills or pipeline leaks
(Cordes et al., 2016; Lelchat et al., 2020). The impacts of oil
spills have been reviewed recently (Barron et al., 2020; Hook,
2020), and would be infrequent, so the remainder of the text
focusses on PW, drill cuttings and drilling muds. PW is the
water in the formation that is brought to the surface during the
production process (Neff et al., 2011). Frequently, this water is
discharged into the marine environment (Parkerton et al., 2018).
PW contains environmental contaminants at concentrations
sufficient to cause toxic impacts in standardised ecotoxicological
bioassays (Parkerton et al., 2018), and causes adverse outcomes in
fish continuously exposed in the laboratory (reviewed in Bakke
et al., 2013; Beyer et al., 2020). However, few impacts from
exposure to PW have been measured in the field because of
the rapid dilution that occurs in turbulent marine environments
(reviewed in Bakke et al., 2013; Beyer et al., 2020). None the
less, over the life of an oil platform, it is possible that some
of the metals and hydrophobic PAHs could precipitate out and
concentrate in the sediment, leading to the accumulation of
potential toxic concentrations over time.

Drilling muds are injected into the borehole during drilling,
and include lubricants, as well barium and other materials used
to decrease the buoyancy of the material and prevent blowouts
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FIGURE 4 | Connectivity of biological particles (e.g., larvae) between oil and gas infrastructure in offshore environments depends on the proximity of structures to
each other, pathways for connections (such as pipelines), pelagic larval duration (and behaviour), as well as patterns of oceanographic currents. Inset image shows a

visual rendering of different types of co-located structures.

(Lelchat et al., 2020). Drill cuttings are the materials produced
during drilling process, and include drilling muds, as well as the
material removed from the borehole. This material may have
been in contact with the oil in the formation (Lelchat et al., 2020).
For the oldest offshore platforms, an oil based lubricant was used
in drilling muds, but these have been phased out since the early
1990s in favour of less toxic synthetic based muds and water based
muds (Gagnon and Bakhtyar, 2013).

Contaminant Persistence and Resuspension

Once released into the environment, cuttings piles are resistant
to chemical change, as they are frequently anaerobic, slowing
the rates of petroleum degradation (Nguyen et al, 2018).
Resuspension and dispersion are the primary means of
contaminant dispersal (reviewed in Bakke et al, 2013). Drill
cuttings can have physical impacts on benthic communities, such
as the smothering of marine organisms (Henry et al., 2017).
Toxicity from those cuttings piles is primarily driven by the
hydrocarbons and depends on the type of lubricant used during
drilling (reviewed in Bakke et al., 2013). In the North Sea, when
oil-based muds were initially discharged, impacts could be seen
at distances greater than 5 km (reviewed in Bakke et al., 2013).
Now, the contaminants in oil-based muds have dissipated and
been buried, and are impacts rarely seen at distances greater than
500 m (reviewed in Bakke et al., 2013). Physical stressors (such
as burial from sedimentation and sediment oxygen levels) may
pose a greater risk to organisms than chemical stressors when the
less toxic synthetic based muds are used (reviewed in Bakke et al.,
2013). Impacts from water-based muds are primarily physical and
would be expected to be short-term (Bakke et al., 2013). Even
exploratory drilling (which does not result in oil production) can
have environmental impacts (Junttila et al., 2018), with altered
barite and metal concentrations and changes in sediment grain
size measured near exploratory well heads. Some of the metals

associated with exploratory drilling were elevated sufficiently to
cause toxicity in sediments collected from areas near exploratory
drilling (Junttila et al., 2018).

Drill cuttings piles can be dispersed in areas of high current
flows (Henry et al., 2017), diluting the contaminants contained
within them until they no longer cause adverse impacts. Burial
of contaminants via sedimentation also reduces the persistence
of their impacts on the marine ecosystem, as they effectively
become “out of reach” for biological systems (Henry et al., 2017).
How these processes can alter the toxic impact of contaminants
contained within drilling muds and cuttings piles is demonstrated
in the international literature. Large cuttings piles are present
in the northern North Sea, whereas in the south, cuttings piles
have been dispersed by storms, currents and tides (Bakke et al.,
2013). In the northern regions, impacts were typically measured
within 1 km of platforms and persisted for 6-8 years, with
longer recovery times for oil based muds (Henry et al., 2017).
This recovery is based on the amount of time required for the
drill cuttings to be covered by clean sediment. In the southern
North Sea, where drill cutting did not accumulate, no impacts are
typically measured (Henry et al., 2017). In the Gulf of Mexico,
which has a high sedimentation rate, metals from PW were
the primary contaminant, not petroleum hydrocarbons from
the drilling muds and drill cuttings (Kennicutt et al., 1996b).
Detoxification mechanisms for oil related compounds were not
elevated in fish collected from platforms in the Gulf of Mexico
(McDonald et al., 1996).

In Australia, sedimentation rates are known to be very low.
For example, in the Bass Strait, separating Tasmania from
the rest of Australia, sediments accumulate at less than 6-
12 ¢cm/1,000 years (Blom and Alsop, 1988). By comparison, rates
of sedimentation in the Gulf of Mexico are 0.2 cm per year (Rohal
et al., 2020). Sediment deposition on the Northwest shelf of
Australia is also expected to be slow (Baker et al., 2008), especially
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BOX 2| Contaminants from oil and gas infrastructure.

The contaminants that have the highest concern for entering the seafood supply are methylmecury and naturally occurring radiological material (NORM).
Methylmercury bioaccumulation

Methylmercury is a potent developmental neurotoxin and has been associated with cardiovascular disease in adults (Mason et al., 2012; Beckers and Rinklebe,
2017). Seafood consumption, particularly of long lived high trophic level fish or demersal species with strong site-attachment, is the primary route of exposure to
methylmercury (Mason et al., 2012). PW can be high in mercury (Neff et al., 2011). As mercury has a high affinity for particles, discharged mercury would be
expected to precipitate out of the water column once discharged (Mason et al., 2012). Mercury is methylated by bacteria in low oxygen environments, including
marine sediments (Kim et al., 2013). Once formed, methylmercury readily biomagnifies in aquatic food chains, such that its concentrations in upper trophic levels are
approximately 10,000 fold higher than in primary producers (Beckers and Rinklebe, 2017). The geochemical processes governing the formation of methylmercury
are complex, but the rates of formation are comparatively high in low oxygen environments with abundant sulphides and labile organic material (Bravo et al., 2017),
such as would occur in drill cuttings and areas. Indeed, oil contaminated ground water, sediments collected near oil seeps, and sediments collected from oil polluted
areas were among those with the highest proportions of mercury methylating bacteria in genomic databases (Podar et al., 2015). Bacteria capable of methylating
mercury were also collected from the guts of oligochaete worms (Podar et al., 2015), which are often abundant in oil contaminated sediments. There is also evidence
that methylated mercury associated with oil and gas production is entering the food chain. Dab (Limanda limanda), a demersal flatfish, collected from the Ekofisk oil
field in the North Sea had the highest concentrations of methylmercury of any fish surveyed in the region, including those from the Baltic Sea (Lang et al., 2017).
Studies have not explicitly linked high organic matter input and mercury from PW to rates of mercury methylation in sediments and bioaccumulation in associated
seafood resources, however, because of the implications for human health (Sevillano-Morales et al., 2015), this risk should be considered before a decommissioned
area is opened to recreational fishing.

Naturally occurring radioactive materials (NORMs)

Petroleum formations contain radionuclides, which may be discharged as a constituent of PW (Neff et al., 2011). Radioactivity of PW depends on the geology—in
particular, the distribution of U and Th, the chlorinity and total dissolved solids—in the reservoir (Fisher, 1998). Radium in PW is expected to precipitate with sulphate
once it mixes with seawater (Olsvik et al., 2012). The ecotoxicity of these compounds at it relates to the decommissioning context has been recently reviewed, with
attention drawn to the paucity of data (Amy et al., 2021). Potentially, radioactive material maybe accumulated by worms, then fish that prey on benthic invertebrates
(Olsvik et al., 2012). Modelling studies in the Gulf of Mexico have suggested that discharge of radionuclides do not pose a threat to marine organisms. Some authors
have hypothesised that since radioactivity is higher in the Gulf of Mexico than elsewhere, risks to organisms are also low (reviewed in Hosseini et al., 2012). Low risk
was also predicted for shrimp and mussels in the North Sea (reviewed in Hosseini et al., 2012). While most studies have found that the risk from exposure to NORMs
is negligible, because of the lack of research, the uncertainty around this prediction is high (Hosseini et al., 2012).

Radionuclides can be precipitated as NORM scale on pipelines as the minerals mix with sea water (Hosseini et al., 2012). There is concern that if the pipelines are
discarded in situ, that over time, as the pipelines break down, this material would enter marine food chains as discussed above, potentially causing ecological
impacts as well as potentially entering the seafood supply. Recent modelling performed on behalf of the Australian Petroleum Production and Exploration Association
(APPEA) suggests that while this is a risk, the process would be slow, and material would be diluted into surrounding marine sediments (Advisian, 2017). However,

the concentrations of NORMSs should be monitored as part of the decommissioning process, so that adverse outcomes can be predicted and mitigated.

when compared to oil producing regions that have higher
biological productivity and higher inputs of riverine sediments.
It is plausible that contaminants may be more persistent in
Australia, as they are not diluted or buried by sedimentation,
and as a consequence, have greater opportunity to exert toxic
effects. However, sediments containing drilling muds, and their
associated contaminants, may be redistributed by the frequent
cyclones that occur offshore of the Northwest shelf (e.g., Dufois
et al., 2017) or by the strong currents in the Bass Strait.
Contaminant persistence should be quantified on a site specific
basis. High contaminant levels may compromise the value of
the oil and gas structures as habitat—even if contaminants are
buried—since resuspension of sediment “resets” recovery, both
by smothering organisms and by making buried contaminants
bioavailable (Henry et al., 2017). To minimise impacts on benthic
communities, decommissioning options should aim to minimise
the resuspension of contaminated sediments if structures and
pipelines are removed (Henry et al., 2017), and the potential for
contaminant exposure should be estimated.

Bioaccumulation

Contaminants that are associated with sediments can
bioaccumulate (Simpson and Batley, 2016). The possible
routes of exposure include passive uptake through gills and
epidermal layers of burrowing organisms and ingestion of
particles by deposit and suspension feeders. Animals that
prey on benthic organisms can ingest their contaminant load
(Simpson and Batley, 2016). As discussed in Box 2, there is the

potential for some contaminants, methylmercury in particular,
to be bioaccumulated in filter feedings organisms to an extent
that the area around infrastructure is not safe for collection
of seafood. This possibility, with consideration of Australia’s
cultural diversity, should be excluded before areas are reopened
for fishing or repurposed for aquaculture.

Impacts From Continuous Exposure to Compounds
in Drilling Muds and PW

Prolonged exposure to compounds in PW and drilling muds
disrupts normal endocrine processes in fish and other resident
marine organisms, decreasing the value of platforms as habitats.
Xenobiotic metabolising enzymes, including CYP1A, are induced
by high molecular weight fraction of oil (reviewed in Whyte et al.,
20005 Schlenk et al., 2008). These enzymes break down many
aromatic compounds, including steroid hormones (reviewed by
Whyte et al,, 2000) and may interrupt the normal action of
steroid receptors (Arukwe et al, 2008). Crude oil and PAH
exposure has been shown to interrupt steroidogenic pathways
following laboratory exposures (Arukwe et al., 2008; Kennedy
and Smyth, 2015), and reduced reproductive output has been
noted in fish from chronically oil contaminated areas (Sol et al.,
2000; Johnson et al, 2008). Studies of the chronic impacts
from PW and drilling muds (in this case defined as adverse
outcomes that arise from long term, ongoing exposure to
contamination; Kennicutt et al.,, 1996a), have found that the
PAH, alkylphenols, and napthenic acids associated with PW and
drilling muds/cuttings are bioaccumulated by marine organisms,
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and may cause biochemical and reproductive changes (Balk et al.,
2011; Bakke et al., 2013).

Surveys of some oil and gas producing areas have shown
indications of ongoing exposure of fish to PAH. In the North Sea,
elevated PAH metabolites are measured in bile and elevated levels
of DNA adducts in haddock (fish which forage in the sediment)
collected in areas from around platforms (Balk et al, 2011
reviewed in Beyer et al., 2020). These changes were not measured
in fish collected from platforms in the Gulf of Mexico (McDonald
et al,, 1996), which is unsurprising given that there was little
PAH gradient measured in the sediment around the platforms
surveyed. Bioindicators of exposure to oil were also not changed
in fish collected around platforms offshore of the maritime
provinces in Canada, where synthetic drilling muds were utilised
(Mathieu et al, 2011). In the Adriatic Sea, published studies
have also focussed on the association of fish with oil and gas
infrastructure and contaminants impacts. As Italian wells were
drilled with synthetic drilling muds, and regulations prohibit the
discharge of PW at sea, there have been minimal toxic impacts
associated with oil and gas infrastructure (Regoli et al., 2019).
While changes in meiofaunal composition in sediment have been
observed, the links to toxicity have not been established, and
may instead been attributed to alterations in sediment grain size
and organic enrichment (Terlizzi et al.,, 2008; Fraschetti et al,,
2016).

As a consequence of the potential for prolonged exposure to
PAH and other oil constituents to impact fish reproduction, at
platforms where contamination is found to persist, the health
of the resident fishes should be determined before concluding
that the area is good fish habitat. Uptake and detoxification rates
differ between environments and species, and so generalisation
between regions is difficult, meaning that research will need
to be conducted at a range of Australian sites. Biochemical
changes that indicate exposure to oil have been measured in
fish collected near platforms on Australia’s Northwest shelf (King
et al., 2005; Codi King et al., 2011). If future surveys indicate
elevations in the concentrations of oil and other environmental
contaminants around platforms, implications for the health of
fisheries species and other species of conservation concern may
then need to be determined.

Biological Feedbacks: Contaminant-Influenced
Changes in Community Structure

Prolonged exposure to contaminants, especially if coupled
with enrichment of organic material, may also accelerate
the spread of invasive species around infrastructure in the
Australian environment. Toxic responses may cause change in
benthic species composition, either through outright mortality,
or changes to reproduction, feeding, or other physiological
parameters that impact an organism’s fitness (Hook et al,
2014). Higher concentrations of environmental contaminants
have been associated with increased proportions of invasive
species, which frequently have higher tolerance of environmental
contaminants (reviewed in Strain et al., 2021). The presence
of offshore oil platforms has been shown to change benthic
communities in the North Sea and the Gulf of Mexico, both
as a result of increased production and enrichment of organic

matter, as well as the elevations in environmental contaminants
and changes in sediment size around oil platforms (Montagna
and Harper, 1996; Henry et al., 2017). In addition, contaminated
sediments were found to have decreased larval settlement
relative to uncontaminated sediment (Hill et al., 2013). Notably,
the abundance of benthic meio/macrofauna can be driven by
“top down” processes (such as predation) or “bottom up”
processes (increased primary production), and may not reflect
contamination at all (Montagna and Harper, 1996). Some of the
changes in species composition around oil and gas infrastructure
may be associated with the loss of species (suspension feeders,
in particular) due to the impacts associated with drilling waste
(Lelchat et al., 2020).

In the Gulf of Mexico, a survey of platforms away from the
Mississippi River plume found that the concentration of metals,
organic matter, and sand (associated with drilling muds) were all
increased in abundance near oil and gas platforms (Kennicutt
et al,, 1996b). Changes in meiofaunal abundance were seen
along a metals contamination gradient within 100 m of some
platforms (Montagna and Harper, 1996). An increase in the
abundance of nematodes and polychaete worms was attributed
to increased organic enrichment, while a decrease in harpatacoid
copepod and amphipod abundance was associated with toxicity
(Montagna and Harper, 1996). When the changes in community
structure were examined on the basis of traits, non-selective
deposit feeders and organisms that fed on the epifauna increased
in abundance near the platforms, but selective feeders decreased
in this area (Montagna and Harper, 1996). Studies in the North
Sea have also found changes in community structure along a
contamination gradient—including an increased abundance of
opportunistic or pollution tolerant species (Henry et al., 2017).
The potential for contaminant related changes in community
structure to influence habitat quality and the potential values
of oil and gas infrastructure as either conservation area or for
fisheries production should also be evaluated as part of the
decision making process around decommissioning in Australia,
or any other novel region.

Socioeconomic Considerations

The social and economic values that oil and gas infrastructure
contributes to, or alternatively detracts from, need to be
determined as part of any assessment of decommissioning
options. This includes examining the contribution of the
infrastructure, and chosen decommissioning option, to fisheries
and other marine sectors, and determining the acceptability
of the selected option to stakeholders (Figure 2). Although
issues around social acceptability are not new, and industry
understanding around gaining social license for their operations
has grown, Australia is in the unique position that it has a
relatively long history of exploring social license concepts (i.e.,
how to gain and keep social license). Much of the global literature
around the concept of social license arose around the mining
industry in Australia (Moffat and Zhang, 2014; Bice et al,
2017). Processes regarding Indigenous rights and perspectives
in the context of social license have evolved in recent years
(Uffman-Kirsch et al., 2020), and also provide insight for the
decommissioning context.

Frontiers in Marine Science | www.frontiersin.org

July 2021 | Volume 8 | Article 711151


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Melbourne-Thomas et al.

Decommissioning Research Needs for Australia

Impacts on Fisheries and Ecosystem Values

Oil and gas infrastructure has the potential to add to fisheries
production, meaning a “leave-in-place” decommissioning option
has prospective fishery value. In the Gulf of Mexico, numerous
platforms have been repurposed as fish habitats through “rigs
to reefs” programmes, whereby a platform is deployed as an
artificial reef following the end of oil and gas production (Bull
and Love, 2019). Since the coastal residents in Louisiana and
Texas (US states that border the Gulf of Mexico) include a high
proportion of recreational fishers (Bull and Love, 2019), and up to
70% of these fishers utilise these platforms as fishing destinations
(Reggio, 1987), these programs have been very popular (reviewed
in Bull and Love, 2019).

Video evidence demonstrates that Australian demersal fishes
utilise oil platforms as habitat (Pradella et al., 2014; Thomson
et al., 2018) as elsewhere in the world (Ajemian et al.,, 2015;
Benfield et al., 2019). This utilisation does not necessarily equate
to increased production of fisheries species, in terms of either
somatic growth, recruitment to the population, or decreased
mortality (Bohnsack, 1989). Increased fishery production would
result from platforms if habitat was the limiting factor. Otherwise,
artificial habitat from platforms might only serve to attract and
aggregate fishes, making them more easily caught, potentially
resulting in further declines in overexploited fisheries (but see
Smith et al,, 2015). As discussed in the section “Ecological
Considerations for Decommissioning,” the effect of platforms
on fish population dynamics in Australia are likely different
from other reported regions such as California and the Gulf of
Mexico (Australian waters are more oligotrophic, have different
biofouling organisms, and do not have a shell mound; Figure 3).
A range of pelagic species are associated with structures in the
ocean (Hobday and Campbell, 2009; Champion and Coleman,
2021). While pelagic fisheries world-wide exploit this association
via use of fish aggregating devices (FADs), platforms are only
likely to enhance catchability and not production of these species.

In Australia there is a large recreational fishing sector—which
in some places is larger than the commercial sector in terms
of volumes of fish caught (Henry and Lyle, 2003; Lyle et al.,
2014; Giri and Hall, 2015; West et al., 2015). There is also
high participation in this sector — although this varies by state
(Productivity Commission, 2016). It is currently not known how
much or intensely the recreational sector might fish around
platforms. But with better navigation equipment and larger
boats recreational fishers can travel further out and potentially
access new areas (including platforms). The above-mentioned
contaminant issues should therefore also be considered from
a human health and food safety perspective given the active
and mobile recreational sector, and the fact that catch is often
taken home for consumption (with catch and release being less
prevalent than in other parts of the world).

Rigs to reefs where platforms are recycled as artificial reefs
may reduce pressure on natural reefs by providing alternative
diving and fishing sites and opportunity for tourism. Ningaloo
Reef in Western Australia is one of the sites that potentially could
benefit from nearby oil and gas infrastructure to relieve growing
tourism putting pressure on natural environment (Advisian,
2017). Increased activity on newly constructed reefs can have

adverse effect on surrounding habitat and result in overfishing.
Therefore, location of the reef needs to be carefully considered
and long term monitoring and management plans need to be put
in place (Bull and Love, 2019).

If the potential contribution to fisheries is to be used to justify
leaving infrastructure in situ, the role of the infrastructure in
contributing to fisheries production, rather than just aggregating
fishes, need to be determined. The potential for platforms to
relieve pressure on natural reefs should also be considered,
together with information about local-scale fishing activity, and
the implications of different decommissioning options for these
activities (and associated stocks). These questions will need to be
addressed in a location-specific manner in Australia, given the
spatial differences that occur in target species, the nature of both
commercial and recreational fisheries and the relative importance
of other sectors such as tourism.

Social License and Stakeholders

Social license and social acceptance are slightly different concepts
(Moftfat et al., 2016) but for decommissioning imply that
the activity (and the result) meets the expectations of a
range of different groups in society and has their ongoing
support and/or acceptance. Gaining and keeping social license
is not straightforward because it involves approval from
different stakeholder groups, including direct users (e.g., fishers,
Traditional Owners), groups with indirect interests (e.g., tourists,
media) together with political, regulatory and market-based
entities (Bice et al., 2017). These stakeholder groups will have
different interests and values in offshore infrastructure, the
environments in which they occur, and in the decommissioning
process itself, which might range from employment, recreational,
cultural or environmental values through to the potential for
visual disturbance associated with decommissioning activities.
Understanding these values can give insight into where social
license may be impacted and into processes that may contribute
to social acceptance.

The importance of social license in the context of
decommissioning is highlighted by the fact that “improved
transparency and public engagement in relation to petroleum
activities” is a key element of the Australian Government’s
enhanced framework for decommissioning (Commonwealth of
Australia, 2020). Transparency and knowledge transfer have been
key in other locations where oil and gas decommissioning has
taken place, such as in the North Sea where Nexstep (National
Platform for Re-use & Decommissioning)' was established to
stimulate and facilitate collaboration amongst key stakeholders.
Even though it has been 5 years since the establishment of
Nextstep, policy renewal is hampered by a divergence between
stakeholder alignment and the risk of reputational damage (i.e.,
social license) (Roos, 2019).

An example of the pertinence of social license in the Australian
context is highlighted by Shaw et al. (2018) who indicate that
in the case of decommissioning, industry license conditions
may stipulate that full removal is required (which may have
been supported by stakeholders through consultation), however

'https://www.nexstep.nl/
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if industry later considers leaving some infrastructure behind
this may not meet the expectation of the stakeholders and
could compromise social license for the activity. An improved
evidence base regarding social license for efficient policy and
practice is required (Shaw et al.,, 2018). Creating reliable data
sources to measure social license competitiveness is (globally)
important (National Energy Resources Australia [NERA], 2017)
and Australia can be a first mover is this regard. This could
also include the consideration that social license is important
not only for current industry responsible for paying for the
decommissioning, but also for new industry “around” the
decommissioning to develop. Further to this, it is not just
industry’s social license that needs to be considered, but also
that of the relevant regulator (NOPSEMA in the Australian
case). Community stakeholders must have confidence that their
concerns can be heard, understood and respected, and that the
regulator will enforce compliance with regulations (Van Putten
et al., 2018). Maintaining that license will require the regulator
to consistently demonstrate that it takes community priorities,
concerns and issues into account when making decisions and
enforcing industry compliance with regulations (noting that
government and community expectations of regulators may
evolve and mature over time).

An important aspect of social license is comprehensive
and transparent approaches to stakeholder engagement and
consultation. The introduction of a public comment period
for submitted decommissioning environment plans and public
reporting of petroleum activities have been suggested as
part of a Government initiative to improve accountability
for decommissioning activities (Commonwealth of Australia,
2020). But broader than these two suggestions, research into
a standardised consultation process that attempts to gain
social license should benefit the decommissioning process. For
instance, the Free Prior and Informed Consent (FPIC) approach
and associated philosophy—currently only required in cases
of Indigenous stakeholder consultation—may be applicable in
all communities. To undertake good stakeholder identification
and consultation that incorporates the FPIC philosophy several
approaches can be taken, including systematic stakeholder
mapping (Raum, 2018), participatory processes, co-design and
knowledge co-production (Newton and Elliott, 2016; Norstrom
et al., 2020). Such approaches are underpinned by transparency
and open consultation, together with respect for appropriate
cultural protocols. Importantly, risk perspectives of Traditional
Owners in the context of offshore activities and connections
to sea country are often not well considered but should be
incorporated in decommissioning research activities through
ethical and culturally appropriate engagement (e.g., see Hedge
et al., 2020). For the Australian context, this process will also
need to recognise that the connections of Indigenous Peoples in
Australia to land and sea Country are spatially complex (e.g., see
Horton, 1996), and that multiple Traditional Owner groups may
need to be engaged in consultation processes depending on the
location of decommissioning activities.

In summary, factors such as the history and context of
social license, spatially complex connections to Sea Country
for Traditional Owners, and a large recreational fishing sector

mean that engagement of stakeholders and consideration of the
consequences of different decommissioning scenarios on their
interests and values in offshore infrastructure will need to be
carefully considered in the Australian context. More generally,
to determine whether oil and gas infrastructure has value as
habitat for fisheries or other species with conservation value,
or conversely, to determine whether undue risk is posed by
(for example) resuspending contaminated sediments, site specific
assessments of the conditions around the infrastructure will
need to be made. This should include an assessment of the
species compositions at the infrastructure relative to nearby,
natural hard and soft substrate areas, including quantifying the
abundance and diversity of introduced species, and how these
contribute to the inevitable compositional differences. Since
many decommissioning options involve removing the upper
portions of platforms (i.e., “topsides”), estimates should be made
of how this removal will affect the value and productivity of
the system as a whole. The oceanographic connectivity between
structures and between structures and other habitats should be
determined, to evaluate the potential for oil and gas infrastructure
to “seed” larvae for fisheries production and/or to act as a source
of introduced pests. Connectivity should also be modelled to
determine whether the different pieces of infrastructure (e.g.,
individual platforms; sections of pipeline) in the area are acting as
an interconnected ecosystem or as isolated habitat. The influence
of contaminants associated with oil and gas production on the
habitat value and the potential for contaminants to enter the food
chain needs to be determined, especially if the area could be used
for recreational or commercial fishing.

ASSESSING THE IMPACTS AND RISK OF
DIFFERENT DECOMMISSIONING
OPTIONS

Decommissioning presents all the hallmarks of a difficult
decision-making problem. First, a choice must be made from
among several options of what to do with infrastructure at the
end of its useful life (as highlighted in Table 1). Each option
has different consequences when viewed from the perspective
of the various criteria—such as safety, environment, technical,
economic, and societal—that influence decision makers and
the stakeholders that they are accountable to. The choice
of a preferred option therefore entails a trade-off between
consequences measured on different scales. These consequences,
however, are also shrouded in various degrees of uncertainty,
which complicates the trade-off and makes the final decision
vulnerable to heuristics and bias (Kahneman, 2011).

Problems of this type are common (e.g., Esmail and Geneletti,
2018) but hard to resolve with unstructured dialogue in
committee settings. Consequently, a large variety of decision
support tools have been developed to assist. Table 2 summarises
six tools that have been used to help identify a preferred
decommissioning option and how the methods vary with the
scope of the assessment.

One common approach is Multi-Criteria Decision Analysis
(MCDA; Table 2)—a term used to describe an array of techniques
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sharing three common steps: (i) specify the decision context
by: (a) identifying a set of alternative choices; and (b) defining
the criteria against which these alternatives will judged; (ii)
conduct the analysis through some form of (usually weighted)
evaluation and scoring of options against criteria; and (iii)
identify the preferred option by ranking the aggregated score
from highest to lowest (Esmail and Geneletti, 2018). Examples
of MCDA include Net Environmental Benefit Analysis, Best
Practicable Environmental Option, Multi Criteria Approval and
Comparative Assessment (Table 2). MCDA approaches provide
an opportunity to bring diverse groups of stakeholders together,
increase understanding and empathy by asking them to define
their values and formulate decision criteria, and encourages
consensus on acceptable outcomes by explicitly incorporating
these values into the decision-making process. If carefully
planned and conducted, the value of MCDA lies in the shared
process as well as the outcome.

Risk assessment is the second major class of tools with a
large array of qualitative, semi-quantitative and quantitative
techniques that are typically applied within environmental,
financial and safety domains (e.g., see Table 2). Methods for
merging risk estimates across domains, for example by converting
deaths, illnesses, and environmental outcomes into monetary
units or utility units, are available. National Research Council
(1996) discusses the strengths and weakness of such an approach
in a risk-based decision-making processes, but caution against
it in favour of a less technical “deliberative analytical” process
that involves analytical experts, public officials and interested
and affected parties. Both qualitative and quantitative approaches
have been used for decommissioning around the world (Table 2)
and for fisheries in Australia (e.g., Hobday et al, 2011),
however, techniques for merging risk estimates across different

domains are rarely employed by Australia’s state and federal
environmental agencies.

Current Australian Government policy states that any
proposed deviation from complete removal of offshore oil and gas
infrastructure must deliver equal or better environmental, safety
and well integrity outcomes, compared to complete removal
(Australian Government Department of Industry, Science,
Energy and Resources [DISER], 2018). The Environmental Plan
(EP) for any such proposal must also evaluate the environmental
impacts and risks of all feasible options, including partial and
complete removal (National Offshore Petroleum Safety and
Environmental Management Authority [NOPSEMA], 2020b).
NOPSEMA warns, however, that while MCDA tools can support
consultations with stakeholders on alternative decommissioning
options, they do not directly relate to the acceptance criteria for
an EP (as described in section 10(A) of the Offshore Petroleum
and Greenhouse Gas Storage (Environment) Regulations 2009)
which must demonstrate that the proposed option can be
undertaken in such a way that the environmental impacts and
risks, including potentially cumulative risks, can be managed to a
level that is acceptable and ALARP (National Offshore Petroleum
Safety and Environmental Management Authority [NOPSEMA],
2020a; Box 3).

In Australian waters, any proposed deviation from the
decommissioning base case of complete infrastructure removal
must address several information requirements and risk-related
challenges:

o Sufficient understanding of the distribution and sensitivity
of environmental values to decommission-related
threats to distinguish low -order from high order
environmental risks.

TABLE 2 | Summary of decision support tools that have been used in a decommissioning option evaluation.

Decision support tool Summary Reference
Net Environmental Benefit Compares human and ecological risk profile of decommissioning options along with ecosystem Nicolette
Analysis (NEBA) services, and human use economic and social values. Methods based on ORNL framework but etal., 2014
application unclear
Best Practicable Environmental Qualitative (environmental) and quantitative (safety, cost) assessment of nine decommission options that Hustoft and
Option (BPEO) satisfy decommissioning programming constraints (such as reduction of personnel risk wherever Gamblin,
possible and removal of any items that could generate debris) used to identify “best” option 1995
Multi Criteria Approval (MA) Experts rank the order of importance of 14 environmental criteria. The median value of the standardised Fowler
rank scores used to identify criteria weights. Ten options then ranked against each criterion. Option etal.,, 2014
scored as “Approved” if option rank against criteria is higher than the median rank, and “Disapproved”
otherwise. Options with highest number of Approvals for most important criteria identified as best
Comparative Assessment (CA) Quialitatively compares three decommissioning options (horizontal reefing in place, reefing elsewhere Palandro
and removal to shore) against five criteria (safety, environment, other users of the sea, execution, and and Azivy,
costs/schedule) 2018
Probabilistic Risk Assessment Bayes Nets (BNs) are used to assess environmental and economic risk of options that fulfil Faber et al.,
(PRA) requirements of a safety assessment. Faber et al. (2002) demonstrates this method by developing BNs 2002
to calculate probability of mission failure and expected costs for 12 sequential steps (e.g., removal of
topside, cut loose and secure seabed connection, establish ballast and retraction system, etc.) in the
onshore disposal of a Gravity Based Structure (GBS)
Quantitative Risk Assessment QRA has been used for accident statistics from United Kingdom and Europe between 1990 and 2002 Twatchman
(QRA) to fit triangular density function to Serious Injury Rate (SIR) (serious injuries per 108 h exposure) and Snyder
Fatal Accident Rate (fatalities per 108 h exposure) to four categories of decommission activities Byrd Inc,
(onshore, offshore above water, air diving, saturation diving). Estimates of task hours in each category 2003

for different decommissioning options used to calculate relative safety risk and hence safest option
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BOX 3| Environmental risk assessment for Australian decommissioning.

There is no single-accepted framework for environmental risk assessment but it is often characterised as a three-phase process that begins with problem
formulation, followed by risk calculations, and culminating in a risk management or evaluation phase (National Research Council, 1996; United States Environmental
Protection Agency [USEPA], 1998; Renn, 2008). These phases align quite well with the describe, detail and evaluate content requirements of an EP.

The problem formulation phase includes a description of the environmental values that are potentially threatened by a substance or activity (the assessment
endpoints) and a hazard analysis. The hazard analysis tries to identify all the ways that the assessment endpoints interact with, and might be harmed by, a substance
or activity—i.e., identify the pathways to harm or equivalently the adverse outcome pathways (Ankley et al., 2010).

In this initial stage the EP needs to demonstrate a suitable understanding of the environment(s) in which the proposed option will take place (National Offshore
Petroleum Safety and Environmental Management Authority [NOPSEMA], 2019b). This understanding should address ecological, socio-economic and cultural
features to ensure that the assessment endpoints adequately capture the diversity of environmental values that may be impacted, but also to allow the hazard
analysis to expose the possibility of cumulative impacts through pathways that involve interactions with other industries and users.

Risk calculations usually distinguish between the likelihood of an adverse effect and the magnitude or consequence of that effects (although the nomenclature varies
widely between disciplines). Methods for calculating likelihood and consequence can be broadly classified into qualitative or quantitative according to whether
likelihood and consequence are expressed in a relative way using an ordinal scale (e.g., high, medium, low), or probability is used to express likelihood and a ratio
scale is used to describe consequences (e.qg., fish biomass, sediment concentration of a contaminant).

NOPSEMA guidance is agnostic as to which risk calculation method should be used, although any emphasis on cumulative risks effectively precludes qualitative
techniques. The guidance does, however, distinguish between “higher order” and “lower order” environmental risks and impacts. The latter is defined as situations
wherein the environmental value is not formally managed, is less vulnerable to the impact or risk, is widely distributed, is not protected and/or threatened, and there
is confidence in the effectiveness of control measures (National Offshore Petroleum Safety and Environmental Management Authority [NOPSEMA], 2019b).

For higher order risks the EP needs to be more comprehensive which suggests that the environmental risk assessment could adopt a staged-approach, whereby an
initial, relatively rapid calculation technique is used to separate and screen out low order risks from higher order ones, and then a more detailed resource intensive
approach is applied to any environmental values that are identified as high order. This type of approach would be consistent with other environmental risk
assessments (for example Hobday et al., 2011) and is useful when the number of potentially affected environmental values is large.

A large proportion of NOPSEMA guidance is directed towards the risk evaluation phase, perhaps because this phase can be contentious as it entails judgement
about the acceptability of risks. Here the EP must demonstrate that all risks have been reduced to ALARP, and for higher-order risks must show separately that the
risks are acceptable. For low-order risks, adherence to control methods specified by industry standards would be considered ALARP and thereby acceptable, but
this presumes that standards for low-order interactions identified in the problem formulation or risk calculation phase exist and are relevant to Australian conditions.
For higher-order risks and impacts, the ALARP commitment requires the titleholder to implement all control measures where the cost is not grossly disproportionate
to the environmental benefit, and subsequently demonstrate that any residual (or unmanaged) risks or impacts are acceptable. In practise this requires environmental
standards and measurable acceptance criteria to be specified for any higher-order risks or impacts identified in the problem formulation and/or risk calculation
phases, and precludes qualitative risk calculations because ordinal risk or impact estimates cannot be used to measure the magnitude of the deviation between a

prediction, an observation or a measurable standard.

o Sufficient understanding of the distribution and magnitude
of other socioeconomic activities in the vicinity of
decommissioned infrastructure to identify the possibility of
cumulative impacts.

e A risk assessment methodology that can screen-out low
order risks in a relatively rapid but defensible fashion.

e Industry standards for low order impact control/risk
mitigation methods and measurable acceptance criteria for
any high-order environmental values.

e A quantitative risk assessment methodology that can be
used to predict (possibly cumulative) risks to any high
order environmental values, and demonstrate ALARP and
acceptable levels of impact on these values.

RECOMMENDATIONS FOR
DECOMMISSIONING RESEARCH IN
AUSTRALIA

Repurposing Australian offshore oil and gas infrastructure,
either as habitat for commercially or ecologically important
species, for carbon capture and storage (e.g., see Hastings and
Smith, 2020), or for other purposes, may, provide environmental
benefit with minimal environmental risk. These risks may
differ from those identified in research elsewhere in the world
because of differences in biodiversity, biological productivity,
ocean/climate effects (e.g., low sedimentation rates, rising
temperatures, cyclonic activity, and shallow water depth), as well

as sociodemographic and cultural characteristics. A thorough
assessment of the ecological value of the infrastructure as habitat
in the location of interest, and an environmental risk assessment,
must therefore be performed, perhaps quantitatively for high
order environmental values and/or cumulative risks (Box 3).
The risk assessment should characterise the biological production
at infrastructure, including relative to nearby natural habitat
(such as natural reefs); the risk to both seafood contamination
and ecological health posed by legacy contamination at the
site (Box 2); and the prospective environmental risks posed by
introduced species and other marine pests.

Knowledge gaps that currently preclude a comprehensive
risk assessment for decommissioning in Australia, as well as
other understudied regions of the world, include uncertainty
about the impacts of long-term exposure to Naturally Occurring
Radioactive Material (NORMs) and the unresolved potential
for oil and gas infrastructure to be active areas for mercury
methylation (Box 3). Questions about socioeconomic impacts
may also be a potential obstacle to successful decommissioning.
Values that are held by Australia’s diverse Aboriginal and Torres
Straight Island communities, must be incorporated into the
decision-making process and seafood safety assessments must be
culturally appropriate (Wilson et al., 2015).

We suggest that decommissioning research activities
in Australia should address three key elements and
interdependencies—ecological ~considerations, contaminants
and socioeconomics (section on “Status of Decommissioning
Research Internationally and in Australia,” Figure 5), in a manner
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FIGURE 5 | A general framework for integrated research to assess the risk of decommissioning options for oil and gas infrastructure in Australia.
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that integrates decision support tools (section on “Assessing
the Impacts and Risk of Different Decommissioning Options”).
The particular science questions relating to these elements
are likely to be location specific, given the variability of marine
environments in Australia (Figure 1), the different ages and types
of offshore infrastructure, and potential differences related to
social acceptance and consultation between different regions of
Australia. Science underpinning the assessment of environmental
risk of decommissioning options should be connected to research
relating to options for repurposing offshore infrastructure, such
as carbon capture and storage or offshore aquaculture (Sommer
etal., 2019). For each decommissioning region, reviewing what is
known about each of the elements in Figure 5, and then investing
in research to address gaps, is one way to demonstrate awareness
of the range of issues, and can also underpin the selection of
decommissioning options for assets.

Experience in the Gulf of Mexico illustrates how an integrated
research framework (Figure 5) can succeed. Repurposing
offshore oil and gas infrastructure in a “rigs to reefs” program in
this region was ultimately successful because: (i) the operators’
stakeholder engagement and consultation process identified
recreational fishing as a community value (reviewed in Bull
and Love, 2019); (ii) surveys of contaminant levels showed that
they were below thresholds of concern (Kennicutt et al., 1996a),
and unlikely to be affecting benthic biodiversity (Montagna
et al., 2002) or fisheries productivity (McDonald et al., 1996);
and (iii) the platforms were known to provide habitat for
Red Snapper, a commercially important species (Ajemian et al,,
2015). These studies, when integrated, provided the scientific

underpinning to maintain the social license required to support
the “leave in place” decommissioning option. While there are
multiple factors that distinguish the Australian decommissioning
context from the Gulf of Mexico and elsewhere, the framework
in Figure 5 can be used by operators to help identify
similar science needs to underpin decommissioning decisions
in Australian waters. Armed with this knowledge, operators,
regulators, marine stakeholders and the general public can be
confident that sound decisions are being made to manage the
transition of oil and gas infrastructure in an environmentally and
socially acceptable way.
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