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Scale residues can accumulate on the interior surfaces of subsea petroleum pipes and may incorporate naturally
occurring radioactive materials (NORM). The persistent nature of ‘NORM scale’ may result in a radiological dose
to the organisms living on or near intact pipelines. Following a scenario of in-situ decommissioning of a subsea
pipeline, marine organisms occupying the exteriors or interiors of petroleum structures may have close contact
with the scale or other NORM-associated contaminated substances and suffer subsequent radiological effects.
This case study used radiological dose modelling software, including the ERICA Tool (v2.0), MicroShield® Pro
and mathematical equations, to estimate the likely radiological doses and risks of effects from NORM-
contaminated scale to marine biota from a decommissioned offshore oil and gas pipeline. Using activity con-
centrations of NORM (226Ra, 210Po, 210Pb, 228Ra, 228Th) from a subsea pipeline from Australia, environmental
realistic exposure scenarios including radiological exposures from both an intact pipe (external only; accounting
for radiation shielding by a cylindrical carbon steel pipe) and a decommissioned pipeline with corrosive
breakthrough (resulting in both internal and external radiological exposure) were simulated to estimate doses to
model marine organisms. Predicted dose rates for both the external only exposure (ranging from 26 pGy/h to 33
pGy/h) and a corroded pipeline (ranging from 300 pGy/h to 16,000 uGy/h) exceeded screening levels for
radiological doses to environmental receptors. The study highlighted the importance of using scale-specific
solubility data (i.e., Kg) values for individual NORM radionuclides for ERICA assessments. This study provides
an approach for conducting marine organism dose assessments for NORM-contaminated subsea pipelines and
highlights scientific gaps required to undertake risk assessments necessary to inform infrastructure decom-
missioning planning.

1. Introduction decision-making processes for decommissioning in most countries with
offshore petroleum infrastructure is on a case-by-case basis and requires
environmental impact assessments (EIA). This is to ensure that operators

and licence holders demonstrate that minimal harm to the marine

From 2018 to 2040, thousands of offshore petroleum fields are
nearing or have reached the end of their productive life, resulting in a

substantial amount of infrastructure requiring to be decommissioned
(Cresswell et al., 2021; MacIntosh et al., 2021; Koppel et al., 2022).
Decommissioning options for all infrastructure include complete or
partial removal from the seabed or leaving in situ (leave in place), with
no intervention or with options for burial (Bull and Love 2019). The

ecosystem (and human consumers) occurs during decommissioning and
potentially after if infrastructure is left in situ. The prospect of extensive
decommissioning has, only recently, given rise to the need for a better
understanding of the associated environmental risks, benefits to biodi-
versity, and improvement of the assessment tools needed to address

* Corresponding author. Australian Nuclear Science and Technology Organisation, Lucas Heights, NSW, Australia.

E-mail address: amy.macintosh@hdr.mq.edu.au (A. MacIntosh).
1 Present address: Australian Institute of Marine Science, Perth, Australia.

https://doi.org/10.1016/j.jenvrad.2022.106979

Received 28 June 2022; Received in revised form 26 July 2022; Accepted 28 July 2022

Available online 11 August 2022

0265-931X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:amy.macintosh@hdr.mq.edu.au
www.sciencedirect.com/science/journal/0265931X
https://www.elsevier.com/locate/jenvrad
https://doi.org/10.1016/j.jenvrad.2022.106979
https://doi.org/10.1016/j.jenvrad.2022.106979
https://doi.org/10.1016/j.jenvrad.2022.106979
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. MacIntosh et al.

them (Cresswell et al., 2021; MacIntosh et al., 2021; Melbourne-Thomas
et al., 2021; Koppel et al., 2022). Research into the environmental im-
pacts of abandoned structures, particularly of associated contaminants
has only emerged in the last five years (MacIntosh et al., 2021). Of the
range of contaminants, very little is known about the long-term fate and
impacts of naturally occurring radioactive material (NORM).

Oil and gas extraction and transport can lead to the deposition of
solid deposits of inorganic salts known as scale on the interior surfaces of
petroleum infrastructure such as pipes, vessels and platforms. NORM
radionuclides can become incorporated into these scales, which make
them an important consideration for decommissioning. Scales can have
the highest radioactivity of any NORM-contaminated product due to
high activities of radium (Ra) radioisotopes (®**°Ra and %?®Ra can range
from 40 to 1000 Bq/g (Ali et al., 2019; Koppel et al., 2022).

The natural decay of parent radionuclides, the uranium series (ZSSU),
thorium series (>*®Th) and actinium series (235U), can lead to elevated
levels of Ra in formation waters, but it is the chemical similarities of Ra
and scale-forming minerals such as barium (Ba), strontium (Sr) and
calcium (Ca) that leads to its elevated activity of progeny radionuclides
within the various forms of scale (e.g., barium sulphate, calcium car-
bonate). The deposition of scale containing the NORM radionuclides,
226Ra, 228Ra, 219pb and 2'°Po, in addition to co-occurring metals, are
known to be present for years beyond cessation of operations in petro-
leum infrastructure and could be at concentrations that lead to potential
ecological harm if released to the marine environment (Grung et al.,
2009; Olsvik et al., 2010; Jensen et al., 2016; MacIntosh et al., 2021).

A key challenge for petroleum operators is to predict potential im-
pacts of NORM contaminants in production infrastructure to inform
decommissioning plans. Several modelling tools and software programs
have been created to assess the risk to non-human biota from radiation
and radioactive contamination, including the ERICA Tool (Environ-
mental Risk of Ionising Contaminants: Risk and Management; hereafter
referred to as ERICA) and RESRAD- BIOTA (RESidual RADioactive ma-
terials) (DOE 2019; TAEA 2021). ERICA is one of the most widely used
software packages globally that allows for simplified estimations of dose
rates to biota in terrestrial, freshwater, and marine ecosystems (Brown
et al., 2016). ERICA has been used for environmental risk assessments
for different sources of potential radiological concerns, including
aquatic ecosystems close to uranium industry sites (Goulet et al., 2022),
nuclear power plant discharges (Nedveckaite et al., 2011; Vandenhove
et al., 2013; Li et al., 2015), waste disposal facilities (Robinson et al.,
2010; Johansen et al., 2012; Posiva Oy 2014) and releases from medical
facilities (Carolan et al., 2011).

Decommissioning scenarios for NORM-contaminated infrastructure
that include in situ disposal may eventually lead to the NORM constit-
uents being released following infrastructure corrosion. This means that
NORM could be directly available to marine organisms in the sur-
rounding benthic environment where bioaccumulation and subsequent
ecotoxicological effects from the chemical and radiological properties of
the scale material could occur. Prior to the corrosion of infrastructure,
marine organisms inhabiting the exteriors of subsea production infra-
structure may receive doses from NORM contained inside the pipes due
to gamma emissions of some radionuclides penetrating through the
pipeline material. This may lead to ecotoxicological effects for organ-
isms (Hosseini et al., 2012; MacIntosh et al., 2021), especially of sessile
organisms colonising the pipeline. However, these exposures are not
well understood.

Two key challenges for the prediction of NORM impacts from
decommissioning decisions include the inability of ERICA to calculate
shielded dose rates from radionuclides contained within infrastructure
and data limitations for some radionuclides resulting in some default
parameters being derived using extrapolation approaches (Brown et al.,
2016). The ERICA Tool includes a standard set of exposure geometries
that are generally applicable to most aquatic exposure scenarios (e.g.
organisms surrounded by water only, organisms at sediment surface).
However, the geometries do not include important features required
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when modelling decommissioning structures. Specifically needed are
exposures that include shielding in cases where there is a steel structure
between the source and the organism and cylindrical sources (e.g.,
accumulated scale within a pipe during normal pipeline operations;
Maclntosh et al., 2021).

The ERICA tool provides conservative default parameters to ensure
that assessments are protective to a wide range of environments and
organisms. Parameters, such as those describing the solid to liquid phase
partitioning of radionuclides (the kq value), are based on assumptions of
the radionuclide being in equilibrium in the environment. This may not
be the case when NORM-contamination associated with infrastructure is
exposed to marine waters or sediments. Cresswell et al. (2021) recom-
mended using results from NORM scale leachate experiments (in
seawater) to derive pipe scale-specific ky values for use in ERICA
modelling. This approach should ensure more environmentally relevant
assessments are conducted and reduce the level of uncertainty and
conservatism in dose assessments. However, this has not yet been
assessed in a comparative modelling study.

The first aim of this paper was to investigate the likely radiological
dose rates from NORM-contaminated scale under environmental real-
istic exposure scenarios to model marine organisms. This was achieved
by using available radiological dose modelling software, including the
ERICA Tool (v2.0), MicroShield® Pro and mathematical equations, to
estimate the radiological doses and subsequent risks from NORM-
contaminated scale to marine biota from a decommissioned offshore
oil and gas pipeline. Radiological exposures from both external sources
(accounting for radiation shielding by a cylindrical carbon steel pipe)
and internal sources over two scenarios of in situ pipeline decom-
missioning are provided using measured concentrations of NORMs from
subsea pipelines. The secondary aim of this study was to investigate the
impact of different model parameterisations on the overall assessment
outcomes of using the ERICA Tool and to determine the best approach to
apply to subsea pipeline NORM scale assessments.

2. Methodology

This case study presents two radiological exposure scenarios of ma-
rine biota exposed to radiological doses from NORM-contaminated
subsea scale i) external only to sessile organisms colonising the exte-
riors of the pipe and ii) organisms seeking refuge inside a recently
opened pipe (via corrosive breakthrough) where organisms are exposed
via non-shielded external radiation and via internal radiation following
respiration and/or ingestion of soluble radionuclides.

2.1. Radionuclides considered in the modelling: NORM scale

For all the radiological dose modelling assessments, we used
measured concentrations of NORMs associated with barium sulphate
(BaSOy; hereby referred to as barite) scale. The scale collected was from
a decommissioned subsea well tubular (construction details and di-
mensions in section 2.2) carrying predominantly oil with minor frac-
tions of gas and formation water from the Griffin Field, located on the
North West Shelf of Australia, approximately 68 km offshore of Onslow,
Western Australia. The tubular was brought to shore, where solid scale
was collected from the internal surfaces, homogenised (pulverised to Pgg
231 pm) and was analysed by alpha and gamma spectrometry at the
Australian Science and Technology Organisation (ANSTO), Lucas
Heights (Sydney, Australia) to determine the presence of the radionu-
clides present in the 238U, 23°U and 232 Th day chains (Table 1; radio-
analytical methodology is provided in Supporting Information 1.1). No
activity was detected for radionuclides from the 2*>U decay chain or for
head of chains 2*®U and 22°Th.
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Table 1

Mean activity concentrations (Bq/g dry mass) of radionuclides with >10 day
half-lives determined in pulverised barite scale samples from a Griffin Field well
tubular (£SE; n = 3).

Radionuclide Half-life Activity concentration in scale (Bq/g dry weight)

Uranium-238 series

22Ra 1,600 years 180 + 18
210pp 22.2 years 65+ 7
210pg 138 days 64 + 4
Thorium-232 series

228Ra 5.75 years 44 + 4
228Th 1.91 years 63+6

2.2. Exposure scenario 1: external doses from an intact pipe to marine
organisms

To simulate a scenario where scale radionuclides are contained
within a pipeline (i.e., during operation or following recent decom-
missioning), it was assumed a decommissioned pipe was left in situ,
closed at either end and retained its structural integrity. Therefore, or-
ganisms will not be directly in contact with the NORM-contaminated
scale, but only exposed though x-rays and gamma radiation that pene-
trates the pipe. As the ERICA tool cannot account for a cylindrical curved
source or shielding effects, the computational program MicroShield ®
Pro was used (Version 12.12, Grove Software, further details in Sup-
porting Information 1.2). MicroShield® Pro was used to calculate
external-only dose rates from a subsea pipeline containing Ra-
contaminated scale to a receptor on the outside of the pipe. The geom-
etry included a radioactive source layer, a shield of steel pipe (repre-
sentative of a standard API 5LC Seamless 12% Cr steel pipeline, 12.06
cm external diameter) and the pipe hollow middle contained seawater
representative of Australian marine environments (Table 2). The
modelled pipe had dimensions of 100 cm length and NORM-
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contaminated barite scale was used as the radioactive source. The
source contained radionuclides in the ??°Ra and ??®Ra decay series
(Table 1) and allowed the evaluation of the influence of 52x discrete
gamma photons with primary energies >0.1 MeV and emission proba-
bilities >1% (Supporting Table 1). All progeny with half-lives <10 days
were assumed to be in secular equilibrium with their respective parent.
Attenuated gamma radiation, as well as secondary radiation or ‘build
up’ was calculated for the following range of variables: scale activity
concentrations (45-1350 Bq/cm® of 22°Ra and associated progeny) and
estimating the likely external dose rates to a biological receptor at
different distances from the exterior surface of the pipe (1 cm-20 cm; 1
cm representing organisms attached to the exterior surface of pipe)
(Table 2). Radiation build up is a correction factor that considers the
influence of the scattered radiation from a material (i.e., a radiation
shield) plus any secondary particles in the shielding medium. Micro-
Shield calculations that varied receptor distance away from the pipe
were assumed to be in air and were calculated for build-up and no build
up. MicroShield did not allow for a seawater layer outside the pipe, so
additional calculations were needed to account for attenuation by
seawater (see Section 2.3). The geometry of the scenario and an illus-
tration of the different input parameters are shown in Fig. 1.

2.2.1. Calculation of external-only dose rates with attenuation of radiation
though a pipeline to marine organisms

To account for the subsea environment in our assessment, the output
from the MicroShield computations required additional manual calcu-
lations to be conducted to account for attenuation of x-rays and gamma
radiation by seawater outside the pipe (see Supporting Information
Section 1.2.1). These calculations had two purposes. Firstly, to investi-
gate the external-only dose rates sessile organisms may experience from
Ra-contaminated scale on the surface of the pipe, and secondly, to
calculate the distance away from a pipeline required to reduce the
external only dose rate to 10 pGy/h (see Section 2.6). The first set of

Table 2
Data parameterisations, inputs and justifications for the models simulated in MicroShield® Pro for a 12.06 cm external diameter pipe.
Parameter Parameter in MicroShield Simulated Justification
value
Steel thickness Outer Cyl Thickness 0.87 cm Range of steel pipe thicknesses (in mm) by API 5L specifications
Scale thickness Source 1.5cm A range reflecting limited scale precipitation to 3/4 max pipeline
diameter (in mm)
Inner void diameter Inner Cyl Radius 6.03 cm Calculated by (outer cylinder thickness - (2 x scale thickness) - (2

x steel thickness))

Additional materials in Micro Shield

Seawater

(Representative of Australian marine
environment)

0; 87%

H; 10%

CL; 2%

Na; 1%

1.035

Elemental components and percentage of
makeup (%)

Density (g/cm®)

Steel pipeline  Barite scale

(Outer Cyl) (Source)

Fe; 78% Ba; 58.9

Cr; 12% 0; 27.4%
Ni; 8% S; 13.7%
7.784 4.5

Activity of source material Activity concentration (Bq/cm?)”

Simulation 2°

Simulation 3¢ Simulation 4 Simulation 5°

Radionuclide® Simulation 1

Ra-226 810 45 135 675 1350
Bi-214 810 45 135 675 1350
Pb-214 810 45 135 675 1350
Ra-228 198 45 135 675 1350
Ac-228 198 45 135 675 1350
Bi-212 284 68 203 1013 2025
Pb-212 284 68 203 1013 2025
Ra-224 284 68 203 1013 2025
T1-208 284 68 203 1013 2025

a
Only radionuclides with gamma energies >0.1 MeV and >1% emission probabilities were included.
3

nen@Bqf @ach radionuclide in the barite scale multiplied by the density of scale (4.5 g/cm3).

c
Simulations 2-5 activity concentrations of each radionuclide in the barite scale increase by a factor of 3 to examine impacts of an activity concentration series.
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Biological receptor distance from
pipeline (cm)

Ranging between 1 - 20 cm at
3 cm intervals

Steel pipe thickness

Interior of intact pipeline
assumed to be flooded
with seawater

Scale

Decommissioned intact pipeline left in-situ

Fig. 1. The input parameters used for each computation using MicroShield® Pro to simulate a contained scenario in the environment (external exposure only) of Ra-
contaminated scale contained within a decommissioned intact pipeline (100 cm length and 12.06 cm external diameter) left in-situ on the seafloor and flooded

with seawater.

calculations used the NORM-scale described in Section 2.2 which varied
the dose point distance from the pipe surface (Simulation 1, Table 2).
The second set of calculations used an arbitrary activity series of 2°Ra
and ?®Ra at a 1:1 ratio in equilibrium with their progeny (Simulation
2-5, Table 2). We investigated an activity concentration series of
45-1350 Bq/g??%Ra and 2?®Ra and progeny to determine the activity of
Ra-contaminated scale radionuclides (*?°Ra and ??®Ra in equal pro-
portions and in secular or transient equilibrium with their progeny) that
results in a 10 pGy/h dose rate at different distances from the pipe were
then calculated by interpolation of linear regressions fitted to model
outputs.

2.3. Exposure field scenario for ERICA: organisms within internals of pipe
after corrosive breakthrough

This scenario models corrosive breakthrough of the pipe and subse-
quent flooding of pipe internals with seawater, where it is assumed,
there are holes and openings that allow some biota to seek refuge inside.
The scenario conservatively assumes the openings do not allow for sig-
nificant water exchange within the structure such that the activity
concentrations of radionuclides in the water can be estimated from the
scale using partitioning coefficients. In this assessment, the potential
radiological doses from the radionuclides of concern were determined
for marine organisms such as benthic fish, invertebrates, and
zooplankton, that can enter and occupy the interiors of the pipe
(assumed to be 12.06 cm external diameter). Hence this scenario con-
siders radiological exposure directly from exposure though contact with
the scale and accumulation of radionuclides within the organisms, as
well as externally to organisms inhabiting the interior surfaces of the
pipe (i.e., molluscs, crustaceans, plankton). There is no standard ge-
ometry for curved pipe surfaces within the ERICA Tool. Therefore, it was
assumed that the organisms within the pipe are exposed to a planar
source (infinite distance) of contamination, such as would be

experienced if an organism was on the surface of contaminated sedi-
ment. Two assessments were performed using the variations of data
parameters discussed below.

2.4. Assessment data for ERICA

For the purposes of this study, we used the ERICA Tool version 2.0
and ran all assessments at the Tier 2 stage using a marine ecosystem.
Default occupancy factors, concentration ratios (CR) percentage dry
mass of sediments, uncertainty factors, and radiation weighting factors
were used and are considered conservative. The ERICA tool contains a
well-defined set of representative organisms for which default values are
provided for all parameters needed for dose rate calculations (ICRP
2017, Table 3). Only representative organisms that are characteristic of
biota identified at Australian offshore petroleum facilities were used

Table 3
Representative organisms selected for the ERICA assessments that are likely
present in, on or near offshore petroleum subsea pipelines.

Representative Organism Mass (kg) Geometry defined by ~ Reference
Benthic fish 1.31E+00  ICRP Flat fish ICRP (2017)
Crustacean 7.54E-01 ICRP Crab ICRP (2017)
Macroalgae 6.52E-01 ICRP Brown seaweed ~ ICRP (2017)
Mollusc - bivalve 1.64E-02 FASSET Benthic Larsson
mollusc (2004)
Pelagic fish 5.65E-01 FASSET Pelagic fish Larsson
(2004)
Phytoplankton 1.00E-06 FASSET Larsson
Phytoplankton (2004)
Polychaete worm 1.73E-02 FASSET Worm Larsson
(benthic) (2004)
Sea anemones & True coral 1.77E-03 ICRP Polyp ICRP (2017)
(Polyp)
Zooplankton 6.14E-05 FASSET Zooplankton  Larsson
(2004)
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(Bond et al. 2018a, 2018b; McLean et al. 2019, 2020). Details about the
organisms used for the ERICA assessments are provided in Supporting
Table 3.

2.5. Assessing the influence of different parameterisations

To investigate how different parameterisations may affect the
assessment of dose rates, several sub-assessments were performed with
different input data, including: (1) comparing default radionuclide Kq4
values vs. measured Ky values from seawater leach experiments (here-
after referred to as “scale-specific Kq value”; see below) with scale
samples, and (2) manual input of short-lived daughter products vs only
inputting head of chain parents.

2.5.1. Scale-specific versus default partitioning coefficients of radionuclides

For each ERICA assessment, total concentrations of the radionuclides
in the barite scale (Table 4) were used to estimate absorbed weighted
dose rates to marine organisms. These were entered as ‘sediment’ con-
centrations. Corresponding water concentrations were calculated using
partitioning coefficients (K4 values) for each radionuclide. Default and
laboratory-derived Kq values were used to investigate the differences to
resulting dose rates.

Default partition coefficient (Kq) values from the ERICA Tool were
based on ocean margin values taken from IAEA (2004) (Table 4). Dose
rates using these values were then compared to those estimated using a
range of K4 values determined by a seawater leach experiment where
various scales samples were continuously rolled in seawater for 1 month
in the laboratory (as per Cresswell et al. (2021)). Details on the seawater
leachate experiments and radiochemical methods are provided in Sup-
porting Information Section 1.3. The resulting average seawater activity
of each radionuclide (210Pb, 210pg and 228Th) was then divided by the
activity concentrations in the total scale (“Scale-specific” values,
Table 4). As seawater 2*°Ra activities were below detection limits in
some replicates of the seawater leach experiments, the minimum
detected value of 0.12 Bq/L was used. This approach allows a better
estimate of radionuclide solubility from the specific barite matrix of the
pipe scale used in our assessment.

2.5.2. Comparison of head of chain only versus the inclusion of short-lived
daughter radionuclides

For the barite scales in this study all radionuclides in the 2?Ra and
228Ra decay chains are represented by the activity concentrations of the
parent radionuclides (>10 days half-lives) 226Ra, 210Pb, 210Po, 228Ra and
228Th (as there were no detectable activities of 238U, 2°°U and 2*2Th). As
the short-lived radionuclides (<10 days) have unique Kq and concen-
tration ratio values and are not accounted for, this leads to deviations

Table 4
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from secular equilibrium of the short-lived radionuclides in the water
and organisms. Therefore, to investigate a scenario for when the parents
and short-lived progeny are not assumed to be in equilibrium, a further
assessment was performed to include the daughter radionuclides of the
226Ra and 2®Ra decay chains with a physical half-life shorter than 10
days; 218po, 214pp, 214pj, 214po, 210p; 206T| 2285 224p, 216p, 212p},
212Bi, 212p 208T] (j.e., these radionuclides were explicitly selected for
inclusion in the assessment as well as the parent; see Supporting Table 3
for additional details). By including the short-lived daughter products, it
is possible to input water or sediment activity concentrations for each
and enable Ky values for the progeny to be used. The assessment for the
progeny, when added to the primary assessment, had to be conducted in
two steps: (i) inputting our measured activity concentrations in scale to
estimate the internal dose rate (via application of CR values): (ii) input
an activity concentration of each progeny appropriate to estimating the
external dose rate (this was calculated as the scale activity concentration
multiplied by the radionuclide-specific media activity correction factor
from the ERICA Tool database). The media activity correction factor
estimates the average unsupported progeny activity concentration in
scale over the 1-year integration period assumed in the ERICA Tool (for
more details, see Supporting Information Section 1.4.1).

2.6. Calculated dose rates, comparative benchmarks and data analysis

The output from MicroShield® Pro and manual calculations were
converted from mGy/hr to pGy/hr for comparisons with radiological
benchmarks for non-human biota. We used benchmarks of 1) ERICA
generic screening level of 10 pGy/h, which is the ecological screening
value representing the dose rate at which 95% of species in the
ecosystem are expected to be protected (Commonwealth of Australia,
2015), and 2) ICRP Derived Consideration Reference Levels (DCRLs)
that are bands of dose rates within which there is likely to be some
chance of deleterious effects of ionising radiation occurring to in-
dividuals for representative aquatic organisms: 40-400 puGy/h for a
Reference Flatfish and Reference brown seaweed and 400-4000 uGy/h
for Reference Crab (ICRP, 2014). For the relevant measured organisms
with no specific DCRLs, the 40-400 pGy/h band was used for marine
benthic invertebrates and the 400-4000 pGy/h band for polychaete
worms. If dose rates exceeded the ERICA screening value and the lower
value of the ICRP DCRLs, comparisons were made with relevant
dose-effect relationships between the relevant radiation exposure and
the likely associated radiobiological effects on organisms collated within
the FREDERICA database (Copplestone et al., 2008).

Linear regression models were applied to the external-only exposure
scenario using manual dose rate calculations and the output from
MicroShield® using the parameters from simulations 1-5 (Table 2). We

Data parameterisation inputs for the ERICA assessment assessing the dose rate from only the long-lived radionuclides and comparing the scale-specific versus default
ERICA K4 values. Total activity concentrations of the long-lived radionuclides barite scale (Bq/kg) were input as sediment, ERICA default K4 values are retrieved from

IAEA (2004) guidelines.

Radionuclide”  Activity concentrations in the scale (Bq/kg dry mass)  Kq4

Estimated seawater concentrations calculated by ERICA
(Bg/L)

Neat” Default ERICA value

Scale-specific value‘ Default ERICA value  Scale-specific value’

Assessment inputting long-lived radionuclides only

Ra-226 180000 5.33E+03 1.50E+06 3.38E+01 1.20E-01
Pb-210 65000 2.66E+05 9.03E+05 2.44E-01 7.20E-02
Po-210 64000 5.33E+07 1.5E+06 1.20E-03 4.00E-02
Ra-228 44000 5.33E+03 1.5E+06 8.26E+00 2.90E-02
Th-228 63000 7.99E+06 1.3E+06 7.88E-03 5.00E-02

@ Naturally occurring radionuclides included in the ERICA assessments.

b Neat is representative of 100% of the radionuclide activity concentrations analysed in the pulverised barite scale sample.
¢ Kq values for each of the long-lived radionuclides were calculated from: average total activity concentrations in pulverised scale + average activity concentrations

detected from filtered (<0.45 pm) seawater leach tests.

4 The water activity concentrations were calculated from using the input sediment activity concentrations and the K4 values for each respective radionuclide.
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tested the correlations between the external-only exposure models
calculated from MicroShield (air attenuation) and the manual calcula-
tions for water attenuation by performing linear regression models. All
linear regression models, data plotting and visualisations were per-
formed in R Studio software version 9.2 (R Development Core Team,
2016).

3. Results and discussion

3.1. Contained field scenario of external radiation doses (accounting for
shielding from pipeline)

The shielded dose rates for an external only exposure based on a scale
activity of 180 Bq/g of ?%Ra (assuming *?°Ra and ??®Ra and their
progeny are in secular or transient equilibrium with their head of chain;
see Simulation 1 in Table 2) varied between 26 uGy/h (build up and
attenuated by water) to 33 uGy/h (no build up and attenuated in air), at
the point of external colonisation by marine biota (i.e. 1 cm from pipe
surface; Fig. 2). At direct contact with the exteriors of the pipe surface (i.
e. d = 0 cm), the dose rate ranged between 28 uGy/h (build up and
attenuated by water) and 45 pGy/h (build up from steel and attenuated
in air). The calculated external dose rates alone are above the ERICA
screening value of 10 pGy/h, and therefore there may be a non-
negligible dose to organisms colonising the external surfaces of
NORM-contaminated subsea pipelines at the modelled radionuclide
concentrations. This is relevant for small organisms attached to the
surface that are in the early life stages of development into larger or-
ganisms (e.g. eggs, larvae) and would be the most exposed organisms to
receive a direct radiological dose.

Our models suggest that organisms need to be between 14.0 cm
(assuming only build up from steel and in air) and 17.9 cm (build up
from the steel pipe and water attenuation) to receive a dose rate of 10
pGy/h. The water attenuation modelling approach assumed a linear
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collimated beam moving away from the pipe (represented as a point
source of radiation), whilst MicroShield® uses the actual geometry of a
cylindrical pipe to represent a curved, planar source. These approaches
illustrated that the receiving dose rate will decrease with the increase of
the distance between the source (pipe) and the biological receptor
(Fig. 3.). Simplified linear attenuation models to calculate the dose-rate
of gamma emissions from the ?Ra and *®Ra decay chains assume an
inverse square fit from a point source, which is unlikely to occur in an
actual exposure scenario that involves both a shield (pipeline) and
source (Ra-contaminated scale material) from a cylindrical geometry.
However, if the Beer-Lambert law was applied (attenuation in air) to
calculate the external dose rates from NORM-contaminated scale inside
pipelines, the activity or dose of a collimated monoenergetic photon
beam passing through a shield would decrease exponentially. The latter
is more applicable for an exposure scenario with a decommissioned
pipeline containing NORM-contaminated scale. However, as these
external exposure radiological dose models and calculations are theo-
retical and have a number of underlining assumptions, further work is
needed to investigate if these models can be extrapolated to a real-world
scenario where marine organisms inhabit the exteriors of an intact
decommissioned pipe containing NORM-contaminated scale e.g. con-
ducting external exposure experiments by locating marine organisms at
varying distances to shielded NORM-contaminated scale and measuring
the receiving external dose rates.

The dose assessment approach adopted in the ICRP Publication 136
(2017) is based on the uniform isotropic model where radioactive
sources are homogenously distributed in the environment and organ-
isms which share the same density and elemental composition. How-
ever, this is unlikely to occur in the marine environment around a subsea
NORM-contaminated structure, along with the interactions with sur-
rounding marine organisms. The interaction between photons and a
shielding medium such as seawater is energy and shielding specific for
both the attenuation of the primary photon source, as well as the

Screening level in ERICA
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Fig. 3. Individual radionuclide contributions to the total
absorbed dose rates (pGy/hr; only dose rates above 1 pGy/
h are illustrated) to the three most (i.e. highest total dose
rate) and least (i.e. (lowest total dose rate) exposed ma-
rine organisms using A) Default ERICA K4 values and B)
scale-specific experimental K4 values. Dose rates were
calculated from the scale-specific activity concentrations
from Ra-contaminated barium sulphate scale (Table 4)
from a decommissioned offshore well tubular. All details
and assumptions on the modelled scenario are provided in
Sections 2.4 and 2.6. The ERICA default 10 pGy/h
screening value is depicted by a grey dashed line. Radio-
nuclides are in the order of their decay series.
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potential generation of secondary radiation from other effects e.g.,
photoelectric effect, Compton scattering and pair production. The uti-
lisation of MicroShield ® can account for these processes in relation to
the complex materials and cylindrical geometries of subsea oil and gas
pipelines.

3.2. Dose rates to marine organisms within a decommissioned pipe after
corrosive breakthrough

3.2.1. Default and scale-specific dose rates to marine organisms

The estimated total doses for all the reference organisms using
default ERICA Ky are considerably higher than the ERICA generic
screening value (10 pGy/h; Table 5) and were above the ICRP 40-400
pGy/h dose bands for flatfish and brown seaweed and within the ICRP
400-4000 pGy/h dose band that for reference crabs, suggesting poten-
tial impacts to vertebrates, invertebrates and marine flora. The dose
rates varied substantially between organisms, ranging from 300 pGy/h
to 16,000 pGy/h and the most exposed organisms with the highest dose
rates being for phytoplankton (16,000 pGy/h), polychaetes (2900 pGy/
h), and macroalgae (1100 puGy/h; Table 5 and Fig. 3).

When using scale-specific Kq values (Table 4), the total dose rates
were considerably lower ranging from a 17%-86% decrease in the
predicted dose rates when using scale-specific K4 values (Table 5).
However, the dose rates were still above the ERICA screening dose rate,
with four organisms exceeding the ICRP 400 uGy/h DCRL lower band for
crabs (Table 5). The most exposed organisms with the highest dose rates
were phytoplankton (7300 pGy/h), polychaete (860 pGy/h) and sea
anemones and true coral (730 pGy/h; Table 5), the latter were compa-
rable to the default ERICA calculated assessment previously described.
The total dose rates of all the modelled marine organisms for both as-
sessments are shown in Supporting Figs. 1 and 2. However, when
determining the potential risk of radiobiological effects from this
exposure, there is plausible data on radiobiological effects. Hence, more
investigation is warranted e.g. conduct laboratory-dose response ex-
periments with endpoints such as growth and reproduction to better
determine radiobiological effects.

For both assessments, the largest dose contributors were 22°Ra, 21°Pb
and 2?®Ra with the dominant radionuclide being 22°Ra for all organisms,
except for the phytoplankton for which it was 22Ac (Supporting Figs. 2

Table 5

Estimated total dose rates (uGy hr~!; 2 significant figures) to ERICA reference
marine organisms that are likely to seek refuge and inhabit a corroded pipeline
estimating using the neat activity concentrations from NORM-contaminated
scale (180 Bq/g of 226Ra), default ERICA and scale-specific K4 values, and
ERICA calculated seawater concentrations. Values highlighted in bold exceed
the ERICA screening value of 10 pGy/h and the respective ICRP Derived
Consideration Reference Levels (DCRLs) for representative aquatic organisms;
40-400 pGy/h for a Reference Flatfish (fish) and Reference brown seaweed
(macroalgae) and 400-4000 pGy/h for Reference Crab (crustaceans).

Organism Default Scale- Percentage decrease in total
ERICA Ky specific K4 dose rate (default vs scale-
values values specific K4 values)

Total Dose Rate per organism
(WGy hr™)*

Benthic fish 990 250 74%

Crustacean 700 380 45%

Macroalgae 1120 170 84%

Mollusc - bivalve 470 210 55%

Pelagic fish 860 120 86%

Phytoplankton 16000 7300 54%

Polychaete 3000 860 70%

Sea anemones & 880 730 17%

True coral
Zooplankton 290 190 35%

# Includes all long-lived radionuclides and short-lived daughter products
calculated by default in ERICA.
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and 3).

A comparison of the predicted dose rates with the dose-effect re-
lationships from the FREDERICA database (Copplestone et al., 2008)
indicates that some of the modelled organisms may experience radio-
biological effects when exposed to the activities from the
NORM-contaminated scale at activity concentrations used in this
assessment. The organisms most vulnerable to exposure of mixed types
of radiation were macroalgae, phytoplankton, polychaete, sea anemones
and zooplankton, with the FREDERICA database showing dose rates
>1000 pGy/h may be sufficient to have some impact on molluscs and
polychaetes and <40 pGy/h for pelagic fish, in terms of increased
mortality, increased morbidity and reproductive capabilities. However,
comparing our assessments with the DCRLs and ERICA default screening
values was difficult due to the lack of available data for the respective
dose rates for the organisms. For example, the chronic marine toxicity
data set in FREDERICA only covers three taxonomic groups; aquatic
invertebrates, molluscs, and fish (Garnier-Laplace et al., 2008).
Furthermore, a review by MacIntosh et al. (2021) suggested that some
organisms may be able to withstand high radiological doses and there-
fore have no observable radiobiological effects. Thus, relating the
exposure dose rate to biological effects needs to be carefully interpreted
because of the high variability in inter-species tolerance to radiation.

There is a scarcity of data regarding acute and chronic effects of
NORMs to individual and populations of marine organisms (Maclntosh
et al.,, 2021). If dose rates are estimated to be below the 10 puGy/h
screening level, one could assume the radiological risks are low. If the
screening level and DCRLs are exceeded, as was the case in this assess-
ment, further work is required to understand the potential individual
and population level effects of exposure to ionising radiation from
NORM scale under the site-specific exposure scenario.

Using default ERICA K4 parameters (Table 4), the estimated internal
dose rates ranged between 290 and 16,000 pGy/h, whereas external
dose rates were considerably smaller ranging between 0.04 and 270
pGy/h (Table 6). When the scale-specific Kq values were used, instead of
default values, the internal dose rates were considerably lower ranging
between 39 and 7340 pGy/h, reflecting the lower solubility of key ra-
dionuclides such as radium and lead when incorporated within a barite
matrix. However, the external dose rates were the same (except for
pelagic fish, phytoplankton and zooplankton) as the default ERICA
assessment because the input sediment activity concentrations were the
same (Table 6). Internal and external dose rates of all the modelled
marine organisms for both assessments are illustrated in Supporting
Figs. 3-6.

By assessing the potential doses from internal and external exposure
using the default ERICA K4 parameters, between 72 and 100% of the
total dose rate to representative organisms are the result of internal
exposure to the radionuclides with only <1-28% of the total dose rate
from external exposure (Table 6). Over 80% of the total internal dose
rate to reference organisms, except for phytoplankton, is the result of
internal exposure to 2°Ra and 2'°Pb as the main internal dose con-
tributors (Fig. 4). In addition, 226Ra was the dominant radionuclide for
external exposure representing on average 73% of the external dose rate
to all reference organisms (Fig. 4). The assessment predicted a minor
contribution of up to 0.68% to the total dose rates to the organisms from
210p,, (Fig. 4). Using the scale-specific Kq values, the range of internal
dose contribution decreased (20-100%), resulting in a higher contri-
bution from the external dose (<1-80%) to the representative organ-
isms. For both assessments, the representative organisms with the
highest contributions from external dose were crustaceans and molluscs
(Table 6). For the pelagic fish and phytoplankton, virtually all the po-
tential total dose rate was contributed from internal exposure (100%;
Table 6).

The radionuclide contributions to the external dose rates were
similar between the two different approaches; however, there were
considerable differences in internal dose rates (Fig. 4). Using scale-
specific solubility data as inputs, over 80% of the total internal dose
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Table 6
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Summary of the calculated total internal and external dose per organism and the percentage contribution of the respective dose rate (% of the total dose) to the total
dose rate (uGy/hr!) to representative organisms exposed via direct contact to the radionuclides in the barite scale, estimated by the activity concentrations in the Ra-
contaminated barite scale provided in Table 4 and default ERICA Ky4 values or scale-specific Kq values and input parameters provided in SI Table 4.

Dose rate (uGy/hr 1)

Percentage of total dose rate (%)

Organism Total dose rate per Internal dose rate per External dose rate per Percentage from internal dose Percentage from external dose
organism organism organism rate (%) rate (%)
Default ERICA Ky values
Benthic fish 990 860 120 87 13
Crustacean 700 580 120 83 17
Macroalgae 1130 980 140 87 13
Mollusc - bivalve 470 340 130 72 28
Pelagic fish 830 860 0.04 100 <1
Phytoplankton 16000 16000 0.05 100 <1
Polychaete worm 2900 2600 270 91 9
Sea anemones & True 880 740 140 84 16
coral
Zooplankton 290 290 0.05 100 <1
Barite scale-specific K4 values
Benthic fish 250 120 120 50 50
Crustacean 80 270 120 70 30
Macroalgae 170 39 140 20 80
Mollusc - bivalve 210 80 130 40 60
Pelagic fish 120 125 1.67E-04 100 <1
Phytoplankton 7340 7340 2.65E-04 100 <1
Polychaete worm 860 590 270 70 30
Sea anemones & True 730 580 140 80 20
coral
Zooplankton 190 190 2.27E-04 100 <1

rate to modelled organisms, except for phytoplankton, is the result of
internal exposure to 210p, (average 67%) (Fig. 4). Similar to the default
ERICA assessment, 22°Ra was the dominant radionuclide in external
exposure representing on average 68% of the external dose rate to all
reference organisms (Fig. 4). However, the scale-specific assessment
predicted minor contributions from the internal dose rate of up to 21%
of 228Th to the total dose rates to the organisms (Fig. 4). This highlights
the importance of using scale-specific experimental data (i.e., Ky) values,
specifically derived for the pipeline scale being assessed for ERICA
modelling. Using the default Kq values in ERICA may under- or over-
estimate solubility of individual radionuclides, which in turn have a
consequence on the estimated internal radionuclide concentration with
the representative organisms, and hence influence the estimated inter-
nal radiation dose to organisms by ERICA.

Standard IAEA K, values are derived from marine sediment without
contamination and reflect radionuclide activities in the marine envi-
ronment in equilibrium between the sediment and water that do not
consider the behaviour of radium (generally insoluble in anoxic condi-
tions) in addition to not accounting for disequilibrium conditions. As
soon as there is the addition of contamination, there is no longer an
equilibrium and so understanding radionuclide’s behaviour may not be
best described by a K4 value. For example, the default radium Ky value is
5.3 x 10° whereas a K4 based on the RaSO4 solubility in seawater would
be 3.2 x 10%® (Matyskin, 2016). A recent study found using
literature-retrieved K4 values for uranium milling associated NORMS
varied over six orders of magnitude for 21°Po and 2*°Th and thee orders
of magnitude for 22°Ra, clearly demonstrating there is high variability of
partition coefficient values and the assessment outcome is dependent on
the selected value (Goulet et al., 2022; Koppel et al., 2022). This illus-
trates the behaviour of sulphate and carbonate minerals of Ra (indi-
vidually or co-precipitated with barium, strontium, or calcium) in
sediments is still not well understood. However, these geochemical re-
actions will likely play an important role in moderating the risk of
NORM-contaminated scales in the marine ecosystem.

In this case study, benthic and microorganisms (polychaete, macro-
algae) are the most exposed group of organisms, given that they reside
within or on top of the pipeline. Whilst marine polychaetes had the

highest estimated radionuclide activity concentrations, this case study
did not focus on radionuclides in the sediment and therefore polychaetes
and other sediment-dwelling organisms are realistically not going to be
exposed to pipe scale within subsea pipelines. Nevertheless, sediments
can be contaminated by the presence of scale and subsequently
sediment-dwelling organisms can still be exposed via ingestion of sedi-
ment as they burrow or though absorption directly though their soft
tissue by endocytosis and is likely reflected in the estimated dose rates.
Re-precipitated sulphate phases of radium can be rapidly absorbed or
transported by particulate matter and can likely have small enough
particle sizes to be susceptible for filter-feeding and microorganisms,
such as phytoplankton, molluscs, sea anemones and coral (Lepland
et al., 2000; Ahmad et al., 2021). This is especially important because
these habitat forming organisms are key ecological components of
artificial reef ecosystems formed on decommissioned offshore petroleum
infrastructure (Bull and Love 2019; McLean et al., 2022).

3.2.2. Inclusion of unsupported short-lived daughter progeny on dose rates

When the unsupported fraction of the short-lived daughter radio-
nuclides (half-life shorter than 10 days) of the 226Ra and *%®Ra decay
chains are included in the ERICA V2.0 assessment, equilibrium between
the parents and the progeny is no longer assumed and the activity
concentration in the environmental media correspond to the average
unsupported fraction for a one-year integration period. In brief, this
scenario investigated the likelihood that disequilibrium will occur be-
tween the organism tissues and the surrounding environmental con-
centrations, reflecting differences in individual radionuclide aqueous
partitioning and subsequent bioaccumulation into organisms’ tissues.
The main outcomes of the two ERICA assessments using the calculated
unsupported fraction of the short-lived daughter progeny (default Kyq
values vs scale-specific K4 values) are as follows, with comprehensive
results and discussion provided in Supporting Information Section 2.1:

I) The total dose rate to the organisms increases for only the mollusc
using default Ky values, whilst it decreases for macroalgae,
pelagic fish and phytoplankton for both assessments (Table 7).
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There were no significant differences between the total dose rates
for all the other organisms (Table 7).

II) For both assessments, the internal dose decreases substantially
although the dose rates still exceed screening and radioecological
protection benchmark values (Supporting Fig. 7B and Supporting
Fig. 8B.).

III) The external dose rate for the organisms did not differ between
the two assessments (Supporting Fig. 7A and Supporting Fig. 8A).

IV) When the unsupported fraction of the short-lived progeny is
accounted for, though the dose rates decrease, there are greater
dose contributions from #2°Ra, 21°Pb and 2?8Th for all organisms
(Supporting Fig. 7 and Supporting Fig. 8).

Overall, there were no substantial differences when conducting a
separate assessment using radionuclide specific K45 and concentration
ratios for the short-lived radionuclides. The ICRP published an approach
whereby progeny need to be considered in a separate assessment, and
can account for complications of the numerous progeny products in both

the 2%8U and 228 Th day series and the individual partitioning of these
radionuclides between seawater and marine sediments (ICRP, 2017).
Furthermore, parent and daughter radionuclides that have similar
geochemical and biochemical behaviours within organisms are assumed
to have additive effects that further increases the overall risk. Therefore,
environmental risk assessments for NORM-contaminated products
should therefore consider the likelihood of the daughter product that is
associated with the parent product, and which may contribute signifi-
cantly to the overall dose.

The need to include the unsupported short-lived radionuclides has
been raised in previous model and field-based studies using the ERICA
Tool (Strand et al., 2014). Over time, the shorter-lived radionuclides will
continue to decay, and thus may contribute a radiation dose to an
exposed marine organism in that brief period of exposure. In the
short-term, this has been shown post-accident at Chernobyl and
Fukushima where the short-lived radionuclides contribute a dose to
freshwater and marine biota (Strand et al., 2014; Li et al., 2019;
Beresford et al., 2020; Lu et al., 2021). Accounting for the short-lived
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Table 7

Comparison of the total dose rates (uGy hr; 2 s.f.) between two ERICA assess-
ments using i) inclusion of only the head of chain long-lived parents and sup-
ported short-lived radionuclides and ii) inclusion of the unsupported fraction of
short-lived radionuclides, to reference marine organisms surrounding a
corroded subsea pipeline using the neat activity concentrations from NORM-
contaminated scale (180 Bq/g of 226Ra), default ERICA Ky values and scale-
specific Kq values, and ERICA calculated seawater concentrations (Table 4).
All details and assumptions on the modelled scenario are provided in Section 2.4
and 2.6.2. All values exceed the ERICA screening value of 10 pGy/h and the
respective ICRP Derived Consideration Reference Levels (DCRLs) that have a
band of dose rates within which there is likely to be some chance of deleterious
effects of ionising radiation occurring to individuals for representative aquatic
organisms; 40-400 pGy/h for a Reference Flatfish (fish) and Reference brown
seaweed and 400-4000 uGy/h for Reference Crab (crustaceans and worms).
Differences between the two assessments are represented in bold and ‘*’.

Assessment Only including the Inclusion of
head of chain parents unsupported fraction
and supported short- of short-lived
lived radionuclides * daughter

radionuclides”

Default K4 Organism Total Dose Rate per organism (uGy hr')

values Benthic fish 990 990
Crustacean 700 690
Macroalgae 1120* 1040*
Mollusc - 470* 510*
bivalve
Pelagic fish 860* 810*
Phytoplankton 16000* 6190*
Polychaete 3000 2910
Seaanemones & 880 810
True coral
Zooplankton 290 230
Scale- Benthic fish 250 250
specific Crustacean 380 380
Kq values Macroalgae 170* 150*
Mollusc - 210% 200*
bivalve
Pelagic fish 120 120
Phytoplankton 7340* 1670*
Polychaete 860 860
Sea anemones & 730 720
True coral
Zooplankton 190 140

@ Includes all long-lived radionuclides (>10 days) and short-lived daughter
products (<10 days).

b The unsupported fraction of each of the short-lived radionuclides were
calculated via the methodology outlined in Section 2.6.2. Unsupported con-
centration (corrected external dose rate = media correction factor x concen-
tration of radionuclide in sediment).

radionuclides is complicated due to the varying radiation dose, dose
rate, temporal and spatial variations and the radio sensitivities of the
different marine biota to the short-lived progeny. Furthermore, there is
insufficient evidence of accumulation in marine organisms of short-lived
radionuclides in NORM-contaminated by-products (MacIntosh et al.,
2021; Koppel et al., 2022). This case study is an example of assessing
what could be the overall result of accounting for the head of chain and
all the decay products when assessing marine biota exposure to radia-
tion, in the absence of scale-specific data.

3.3. Assessment uncertainties

The use of the ERICA Tool for modelling worst-case environmental
exposure scenarios of NORM-contaminated petroleum products to ma-
rine biota has several underlining uncertainties that could impact the
certainty and applicability of the results from this case study. Whilst the
ICRP DCRL 400 pGy/h lower benchmark was exceeded for all the
invertebrate representative organism types it applies to (i.e., crustacean,
mollusc-bivalve, phytoplankton, polychaete), it is difficult to
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extrapolate the dose rate exceedances as there are no data regarding the
full extent of effects from exceeding the 10 pGy/h screening level for
benthic marine organisms in a subsea marine environment. It is worth
noting the 10 pGy/h screening dose rate is used as a baseline for all
potentially exposed reference plants and animals and was derived with
very little data for marine organisms (Garnier-Laplace et al., 2008).
However, as there are large uncertainties in using default parameter
values, they may not be protective of all marine organisms.

This exposure scenario is limited to assuming environmental condi-
tions within a pipe where only a small percentage of pelagic and benthic
organism populations could reside and the realistic extent and area of
corrosive breakthrough. In addition, the exceedances are only relevant
for the short-term (i.e., acute) period when breakthrough happens and
when no substantial water exchanged has occurred. However, these
assessments illustrate that NORM-contaminated products are still likely
to pose a degree of risk to surrounding marine life, if left in situ and
assume 100% organism occupancy within the flooded pipe.

By illustrating a comparison between using scale-specific and ER-
ICA’s default Kq values, it demonstrates a difference between global
averages and case-specific data. Using site-specific data is recommended
in the ERICA approach wherever possible. This case study supports this
approach and has highlighted the large differences in dose rates when
applicable for scale-contaminated products. The Kq approach assumes
equilibrium between the sediment and water, which is highly unlikely to
occur in the marine environment following large-scale corrosive
breakdown of contaminated pipelines due to natural sea currents
interacting with the uncontaminated water across the small area of in-
ternal pipeline scale. An initial pulse of radionuclides, such as from an
emergency or planned release scenario may lead to an increase in
sediment activity that will persist much longer than the water activities.
This means that using equilibrium-based Kq values will overestimate
sediment activities at the initial release and underestimate sediment
activities once seawater activities have returned to a background state
(Perianez et al., 2018). The consequence to an ecological risk assessment
using default parameters would depend on the media being sampled and
the time it is sampled relative to a release event. It is important for
subsea oil and gas infrastructure operators to consider that sediment
activity concentrations may increase over time, and the Kq values will
change as radionuclide concentrations within sediments increase
(Kusakabe and Takata 2020). Therefore, this suggests the exposure
scenario needs to be considered highly conservative, given the time that
sufficient corrosive breakthrough of the pipe has allowed macro-
roganisms to enter and there would likely be seawater exchange to
reduce the internal activity concentrations of NORM-contaminated
barite scale.

4. Future research directions

To better understand the effects of short and long-term radiological
risks of NORM exposure to marine biota from offshore oil and gas
infrastructure, we recommend the following approaches to improve the
use of radiological dose modelling tools for incorporation into envi-
ronmental risk assessments:

4.1. Derive contaminant, speciation specific K4 values to better model
NORM behaviour and partitioning

This case study has demonstrated that default ERICA K4 values may
not be appropriate when considering the behaviour of NORM-
contaminated products in the marine environment. Default Ky values
can lead to under or overestimation of radionuclide exposure which is
why the ERICA Tool recommends the use of site-specific Kq values.
However, in the absence of contaminated environments, laboratory
testing may provide a more applicable value. The speciation of the ra-
dionuclides in NORM-contaminated material is unlikely to reflect a state
of equilibrium state when released into the environment. Therefore,
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seawater leachate tests to determine the solubility of radionuclides in
scale is recommended (Cresswell et al., 2021). A leach test gives a
conservative estimate of radionuclides that would be solubilised over
time, because it is conducted in a closed system, and the material un-
dergoing leaching has greater surface area than when attached as scale
to the internal surfaces of a pipeline. However, a leach test will not
predict speciation changes from NORM release to different environment
conditions, i.e. anoxic sediments, where solubilities may be much
greater because of chemical processes such as reductive dissolution. If
this is relevant to the release of NORM-contaminated material, then
assessing the diffusive flux of radionuclides from the material in sedi-
ments to overlying waters could be used as a better measurement of
radionuclide partitioning. This has been investigated in freshwater
systems but not marine systems.

4.2. Derive concentration ratios for scale-specific radionuclides and
relevant marine species to make the model relevant to oil and gas
infrastructure and organisms that are likely to colonise them

The concentration ratio may be a poor predictor of radionuclide
bioaccumulation in marine organisms. The Wildlife Transfer Database
contains data on concentration ratio values that are used to parameterise
ERICA assessments. However these values may not reflect the scale-
specific conditions or the unique biology of local species (Copplestone
et al., 2013). In addition, not all scale-based radionuclides have con-
centration ratio values for all organisms, which means other approaches
or analogues are used (Hosseini et al., 2008). Gaps in the database still
exist with respect to marine data related to NORM exposure. As a large
amount of subsea oil and gas infrastructure to be decommissioned may
contain NORM-scale, there is a requirement for more data on the pa-
rameters of NORM transfer to marine organisms (Hirth et al., 2017).
Focus needs to be given to the creation of an inventory of concentration
ratio values for scale-specific radionuclides in local organisms and of
particular importance to local communities and fisheries (Hirth et al.,
2017; Koppel et al., 2022).

4.3. Develop marine-specific radiotoxicity data and guidelines to improve
model accuracy in marine environments

Using ERICA for this case study highlighted difficulties in comparing
the assessments with dose-effect relationships from databases, due to the
lack of, or no available data for the dose rates for the representative
organisms. The predicted 95% species protection level (Garnier-Laplace
et al., 2008) of 10 pGy/h that is used as default in ERICA, incorporates
data for all species in all ecosystems (i.e., terrestrial, freshwater and
marine) and so may be overly conservative for marine ecosystems.
Radiotoxicological data from marine organisms exposed to
NORM-contaminated products is limited (MacIntosh et al., 2021).
Research is still needed to understand the bioavailability and bio-
accumulation potential of radionuclides from NORM-contaminated
products to marine organisms. This will increase certainty on
dose-response relationships and refine estimates of radiation dose and
subsequent acute and chronic radiation-induced effects.

5. Recommendations for offshore petroleum decommissioning
risk assessments

Both MicroShield® and the ERICA Tool can be used as radiological
dose assessment tools for risk assessments of NORM-contaminated
products. The use of different approaches (default, scale-specific parti-
tion coefficients, considering short-lived progeny of the radionuclide
decay chains) showed variable results. Fully integrating all potential
NORM-associated contaminants is the best approach to providing a
robust demonstration of the level of associated radiological risk to ma-
rine flora and fauna and whether there is going to be a risk in the short
and long-term following decommissioning of NORM contaminated
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pipelines. Hence, we recommend a checklist of how to effectively use
biota dose modelling tools for their application in offshore petroleum
decommissioning environmental risk assessments, which considers the
nature of scale-contaminated products and all exposure pathways to
marine biota.

5.1. Demonstrate conservatism for planned exposure scenarios

- There is a need to demonstrate that assessments are conservative
where future radionuclide releases are planned. This is to meet the
requirements of the precautionary principle under ecologically sus-
tainable development and recognises that there are limited data
describing radionuclide behaviour and impacts in the marine
environment.

External-only exposure assessments should be performed using
MicroShield or similar radiological dose software that can account
for exposure geometries to marine organisms located on the external
surfaces of enclosed pipes and associated shielding effects.

In the absence of measured radionuclide activities for progeny, as-
sume secular equilibrium of progeny with measured parent
radionuclide.

5.2. Site specific parameterisations

- Site-specific environmental risk assessments should include either or
both radiological biota dose tools in the efforts to predict the
ecological and radiological impacts from scale-specific NORM rele-
vant to scale-contaminated infrastructure.

Scale-specific data should ideally be used as it provides a better
approach to understanding the radiological risks to the marine
environment for a given decommissioned structure.

Seawater leachate tests is recommended to determine the solubility
of scale-specific potential to retrieve scale-specific data.

Using the ERICA Tool to assess NORM-contaminated products should
include representative marine organisms that colonise pipelines.

5.3. Calculation methods

- Where scale may reside in contained infrastructure for long periods
of time, external-only exposure assessments should be performed
using MicroShield or similar radiological dose software.

- The manual calculation and inclusion of the shorter-lived radionu-
clides should be considered in a separate assessment, although not a
necessity it is recommended by the ICRP (2017).

5.4. Consider all impacts and risks

- Organism effects testing in controlled laboratory conditions, or the
field should be undertaken along with the creation of food-web
models to provide an in-depth analysis of the tropic transfer of ra-
dionuclides among the marine organisms.
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