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Executive summary
Mercury and Naturally Occurring Radioactive Materials (NORM) are contaminants of potential concern
(COPC) that may be present in subsea oil and gas infrastructure when they are decommissioned. Both
contaminants may have significant negative impacts to marine ecosystems if released, so ecological risk
assessments are needed to ensure that environmental impacts and risks for any decommissioning option
are acceptable.
This project, funded by the National Decommissioning Research Initiative, consolidated the evidence base
needed to assess the risk of mercury and NORM to the marine environment (Figure 1). We found that
mercury and NORM can occur in all major oil and gas producing basins in Australia and that their
concentrations in oil and gas streams were generally within the ranges reported around the world. Literature
and industry-provided data allowed the project team to identify the types of discrete contamination products
that form in subsea oil and gas pipelines, here defined as the films and scales that form in pipelines and
contain mercury or NORM. For NORM, contamination products included mineral scales, predominately
BaSO4 but also CaCO3, SrSO4 and CaSO4, with co-precipitated radium radioisotopes (226Ra and 228Ra) or
films of 210Pb or 210Po. For mercury, contamination products included elemental mercury adsorbed to
uncoated steel surfaces, mercury adsorbed in corrosion products including iron oxides, and mercury sulfide
(HgS as beta-metacinnabar) on pipe internal surfaces. The formation and chemical characteristics of these
products is discussed in the project’s Literature Review (Curtin University, 2021a).
The potential impacts of mercury and NORM to environmental receptors were also identified. These included
reduced sediment and water quality, contaminant bioaccumulation and biomagnification in food webs, toxicity
to local organisms and alterations to biodiversity. The extent to which these impacts may occur will depend
on the behaviour and concentrations of COPCs in the marine environment.
The behaviour of mercury and NORM in the marine environment depends on their speciation (chemical and
physical form) and the local conditions of their environment. It was found that environmental transformations
of mercury and NORM species could increase or decrease their risk to different receptors. This was
summarised in conceptual exposure pathway models. Key environmental transformations for mercury were
the oxidation of elemental mercury to inorganic mercury and its subsequent methylation to organic
methylmercury species. For NORM this was the dissolution of inorganic mineral scales in anoxic conditions.
The environmental parameters controlling these transformations were investigated in the Assessment Report
through geochemical models (Curtin University, 2021b). The corresponding range of these environmental
parameters in Australian oil and gas basins was also reviewed, including sediment organic matter, sediment
particle size, temperature, dissolved oxygen concentrations, and the presence of methylating or sulfate
reducing bacteria.
Threshold values, concentrations of mercury or NORM that relate existing environmental quality guideline
values to contaminated products in oil and gas infrastructure, were derived to describe the magnitude of
potential environmental impacts at different exposure concentrations. A range of guidelines were
investigated, reflecting different potential impacts to the marine environment, but only numerical indices for
mercury based on the water and sediment quality guidelines, and NORM based on the international dose
rate screening criterion could be derived. Mercury threshold values were related to pipeline dimensions to
give values comparable to existing measurement techniques. NORM threshold values reflect allowable
added activity to sediments after accounting for radioactive ingrowth and decay over time. The derivation
and justification of threshold values are given in the Assessment Phase Report (Curtin University, 2021b).
These threshold values reflect one line of evidence that may be used in ecological risk assessments. More
data is required to demonstrate that these values are protective of all potential impacts across Australian oil
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and gas basin environments. If this is demonstrated with reasonable confidence, threshold values may be
suitable for use as a screening value. Contaminated products with COPC concentrations below the screening
value would be considered unlikely to cause adverse impacts in the environment while concentrations greater
than the screening value would require more detailed site-specific investigations.
The deployment readiness of technologies for the in-situ measurement of mercury and NORM were also
investigated through a vendor engagement and survey against a set of functional requirements developed
by the project team. At this time no existing technology can be operationally deployed to measure mercury
or NORMs in situ at the concentrations required to verify acceptability. However, several technologies exist
that, with concerted oil and gas sector-wide support, could be developed to a level which are fit for purpose
and deployment ready for in-situ measurement service.
This project consolidated and furthered the evidence base needed to conduct ecological risk assessments
for mercury and NORM in subsea oil and gas infrastructure, summarised in Figure 1. The learnings from the
project are directly applicable to the assessment of risk; however, are limited by the availability of data
describing mercury and NORM behaviour in Australian marine conditions and their toxicity and bioavailability
to relevant local organisms. Future efforts are well placed to address identified knowledge gaps, develop a
consensus approach for risk assessments between stakeholders, and apply these findings in ecological risk
assessments for decommissioning activities.

Figure 1. Summary of work conducted in this project.
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Overview

This National Decommissioning Research Initiative (NDRI) funded project is one of six commenced in
2019 to help answer key questions relating to the impact of decommissioning Australia’s oil and gas
infrastructure. This project was titled “Risk-based Marine Impact Assessment of Naturally Occurring
Radioactive Materials (NORMS) and Mercury from Decommissioning Oil and Gas Infrastructure.”
This 22-month project has created a significant and material body of work including two major reports
(Literature Review, Assessment Report), one published and three pending peer reviewed journal
papers, five conference presentations and multiple stakeholder engagement opportunities.
The Research Team was a collaboration across Curtin University, University of Aberdeen and the
Australian Nuclear Science and Technology Organisation (ANSTO) (see Figure 2). The project was
managed by the Curtin University Oil and Gas Innovation Centre (CUOGIC) and the researchers from
the three institutions were specifically selected for their expertise in the areas of ecotoxicology,
chemistry, radioecology, marine/aquatic environmental risk, and nuclear health physics.

Figure 2. Research Team organisational structure

1.1

Project purpose and scope

The project’s aim was to enhance the understanding of the impacts and risks of NORM and mercury to
the marine environment from decommissioned oil and gas infrastructure, to support science-based
decommissioning decision-making.
The project scope of work was restricted to the marine environmental impact of two classes of
contaminants of primary concern (COPC), NORM and mercury and their associated physical and
chemical forms (species). The scope included understanding exposure pathways arising from
decommissioned subsea oil and gas infrastructure internally exposed to production fluids which has
then accumulated mercury and/or NORM contamination. Infrastructure may be cleaned prior to
decommissioning in a variety of ways, and it is the ‘as intended to be left’ condition (i.e., left in situ)
subject to decommissioning decisions that was investigated. The infrastructure focus was subsea
pipelines downstream of the well head from the mudline to mean sea level which are located and
operated in the Gippsland, Carnarvon, Browse and Bonaparte basins offshore in Australia waters. While
the project’s adopted scenario context was in-situ pipeline decommissioning, the outcomes of this study
can be used to infer a position on partial or full removal options.
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Project outputs

Several outputs were produced from this project including reports to NDRI, peer-reviewed journal
articles, and conference presentations.
Reports to NDRI
1. Curtin University 2021a. Literature Review (Technical Report No. TR-13266-1), Risk Based
Marine Impact Assessment of NORM and Hg from Decommissioning Oil & Gas Infrastructure.
Curtin University Oil and Gas Innovation Centre, Perth, Australia.
2. Curtin University 2021b. Assessment Report - NORM & Hg (Technical Report No. TR-132663), Risk Based Marine Impact Assessment of NORM and Hg from Decommissioning Oil & Gas
Infrastructure. Curtin University Oil and Gas Innovation Centre, Perth, Australia.
Peer-reviewed articles
Published
1. Koppel, D.J., Kho, F., Hastings, A., Crouch, D., MacIntosh, A., Cresswell, T., Higgins, S., 2022.
Current understanding and research needs for ecological risk assessments of naturally
occurring radioactive materials (NORM) in subsea oil and gas pipelines. Journal of
Environmental Radioactivity 241, 106774. https://doi.org/10.1016/j.jenvrad.2021.106774.
In preparation
2. Koppel, D.J., Cresswell, T., MacIntosh, A., von Hellfeld, R., Hastings, A., Higgins, S., Threshold
values for the protection of marine ecosystems from NORM in subsea oil and gas infrastructure.
3. Kho, F., Koppel, D.J., von Hellfeld, R., Hastings, A., Gissi, F., Cresswell, T., Higgins, S., Current
Understanding of The Ecological Risk of Mercury from Subsea Oil and Gas Infrastructure to
Marine Ecosystems.
4. von Hellfeld, R, Walters, W., Gade, C., Koppel, D.J., Koh, F., Hastings, A., Higgins, S., Offshore
oil and gas infrastructure decommissioning – Assessing potential environmental release of
mercury, modelling foodweb bioaccumulation, and examining potential human dietary uptake.

2

Outcomes from the project

The project undertook a wide-ranging and in-depth literature review that summarised the literature,
current practice in the oil and gas industry, and identified knowledge gaps and developed
recommendations (see Section 5 of the Literature Review Report, Curtin University (2021a), for a full
list of findings). Key findings around the environmental behaviour and potential impacts of mercury and
NORM and the application of ecological risk assessments are:
•

The regulatory context is complicated with no guidance on how to meet national and
international obligations.

•

Mercury and NORM, if present in oil and gas streams, form discrete contamination products in
Australian oil and gas infrastructure that have comparable characteristics and concentrations
to those reported internationally.

•

Mercury and NORM may have multiple impacts to ecosystem receptors including
contaminating sediment and water, impacting local organisms and biodiversity, and
contaminating marine resources used by Indigenous and fishing communities.

•

The Australian and New Zealand Water Quality Management Framework was identified as the
best-practice approach for contaminant management.

•

Current practice for assessing contaminant risk was reliant on best professional judgement due
to limited data and guidance for more systematic ecological risk assessments.
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Mercury

Mercury is naturally present in oil and gas reservoirs. As it is extracted in production fluids, changes in
temperature and pressure lead to its deposition as a monolayer on steel surfaces and adsorption to
corrosion products such as iron oxides (Figure 3). Adsorbed mercury can also react with H2S in gas
streams to form mercury sulfide. These processes and the chemical characteristics of these mercurycontaminated products were reviewed in the Literature Review (Curtin University, 2021a).
Water and sediment quality guidelines exist for total mercury concentrations. A process relating these
guideline values to the mercury-contaminated products found in oil and gas infrastructure was
developed in the Assessment Phase Report (Curtin University, 2021b). In that report, calculations
based on highly conservative mercury release scenarios were conducted to determine the maximum
allowable pipeline mercury concentration. These were calculated for a range of different pipe sizes and
given in units that are directly comparable to what operators can measure from retrieved samples.
Minimum values were 8.11 mg Hg/m2 if based on pipeline inner surface area (such as if measured by
x-ray-fluorescence analyser) or 0.03 mg/kg if based on pipeline mass (such as if analysed by steel
digestion and laboratory spectrometry/spectrophotometry).
The key environmental transformation governing the risk of mercury to marine ecosystems was its
methylation from ionic inorganic species (e.g., Hg2+) to organic methylmercury species (Figure 3). The
rate at which this occurs is important to assessing risk because methylmercury is the most soluble and
bioavailable mercury species and readily transfers from prey to predator, meaning it can biomagnify in
food webs. There is also some evidence suggesting it is more toxic than inorganic mercury to marine
organisms. The environmental parameters that promote these transformations were reviewed and
consolidated for Australian oil and gas basins in the Assessment Phase Report.
Mercury biomagnification may produce harmful impacts to organisms from low initial mercury releases.
It may also lead to dietary exposures to humans, with coastal and particularly coastal Indigenous
populations at a higher risk due to higher fish consumption. Mercury biomagnification was investigated
in the Assessment Phase Report (Curtin University, 2021b) using a food web modelling program
(Ecopath with Ecosim; EwE) and its inbuilt contaminant tracking tool (Ecotracer). Food safety guidelines
describing the maximum allowable muscle tissue mercury concentration in fish, as well as the tolerable
weekly methylmercury intake for humans, were used to investigate the magnitude of potential impacts
for a simplified model using publicly available data from various marine ecosystems globally.
Key remaining uncertainties include:
Mercury speciation, methylation, and toxicity in the marine environment. For mercury to be
methylated, it must first be transformed into a bioavailable form, which is governed in large part by the
surrounding environment (Guo et al., 2019; Gworek et al., 2016). As mercury methylation is a
microbially-mediated process, the environmental parameters controlling rates of methylation should be
better understood for Australian marine conditions. Methylated mercury species may also be more toxic
to marine organisms than its inorganic species, but few studies have investigated this.
Mercury uptake, bioaccumulation, and human exposure. Key uncertainties exist in parameterising
food-web models and predicting fish tissue concentrations from realistic mercury release scenarios.
Additionally, mercury concentrations in fish are already elevated from decades of anthropogenic
mercury release, so untangling the consequence of local mercury releases to regional scale food web
impacts needs to be investigated.
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Figure 3 Conceptual model of mercury (Hg) behaviour, environmental transformations, and exposure pathways in the marine environment Key environmental transformations
such as oxidation, methylation, and mineralisation reactions are included but not intended to be exhaustive. OM refers to organic matter.
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NORM

NORM contamination products including radium (226Ra and 228Ra) contaminated scale, 210Pb films, and
210Po films form because of changes in oil and gas fluid chemistry or changes to the physical conditions
throughout the oil and gas production system. When formed, NORM-contamination products may only
contain one or two ‘head of chain radionuclide’ radioisotopes that then control the in-growth and decay
of radionuclides in their decay chain. The formation and radiological and chemical characteristics of
these NORM-contaminated products are reviewed in the Literature Review (Curtin University, 2021a)
and associated journal article (Koppel et al., 2022).
The harm from radiation depends on the amount of radiation absorbed by an organism which depends
on the different radiation types, radiation energies and exposures (external or internal). The radiological
dose assessment tool ERICA was used to calculate the likely absorbed dose rate to different marine
organisms from different sediment and water radionuclide activities using default parameterisations
(Brown et al., 2008).
The ingrowth and decay of radionuclides over time means that their risk will change over time. 226Ra
was found to have the longest lasting risk given its long 1,600 y physical half-life. Ingrowth means that
the activity of 226Ra-contaminated scale will increase for 120 years to 8.5x its starting activity (i.e., the
sum of 226Ra and its daughter radionuclides) and take 16,000 y to reduce to 1% of its starting activity.
210Pb (t
210Po (t
1/2 = 22 y) and
1/2 = 138 d) will take 200 y and 2.5 y, respectively to reduce to 1% of their
starting activity. Threshold values describing the maximum initial activity for NORM head of chain
radionuclides were derived for different contamination products. These values reflect the activity that
would prevent environmental radiation exposures exceeding 10 µGy/h if the NORM-contamination
product was released into the marine environment and the equations derived account for radionuclide
ingrowth and decay over time. The minimum threshold values (i.e., most conservative corresponding
to the peak in activity from ingrowth) were 0.009 Bq/g for 226Ra, 0.029 Bq/g for 228Ra, 0.015 Bq/g for
210Pb, and 1.6 Bq/g for 210Po.
Several remaining uncertainties limit the confidence in NORM risk assessments:
Radionuclide behaviour in the marine environment. The behaviour of radionuclides in the marine
environment will change depending on their speciation and the local environmental conditions (Figure
4). Some important reactions include: the dissolution of sulfate and carbonate minerals containing
radium in anoxic conditions; the emanation of radon from radium-contaminated scales; the chemistry
of polonium in anoxic conditions.
Radiotoxicity to marine organisms. Existing dose rate limits for radiation exposures are based on
compilations of all radiotoxicity data including terrestrial and freshwater organisms. Marine radiotoxicity
data are a very small proportion of available data and so existing guidelines may not be relevant to
marine organisms. It is hypothesised that marine organisms are more tolerant of radiation effects due
to the attenuating nature of seawater and the presence of seawater salts that compete with
radionuclides for bioaccumulation. However, future work is required to confirm this hypothesis.
Biomagnification in Australian marine food webs. 210Pb and 210Po are known to bioaccumulate in
marine organisms but likely differ in their exposure routes. The consequence of bioaccumulation and
potential for biomagnification (particularly of 210Po) is not well understood.
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Figure 4. Possible NORM exposure pathways and environmental transformations in the marine ecosystem. Two exposure scenarios are considered, where the pipe is closed
and where the pipe is open to the surrounding environment. Only some radionuclides from the 226Ra and 228Ra (radium) decay series are reported as they are the mobile or longlived decay products. They include Rn (radon), Pb (lead), and Po (polonium). Particulate organic matter (OM) represents sediment and marine-based organic matter. Radiation
types are represented as alpha (α), beta (β), and gamma (γ).
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Measurement technology

A range of technology options for the in-situ measurement of mercury and NORM contamination in
offshore pipelines and flowlines were assessed against a set of project-developed functional
requirements to determine the technical suitability and readiness for deployment. Twelve vendors were
identified and of those nine volunteered to participate in a detailed survey.
In general, the technology options were either embryonic, requiring significant development, or were a
deployable tool, but the vendor-supplied data did not provide the quantitative information required to
demonstrate what the functional requirements were or could be met.
Key findings from the vendor survey included:
•

All in-situ measurement technologies have a low technology readiness level (≤2) and will
require significant resources ($, hrs) to be routinely field deployable.

•

NORM measurement techniques rely on gamma detection (either internal or external); the
ability to detect 1 Bq/g is possible but not yet demonstrable. Detection of species other than
radium-contaminated scale is currently indeterminate.

•

In principle, all the mercury measurement techniques can detect 1 mg/kg of total mercury, but
not all demonstrably in-situ based on Vendor information provided. Detection of species other
than total mercury in-situ is currently not known.

•

There needs to be an industry standardised set of functional requirements and specification
agreed for in-situ measurement of NORM and mercury, to ensure developed technologies are
fit for purpose (i.e., useful for ecological risk assessment).

Detection limits of 1 mg/kg for mercury and 1 Bq/g for NORM were the initial estimate of requirement
for 1) presence confirmation of the contaminant, and 2) an indication of its concentration. The
subsequent development of threshold values in this study are materially less than these initial detection
limits. An agreed definition of requirements is needed across industry, and potentially the regulator, so
Vendors are focussed on the measurement specification their in-situ systems need to achieve.
In-situ detection of NORMs has a much lower barrier to entry with existing systems being modified or
off-the-shelf detectors being ROV mounted with only minor adaption. However, the performance of the
current deployable NORM systems is restricted by physical laws governing the transmission of gamma
radiation (e.g., accounting for attenuation through pipe walls and coatings) and variability regarding
geometries.
A material effort will be required to have a selection of systems fully qualified to an industry and regulator
accepted level, ready for deployment in the field. A joint industry strategy is required to support this.

2.4

Risk assessment framework

The literature review outlined the typical process for an ecological risk assessment: (1) problem
identification, (2) exposure characterisation, (3) hazard characterisation, and (4) risk analysis. In
Australia, best practice ecological risk assessments investigating impacts to water and sediment quality
are implemented using the Water Quality Management Framework. The framework is part of the
National Water Quality Management Strategy which is adopted by all governments in Australia. For that
reason, this project aligned its development of a risk assessment framework to the principles outlines
in the Water Quality Management Framework. This included building conceptual models to define
current understanding, defining management goals, identifying indicators and guideline values that
could be used to understand risk and impacts, and identify ways of integrating evidence to assess risk.
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Management goals were defined by comparing potential impacts from COPC release in the marine
environment to legislative requirements for decommissioning offshore oil and gas infrastructure. From
this, three generic management goals were defined:
1. Ecosystem status: Ensure ecosystem function and structure is not negatively impacted by
NORMs and mercury contamination following decommissioning of NORM and/or mercury
contaminated infrastructure.
2. Water and sediment quality: Ensure that the release of NORMs and mercury do not negatively
impact water and sediment quality following decommissioning of NORM and/or mercury
contaminated infrastructure.
3. Marine resource use: Ensure the community’s ongoing use of marine resources (i.e.,
commercial, recreational, Indigenous use) is not negatively impacted by NORMs and mercury
contamination following decommissioning of NORM and/or mercury contaminated
infrastructure.
Due to project constraints, these management goals were developed in the absence of consultation
with key stakeholders such as regulators, and so may not be accepted by all stakeholders. Ideally
management goals will be developed to the contexts of local decommissioning scenarios.
To assess COPC impacts and risks against these management goals, multiple lines of evidence
(categories of evidence that can be used to assess risk) were identified alongside a range of supporting
indicators (measurable parameters). These included: chemistry lines of evidence that assess the total
concentration of mercury or activity of NORM in water and sediments; bioaccumulation lines of evidence
which considered environmental parameters that affect COPC speciation, mobility, and bioavailability;
toxicity lines of evidence which require direct toxicity assessments using COPC-contaminated products,
and; biodiversity lines of evidence which require an understanding of how communities or populations
of organisms change in response to COPC contamination. Only chemistry and bioaccumulation type
indicators could be investigated during the assessment phase.
Threshold values were developed by contextualising existing regulatory guideline values from a variety
of sources. This was achieved by tailoring guidelines to the types of contaminated products that may
form and applying conservative assumptions regarding their release. This was possible for chemistry
lines of evidence where COPC contaminated products were linked with the sediment and water quality
guidelines or the international dose rate screening criterion (Curtin University, 2021b).
Best practice risk assessments would integrate multiple lines of evidence in a weight of evidence
framework. This can be achieved in several ways ranging from highly data intensive statistical
approaches to more simple decision trees. Different options were discussed in the Assessment Phase
Report (Curtin University, 2021b). Any approach, however, will require more detailed investigation and
guidance development.

3

End of Research Project Position

Our understanding of mercury and NORM impacts has been enhanced and the learnings from this
study will support decision making around in-situ decommissioning options. For some decommissioning
contexts, the current understanding can inform decision making. That is, there is enough information to
assess the COPC risk for simple contaminant release scenarios where the COPC inventory is very
small.
The development of threshold values could be used to develop a tiered assessment framework. This
would allow stakeholders to assess the acceptability of a decommissioning option by comparing the
contaminant inventory to a screening assessment threshold value (Figure 5). For this to be a robust
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and trusted assessment process, there would have to be confidence that the threshold value used for
screening is protective of all impacts, in all release scenarios, in all environmental conditions. An added
level of conservatism should also be applied to reflect that release of contaminants may only occur in
the future following the corrosion of the containing infrastructure to adhere to the intergeneration equity
principle of ecologically sustainable development.
While the threshold values developed for mercury and NORM from this project are based on the water
and sediment quality guidelines and the international dose rate screening criterion, respectively, there
is not yet the level of certainty that they are protective of all impacts for all exposure scenarios and all
environmental conditions (Curtin University, 2021b). Key to building this confidence will be deriving
Australian-specific parameters that can be used to populate risk models. For example, deriving
radiotoxicity data for key Australian marine organisms (including corals, sponges, and seagrasses),
understanding the rates of mercury methylation across the conditions of Australian oil and gas basins.
For infrastructure containing a contaminant inventory above screening levels, a more detailed sitespecific assessments will be required. Here, multiple lines of evidence should be investigated across
the pressure-stressor-ecosystem receptor pathway to develop a confident understanding of potential
impacts and risks. There is still a need to develop guidance to support these types of site-specific
investigations given the risks that mercury and NORM pose. These issues are discussed in the
Assessment Phase Report (Curtin University, 2021b).
The acceptance of an ecological risk assessment framework by regulators and interested stakeholders
depends on it meeting national and international legislative obligations and societal expectations. This
has not been tested for the work conducted in this project, and opportunities to find a consensus
approach to assessing risk should be explored. This is particularly important if environmental
management tools, such as threshold values or the framework presented in Figure 5, are to be
developed to support decision making as their simplicity belies the research and evidence needed to
justify their appropriateness.
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Figure 5. A possible risk assessment framework that couples a screening assessment against threshold values
and a more detailed site-specific assessment using multiple lines of evidence in a weight of evidence framework.
Data limitations and knowledge gaps currently prevent the application of such a risk assessment framework.
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