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Abstract

The effect of offshore infrastructure on shelf sediment blue carbon dynamics, is a key
knowledge gap for blue carbon science, and shelf systems’ ability to mitigate climate change.
This thesis addresses this research gap, by quantifying sediment type, organic carbon stocks,
accumulation rate, source and vulnerability in sediments surrounding two decommissioned oil
and gas platforms (North West Hutton and Miller) in the North Sea. Overall, organic carbon
stocks and sediment type varied distinctly between sites, with higher carbon stocks closer to
Miller, but no relationship with distance at North West Hutton. Accumulation rates were refined
to account for heavy metal contamination, which provides a new methodological framework
of correcting for this issue in future blue carbon assessments. Using a novel binary mixing
model application and hydrocarbon analysis, both sites presented organic carbon enrichment
from anthropogenic sources, namely hydrocarbons, within close proximity (50 m) to the
decommissioned sites. This highlights that sources of organic carbon other than marine may be
present within shelf sediment stocks. A key recommendation from these studies is to take these
measurements throughout the lifecycle of infrastructure; from pre and post construction, during
operation, and pre and post decommissioning to better assess the varying impact of
infrastructure. Finally, this thesis presents a methodological exploration to determine organic
carbon mineralisation rates from acute disturbance events in sediments using oxygen
consumption rates as a proxy. This provides a baseline for addressing the key question of

carbon vulnerability from increasing infrastructure induced disturbance in a warming climate.
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Chapter 1: The biogeochemistry of North Sea shelf sediments: quantifying

carbon stocks and assessing the impacts of anthropogenic activities

1.1 Introduction to Blue Carbon

Blue Carbon refers to the organic carbon (OC) that is captured and stored in marine and
coastal ecosystems (Alongi, 2020; Lovelock & Duarte, 2019; Macreadie et al., 2019), and is
stored for long timescales (decades to geological) (Howard et al., 2023). The term ‘Blue
Carbon’ was first used to describe the ability of coastal ecosystems to sequester significantly
higher rates of carbon than terrestrial forests per unit area (Nellemann et al., 2009), highlighting
its potential for climate mitigation (Duarte et al., 2013; McLeod et al., 2011). Initially the
definition was restricted to three vegetated coastal ecosystems identified as major carbon sinks:
mangrove forests (Alongi, 2012, 2020; Lovelock & Duarte, 2019; Moritsch et al., 2021),;
seagrass meadows (Duarte et al., 2013; Greiner et al., 2013; Moritsch et al., 2025); and
saltmarshes (Gore et al., 2024; McMahon et al., 2023; Perera et al., 2022). More recently, shelf
sediments ecosystems (Luisetti et al., 2020), a non-vegetated habitat, have been highlighted as
a store of OC due to their vast spatial extent and depositional environments (Diesing et al.,
2017; Diesing et al., 2024; Legge et al., 2020), alongside other ‘emerging’ habitats such as

intertidal sediments (Howard et al., 2023).

Blue Carbon (BC) is a relatively new research topic, which has led to varied definitions,
from the initial definition of marine habitats that take up and store carbon (Nellemann et al.,
2009), to the current emphasis on the long-term storage of carbon (Lovelock & Duarte, 2019).
For the purpose of this thesis, the definition of Blue Carbon will be aligned with the IPCC
(2021) and Howard et al. (2023), which is organic carbon that is stored in the marine

environment on a long term basis, and that is amenable to management.
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1.1.1. Global carbon stocks within marine sediment

Marine sediments represent the largest global stores of OC due to their vast spatial extent
and high concentration of carbon stocks (Atwood et al., 2020; Mariani et al., 2020). Global
marine sedimentary carbon stocks store an estimated 2,322 + 83 petagrams of carbon (Pg C)
in the top metre of sediment, with highest carbon stocks located in abyssal/basin zones (177-
1898 Pg C) followed by continental slopes (164 - 175 Pg C) (Atwood et al., 2020). It is
important to note, that these estimates however do vary largely depending on the sediment
depths to which carbon is measured or calculated; these range from 0-2 cm (Smeaton, Hunt,
etal., 2021), 0-5 cm (Lee et al., 2019), 0-10 cm, to I m (Atwood et al., 2020). Consequently,
carbon stock estimates are frequently derived from carbon content only determined from
surface layers and extrapolated to the desired depth (Smeaton, Hunt, et al., 2021). If left
undisturbed, these OC stocks buried deep within marine sediment can persist for 1000’s of

years (Middelburg, 2018).

Carbon storage “hotspots” can be found throughout the ocean, including on coastal
margins due to high primary productivity from both terrestrial and oceanic sources (Ausin et
al., 2021; Bianchi et al., 2018). Glacial troughs also serve as hotspots due to high deposition
and low temperatures (Diesing et al., 2024), as do areas of deposition in continental shelves
such as mud depocenters (Porz et al., 2021) including the Western Irish Sea Mud Belt (Ward
et al., 2025). Continental shelf sediments are particularly important as these areas contain an
estimated 80% of all OC buried in marine sediment (Burdige, 2007). This is attributed to their
proximity to large river systems which input a vast amount of terrestrial carbon. Despite their
importance, global annual burial within continental shelf sediment (0.12 — 0.35 Gt OC year™)
remain poorly constrained (Burdige, 2007; Hedges & Keil, 1995; Lee et al., 2019).
Although the North Sea has high levels of uncertainty for carbon stock estimates (Atwood et

al., 2020), it is the largest carbon stock in the North West European Shelf (Legge et al, 2020).
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1.1.2. Economic value of blue carbon

The potential for using blue carbon ecosystems for climate mitigation has also gained
significant interest from outside the scientific community, such as the private sector (through
carbon credit schemes and net zero targets), conservation non-government organisations,
international bodies, and governments all of whom recognise the potential to offset carbon
emissions through the protection or restoration of BC habitats (Lovelock & Duarte, 2019;
Macreadie et al., 2019). This increasing interest has led to the monetisation of blue carbon
wealth as a tool to highlight its importance and drive policy change (Luisetti et al., 2019). The
three traditional Blue Carbon coastal ecosystems, (mangroves, seagrass meadows, and
saltmarshes) contribute $190.67 +/- 30 billion per year to global blue carbon wealth (Bertram
et al., 2021) with nations such as Australia, Indonesia, and Cuba having the highest
contributions. The economic impact of carbon loss can be substantial; for example, damage to
UK coastal and shelf sediment ecosystems over a 25 year period through human pressures
could have a cost as high as $12.5 billion for carbon storage loss (Luisetti et al., 2019).
However, there are significant gaps in blue carbon accounting, as systems like continental shelf
sediments are difficult to manage due to their transboundary nature, and the scientific
knowledge required to robustly assess their carbon sequestration and storage potential is often

lacking (Luisetti et al., 2020).

1.1.3. Climate mitigation and policy
Blue carbon ecosystems provide a climate change mitigation solution through two
management pathways. Firstly, through conservation to reduce the potential greenhouse gas
emissions associated with the loss and degradation of systems and secondly, through
restoration to increase their carbon sequestration potential (Williamson & Gattuso, 2022).
Therefore, blue carbon ecosystems can provide a nature based solution to climate change if

managed correctly as significant OC sinks (Nellemann et al., 2009). These benefits could
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contribute to global initiatives and agreements which have set ambitious goals to limit
emissions. In 2015, under the Paris Climate Agreement, a target was set to limit global warming
to 2 degrees Celsius ("C) by 2050 (Glanemann et al., 2020). Crucially, the agreement explicitly
noted the importance of "ensuring the integrity of all ecosystems, including oceans, and the
protection of biodiversity" (Herr et al., 2017). The Paris Agreement also requires participating
nations to work towards Nationally Determined Contributions, which can include restoration
or enhancement of carbon sequestering marine ecosystems (Williamson & Gattuso, 2022).
While this framework has the scope to include blue carbon ecosystems, significant
uncertainties remain regarding their carbon burial rates, transport and vulnerability to future

climate change for many systems (Williamson & Gattuso, 2022).

For coastal systems, where the carbon storage capacity is better defined, there have
been restoration and conservation efforts of these blue carbon ecosystems across the world,
particularly in Australia where the Emission Reduction Fund, and the research agenda on
Negative Emissions Technologies and Reliable Sequestration have been recently launched
(Bertram et al., 2021). However, for shelf sediments, carbon dynamics are less understood with
even greater degrees of uncertainty for burial terms (Graves et al., 2022). Shelf seas should not
only be valued for their potential carbon storage, they also provide a variety of valuable
ecosystems services including biodiversity enhancement (Ellingsen, 2001), fisheries
provisioning (Branch et al., 2011), and offshore energy production from oil and gas to
renewables (Bailey et al., 2014; Martins et al., 2023). These services highlight the intensity of
human induced pressure on shelf sediments, therefore determining these potential pressures

effect on sediment blue carbon dynamics is critical and timely.
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1.2 Shelf sediment biogeochemistry

The continental shelf is a submerged gently sloping landmass that extends from a
continent's coastline to a point known as the shelf break, where the seafloor begins to descend
more steeply into the deep ocean (Emery, 1969). Despite only accounting for 10% of the global
ocean area, continental shelf seas contribute 50% and 80% of the OC delivery to the deep ocean
and burial in sediments respectively (Bauer et al., 2013; Laruelle et al., 2018). Organic carbon
captured through oceanic photosynthesis (e.g. phytoplankton) is usually remineralised in the
water column or sediment surface, with less than 99.5% ending in burial in sediments (Burdige,
2007). OC in sediments is derived from both organic marine sources such as phytoplankton as
well as terrestrially derived sources (LaRowe et al., 2020), depending on proximity to the coast.
When OC reaches the sediment surface, at the sediment-water interface, diagenetic processes
(breakdown and remineralisation of carbon) begins, driven by the microbial communities
(Azam et al., 1993; Hoshino et al., 2020; Legendre et al., 2015). Despite the ubiquitous
presence of a sediment-water interface across much of the global ocean, where there is a
sedimentary seabed, the early diagenetic processes that occur remain poorly understood and

are associated with high uncertainty (Soetaert et al., 1996; Soetaert et al., 2000).

The sediment-water interface is one of the largest interfaces in the world (Middelburg,
2018) and processes at this boundary determine whether the remains from organisms are
remineralised and returned to the short-term biosphere or are stored within the long-term

geosphere (Middelburg, 2018).

1.2.1. Vertical ocean carbon pumps
Carbon is transported to the sediment through multiple mechanisms, including the
biological carbon pump (also known as the continental shelf pump) (Thomas et al., 2004), the

oceanic carbonate pump (Mitchell et al., 2017) and the solubility pump (Legendre et al., 2015).
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The biological carbon pump is the mechanism of shelf seas taking up atmospheric CO; through
high biological activity (photosynthesis) and subsequent drawdown to the subsurface layer (De
La Rocha & Passow, 2007). The outflow of this CO; rich layer is transferred to intermediate
layers of the ocean (through consumption through grazing or ingestion) and eventually a small
portion is exported to the sediment (in the form of detritus or faecal particles) (Burdige, 2007).
As the OC moves through these processes in the water column, much of this is converted back
into CO; through bacterial oxidation (Mucci et al., 2000). Finally, between 1 and 10% of this
primary production from the surface layer is received by shelf sediments (Hedges & Keil, 1995)

and this carbon is either recycled, remineralised or buried (Soetaert et al., 1996).

The oceanic carbonate pump is the mechanism by which particulate inorganic carbon (PIC)
is transported to the seafloor (Mitchell et al., 2017). This is also known as the carbonate counter
pump as the precipitation of CaCOjs is followed by the release of CO, (Legendre et al., 2015).
PIC primarily comes from shell and skeletal growing organisms such as coccolithophores and
diatoms within the plankton; following mortality of these organisms, these hard parts aid faster
sinking through the water column to the seafloor (Mitchell et al., 2017). During this process,
CaCO;s is partially dissolved, and releases COz back to the surrounding water and then may
eventually release this to the atmosphere (Legendre et al., 2015). The remainder of the CaCOs3

is deposited on the seafloor where it may be stored (Mitchell et al., 2017).

The solubility pump transports dissolved atmospheric CO> to the deep ocean. This process
begins with the natural diffusion of CO, from the atmosphere into the surface waters
(Falkowski et al., 2000). Once dissolved, atmospheric CO> combines with water molecules to
produce carbonate and bicarbonate ions as well as protons (Falkowski et al., 2000). At this
point, dissolved CO> may be released to the atmosphere if there is higher CO; in the surface
waters than in the overlying atmosphere. However, currently, atmospheric CO; is higher than

in surface waters, causing uptake into the ocean (Sabine et al., 2004). The effectiveness of the
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solubility pump relies upon global thermohaline circulation and fluctuations in ocean
ventilation (Lynch-Stieglitz et al., 1995). Seasonal changes alter the solubility of CO> as colder
and less saline waters cause CO> to become more soluble. Hence, atmospheric CO-
sequestration is controlled by the formation of high latitude cold, dense, water masses which
sink dissolved CO, laterally, essentially preventing re-equilibrium at surface water to

atmospheric inferences for hundreds of years (Falkowski et al., 2000; Legendre et al., 2015).

All three of the oceanic carbon pumps transfer carbon from the surface layer to deep waters
below the maximum depth of the permanent pycnocline (in open ocean) and finally to the

sediment surface.

1.2.2. Carbon dynamics, composition and interactions in shelf sediment

Continental shelf sediments rapidly accumulate and turn over OC (Diesing et al., 2021;
Legge et al., 2020). Organic matter composition and content in marine sediment are determined
by a variety of abiotic and biotic factors such as utilisation and degradation rates, oxygen
availability (Glud et al., 2016; Hartnett et al., 1998), temperature (Ausin et al., 2021; De Haas,
1997), in situ production, lateral advection, allochthonous input (Mucci et al., 2000), sediment

type (Bianchi et al., 2018), and interactions with minerals (Mayer, 1994). .

When particulate OC (POC) settles on the seafloor, any portion that is not consumed
on the sediment surface is entrained in the sediment through bioturbation and burial (Bianchi
et al., 2021; Epstein et al., 2022). The more easily degradable organic compounds within the
settling POC are mineralised into inorganic solutes (usually dissolved inorganic carbon, DIC),
which causes a decrease in PIC content over time (Burdige, 2007). Overall, the accumulation
rate of POC in marine sediment is subject to the balance of the supply of POC from the water
column and the benthic remineralisation rate (Diesing et al., 2017). The seabed is heterogenous,

so different areas have varying abilities to accumulate and cycle carbon depending on multiple
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factors (including sediment type). This can be used to inform the modelling of carbon stocks
in continental shelves. Previous modelling work considered different variables for organic
carbon content, such as mud content in sediment, distance to closest shoreline and bottom water
temperature (Diesing et al., 2017). However, using limited data to extrapolate carbon content

across vast areas can lead to inaccuracies.

Carbon stocks or ‘storage’ represent a snapshot of OC to a given sediment depth (Graves
et al., 2022), however, determining how these will change temporally relies on determining
rates of accumulation and burial (Ausin et al., 2021; Bianchi et al., 2018). OC accumulation
rates are how much organic carbon is deposited on the sediment through sedimentation of OC
attached particles (Arias-Ortiz et al., 2018). This is distinct from sequestration or burial which
requires OC to reach a depth where it is unlikely to be disturbed, representing climate relevant
OC (Graves et al., 2022) (Figure 1). Determining these differences is vital, especially when
interpreting the consequences of impact. For example, if a carbon stock is disturbed this does
not necessarily infer carbon impact. If the mechanisms which create these carbon stocks (input
terms) or deep, previously buried or sequestered stocks are impacted this would have greater

long-term effect on sediment ability to mitigate climate change.
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Stock

Figure 1: A conceptual model describing key terms of organic carbon dynamics on the seafloor.
Accumulation indicates the sedimentation of organic carbon onto sediments (typically from
marine snow), the red line shows typical OC content (%), remineralisation is organic carbon
that is broken down into CO>. The burial (sequestration) is organic carbon that is as deep as to
not be disturbed, and stock indicates the total amount of OC within a given depth range.

Burial efficiency of carbon is strongly linked to benthic oxygen concentrations and the
sum of diffusive and faunal mediated uptake (Glud et al., 2016; Soetaert et al., 2000). OC is
mineralised aerobically when oxygen penetrates sediment (Epstein et al., 2022; Porz et al.,
2024). Oxygen’s ability to permeate into porewater spaces decreases within increasing depth
in the sediment (strongly linked to sediment type, or grain size), so there is a vertical gradient
of varying mineralization pathways linked to oxygen availability (Soetaert, Herman and
Middelburg, 1996). This is coupled to the carbon storage capacity through the physical
characteristics of sediment. Surface sediments (mm to cm’s, depending on sediment type) are
typically oxic, so much of the carbon in these oxic layers is quickly remineralised by microbial

processes.
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Shelf sediments are a mixture of coarser permeable sandy sediment and fine-grained
muddy sediment, with sandy sediments making up an estimated 70% of coastal shelves
(Huettel et al., 2014). The high permeability of these sediments causes them to be susceptible
to biological and hydrodynamic pressures which in turn, causes circulation of water throughout
the sediment profile (Rusch et al., 2006). This circulation increases oxygen availability and
therefore carbon mineralisation, as these sediments are well flushed and oxic (D'Hondt et al.,
2015; Hulthe et al., 1998; Kristensen, 2000). Permeable sandy sediment characteristically has
higher inorganic carbon (IC) and lower OC concentrations compared to muddy cohesive
sediment (Legge et al., 2020). Cohesive muddy sediment has higher oxygen uptake rates
(greater oxygen demand for microbial processes) when compared to permeable sediment
(Diesing et al., 2017). As cohesive sediments have less space for water to flow through, less
oxygen can penetrate at depth within the sediments, decreasing the oxidation and subsequent
mineralisation of organic matter (Smeaton, Hunt, et al., 2021). This causes finer sediments to
store, on average, more OC due to lower mineralisation rates in the much smaller oxic layers,
and slower mineralisation through anaerobic pathways (Leipe et al., 2011). For example, Leipe
et al (2011) found notably higher POC concentrations (10-17 mg.cm™) in sediment with 60 -
100% mud content when compared to sandier sediments in the Baltic Sea. The oxic status of
sediments can also be influenced with the presence of macrofauna, when bioirrigation and
bioturbation may alter the area of oxic mineralisation by introducing oxygen deeper into the

sediment (Middelburg, 2019).

1.2.3. Depth profiles and accumulation rates

The distribution of OC content at varying depths of shelf sediment is a relatively well-
researched topic, often through measuring carbon content at regular depths from sediment
cores. Generally, global continental shelf sediment show a loss of OC with increasing depth

due to a relationship with sediment surface area (Figure 1) (Burdige, 2007). Mayer (1994)
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hypothesised that the observed OC concentration decrease within sediment occurs as saturation
of adsorption sites within small pores of sediment exclude hydrolytic enzymes which stops the
mineralisation of organic matter (Mayer, 1994). However, deeper in sediments, OC which is
not oxidised can still be microbially reduced, for example the process of methanogenesis which
converts this into methane (CH4) and fuels the slow build-up of methane hydrates under some
conditions (LaRowe et al., 2020). For example, Masqué et al. (2002) found that mixing at the
sediment water interface influences deeper OC concentration, which then stabilised to
consistent low OC concentrations at depth (Figure 2). Similarly, Mucci et al. found OC content
decreases with depth within sediment cores taken from eastern Canada. However, within these
same cores, inorganic carbon content varied slightly with increasing levels at depths due to

precipitation from the initial loss at the surface interface (Mucci et al., 2000).
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Figure 2. OC profiles in relation to mass accumulation in three core samples taken from the
western Bransfield Strait, Antarctica, showing the relative stability in OC concentration in
deeper sediment layers (Masque et al., 2002).

OC accumulation rates (OCARs) are used to determine how carbon stocks will vary
temporally (Arias-Ortiz et al., 2018) throughout marine systems. In shelf sediments these rates
are typically low due to high rates of lateral transport, permeable sediments and high POC

turnover in the water column (Dunne et al., 2007). However there are sites in shelf seas which
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exhibit higher than average carbon accumulation including depositional areas such as glacial
troughs and trenches (Diesing et al., 2024) and muddy depocenters such as the Western Irish

Sea Mud Belt (Ward et al., 2025) .

1.2.4. The effect of anthropogenic disturbance on carbon storage in shelf sediment

Continental shelf sediments face degradation from anthropogenic sources, including
bottom trawling (Eigaard et al., 2017); oil, gas and mining exploration and drilling (Bull &
Love, 2019; Jagerroos & Krause, 2016); as well as development for offshore energy from wind
farms (Bailey et al., 2014) to oil and gas platforms (Bull & Love, 2019). These disturbances
may potentially resuspend surface sediment, mixing it into the water column, which could
expose organic matter to higher concentrations of oxygen and heterotrophic metabolism (Black
et al., 2022) causing re-mineralisation of carbon stored in sediment into CO; (Sciberras et al.,
2016). A recent study suggested this could contribute to carbon emissions and ocean
acidification (Sala et al., 2021). This hypothesis has met widespread criticism, as water column
re-mineralisation of carbon will not automatically link to increases in the atmosphere, and the
majority of this will be absorbed into the carbonate system within the water column relatively
quickly (Mitchell et al., 2017). Additionally, the degradation factors of organic matter within
sediments used with these modelling estimations in the Sala et al 2021 study, and the following
Atwood et al 2024 study, are likely overestimated (Hiddink et al., 2023). However, long term
degradation of marine ecosystems has caused concern that these habitats could eventually lead

to these systems becoming a source of emitted CO> (Atwood et al., 2024; Mariani et al., 2020).

1.2.4.1. Trawling effect on carbon storage
Surface sediment in shelf systems that experiences rapid oxygen depletion at depth and
high sedimentation rates are also the same sediments subject to anthropogenic disturbance such
as bottom trawling for commercial fisheries (Sala et al., 2021). Bottom trawling fisheries are

widespread within coastal shelf seas and provide 23% of global fish landings (De Borger,
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Tiano, et al., 2021). These involve the dragging of nets and attached weights along the seabed
to trap fish within (Depestele et al., 2016). Trawling impacts on mineralisation of OC within
shelf sediment are not well constrained (Black et al., 2022; De Borger, Tiano, et al., 2021;
Palanques et al., 2014) with mixed results in various studies (J. Tiano et al., 2024). There are
two sides of this debate, some studies have found that trawling can increase carbon content in
sediment (O'Neill & Summerbell, 2011; Pusceddu et al., 2005) whereas others have found
contrasting results (De Borger, Tiano, et al., 2021; Paradis et al., 2021). A review by Epstein
et al. (2022) observed that 51% of studies found no significant effect of demersal fishing on
OC content within sediment, 41% reported lower OC content and 8% reported higher OC

content.

Trawling can affect benthic metabolism by resuspending organic matter, causing
mortality of macrofauna, and changing physical sediment structure (Dounas et al., 2007;
Eigaard et al.,, 2017). Using modelling, de Borger et al. (2021) demonstrated in five
sedimentary environments with different gear intensities that trawling events caused
significantly lower OC in the top 10 cm of sediment (62-96% reduction). Simulated trawling
in this study depleted and redistributed OC near the sediment-water interface and increased
oxygen availability in the sediment provoking higher rates of mineralisation (De Borger, Tiano,
et al., 2021). These results highlight that sediment mixing alone could increase OC content at
the mixing zone, however continuous trawling events causing the removal and mortality of
bioturbators would redistribute OC towards the sediment water interface allowing increased
remineralisation by oxidized reactants (O and NOs3) (De Borger, Tiano, et al., 2021).
Similarly, sediment cores from the Gulf of Castellammare in the southwestern Mediterranean
analysed by Paradis et al (2019) showed that trawled sites had organic matter which were
between 20 % and 60 % lower than untrawled sites. However, this was due to trawling

enhanced remineralisation and sedimentation rates due to the arrival of fresh particles in a
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sedimentary system which was previously deprived of OC. This study, similar, to de Borger et
al, concluded that the effect of trawling can initially be lessened by the sedimentation of
nutrient rich organic matter but are quickly eroded when continuously trawled (Paradis et al.,

2019).

Conversely, several studies have concluded that bottom trawling may increase OC
content of sediment. For example, Palanques et al (2014) sampled sediment cores at the Ebroi
prodeltaic mud belt fishing ground (NW Mediterranean) and found OC showed an upward
increasing gradient and higher values at trawled sites. A hypothesised cause of this trend is that
trawling gears cause entrainment of sediment in their wake which releases significant amount
of previously trapped bottom nutrients which contributes to primary production of
phytoplankton and subsequent carbon pump (O'Neill & Summerbell, 2011). Similarly,
Pusceddu et al. (2005) found total OC concentrations within sediment increased significantly
following trawling events in the Thermaikos Guld in the Aegean Sea compared to control sites.
Sediment properties did not vary significantly during this study so changes in OC content were
attributed to organic matter uplift by physical disturbance of sediment from deeper sediment
layers (Pusceddu et al., 2005). However, there is still a large uncertainty regarding trawling
effects on OC content within sediment, particularly depending on gear type and frequency of

trawling activities (Epstein et al., 2022).

Nevertheless, recent attention is being paid to the potential protection of sedimentary shelf
sediment (Burrows et al., 2021; Epstein & Roberts, 2022). For example, Epstein and Roberts
(2022) identified priority seabed areas within the UK Exclusive Economic Zone (EEZ) to be
targeted for precautionary carbon management which could reduce carbon disturbance by a
minimum of 27% and up to 67% by ceasing all mobile bottom fishing. However, the effect of
bottom trawling on sedimentary carbon stocks and subsequent emissions is still relatively

unknown (Epstein et al., 2022; Hiddink et al., 2023).
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Further than just changing in sediment OC content, a rising concern by scientists and
governments is the potential emission of stored CO» from the seabed back to the atmosphere
(Atwood et al., 2024). This potential for mineralisation and subsequent emissions is
fundamentally linked to the vulnerability (reactivity or lability) of OC within sediments (Figure
1). The majority of the OC within shelf sediments is thought to be unreactive, based on current
measuring techniques (Smeaton & Austin, 2022a). Therefore, sequential resuspension is
unlikely to cause the mineralisation of this ‘inactive’ POC to DIC. However, this carbon
vulnerability remains a large research gap, as does how to accurately determine carbon

reactivity, or in sifu mineralisation rates of OC within different sediment types.

1.2.5. The North Sea

The North Sea has historically experienced widespread anthropogenic influences
(Ducrotoy et al., 2000) from food production (Eigaard et al., 2017; Roberts, 2007) to the
introduction of energy infrastructure (Martins et al., 2023). The North Sea provides economic,
cultural and social services which are important to not only the UK but also the six other
European countries that have exclusive economic zones within its borders. This poses
management obstacles, more recently due to the UK’s departure from the European Union
causing policy disagreements between stakeholder countries regarding future fishing rights
(Phillipson & Symes, 2018). There are other legislative guidelines that do certain the North
Sea such as the Oslo and Paris commission (OSPAR) (see section 3.2 for further details).
Nevertheless an integrated management strategy my be vital for climate mitigation through

effective seabed carbon management.

1.2.5.1. Physical and biological characteristics
The North Sea has an open boundary to the North Atlantic Shelf and is located on the
northwest European continental shelf (Thomas et al., 2005). In the southern part of the North

Sea, the English Channel is another connection to the North Atlantic Ocean. The North Sea
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borders seven countries including: the United Kingdom, France, Belgium, Netherlands,
Germany, Denmark, and Norway (Figure 3). It is characterised as being a tidally dominated
marginal shelf sea, a surface area of 575,300 km?, with a shallow average depth of 74 m and a
volume of 42,294 km? (Otto et al., 1990). Water circulation is dominated by an anticlockwise
‘u-shape’ of North Atlantic Ocean water due to currents from the Shetland Channel and the
Faire Island Channel and flowing up through the Norwegian trench boundary (Thomas et al.,
2004). In winter, the water column is completely mixed by waves and during the summer it is

stratified in the northern regions by rising surface temperatures (Thompson et al., 2011).
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Figure 3: The North Sea and bordering nations, United Kingdom, France, Belgium,
Netherlands, Germany, Denmark, and Norway.

The benthic environment of the North Sea is a mix of different sediment types,
predominantly sand/muddy sand but also coarse sediment and muddy/sandy mud (Stephens &
Diesing, 2015) which plays host to between three to five thousand species (Heip &

Craeymeersch, 1995; Hiddink et al., 2015). This habitat has vertical gradients over scaling
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millimetres to centimetres (Heip & Craeymeersch, 1995). In deeper waters, sediments are
predominantly fine-grain beds compared to shallower areas which consist of gravel and
sandbanks (Thompson et al., 2011). Sediment turnover is dominated by waves in the deeper
areas of the North Sea and by tidal forcing in the Southern Bight (Thompson et al., 2011).
Oxygen profiles within North Sea sediment vary with sediment type. In sandy sediment,
oxygen profiles indicate enhanced diffusion with highest effective diffusion coefficients
reported at non-depositional environments with low diffusive oxygen fluxes and deeper

penetration depths of oxygen (Lohse et al., 1996).

1.2.5.2. Quantification of carbon stocks

Several benthic, pelagic, and coastal carbon stock estimations have been made for the
North Sea (Diesing et al., 2021), the Northwest European continental shelf zone (Diesing et
al., 2017; Legge et al., 2020) and the UK economic exclusion zone (EEZ) (Burrows et al.,
2021; Luisetti et al., 2019; Smeaton, Hunt, et al., 2021). Overall, sediments in the North Sea
primarily are depleted in OC due to having a high sand content (Diesing et al., 2021). Using a
Random Forest model, and predictor variables, Diesing et al. (2017) predicted the mass of POC
stored in the top 10cm of shelf sediment of the Northwest European continental shelf area to
be between 230-882 Mt with the most likely estimate to be on the order of 476 Mt. This
estimate found the largest POC stock was related to the widespread occurrence of coarse
grained sediment with high dry bulk densities (Diesing et al., 2017). Similarly, Legge et al
(2020) estimated that the Northwest European continental shelf sediment stored between 520
— 1600 10"mol of carbon in the top 10cm of sediment, which was the largest stock of carbon
when compared to coastal and pelagic due to its larger spatial extent. Focusing on the UK’s
EEZ, Smeaton et al (2021) estimated that the top 10cm of sediment contained 524 + 68 Mt of
OC and 2582 + 168 Mt of IC (extrapolated from 2cm depth measurements). Sediment maps

are often created to visually show the distribution of carbon stocks, highlighting OC hotspots
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within coastal muds, fjords and estuaries and high IC accumulation zones around Shetland,
Orkney, and the Southwest of England due to tidal sweeping (Smeaton et al., 2021). Finally,
Diesing et al (2021) estimated OC densities of the North Sea and Skagerrak (Figure 4) to be

230.5 + 134.5 10'%g C of which, 26% came from the Norwegian trough.
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Figure 4. Predicted a) OC density (kg m™) with b) total uncertainty (kg m™) of the North Sea
and Skagerrak (Diesing et al., 2021).

1.2.5.3. Anthropogenic activity

The North Sea has been subject to intensive anthropogenic activity over the past
century, including fishing activities (Eigaard et al., 2017; Engelhard et al., 2014), extractive
uses (Birchenough & Degraer, 2020; Fortune & Paterson, 2020) and climate change pressure
(Weinert et al., 2021). For example, Atlantic cod stocks within the North Sea have seen
reductions in size to historically low levels since the 1960°s (Engelhard et al., 2014) attributed
to extensive overfishing and rising sea surface temperatures (Thurstan, Brockington and
Roberts, 2010). This long-term pressure is evidenced by a 94% reduction in landings per unit
of fishing power in UK bottom trawling fisheries over the last 118 years indicating dramatic

changes in seabed ecosystems, benthic habitat and biogeochemistry (Thurstan et al., 2010).
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Recently, it has been highlighted that bottom trawling of shelf sediment seas in the North Sea
can occur more than 10 times per year over the same seabed (De Borger, Tiano, et al., 2021;

Eigaard et al., 2017).

In addition to fishing, the North Sea has been heavily developed by infrastructure with
over 1350 current oil and gas platforms (Fortune & Paterson, 2020) and rapidly expanding
number of offshore wind farms (De Borger, Ivanov, et al., 2021; G.W.E.C, 2023) due to rising
energy demands (Putuhena et al., 2023). These man-made structures can have varied effects on
the environment, including reducing invertebrate diversity (Chen et al., 2024), increasing larval
migration (Coolen, Boon, et al., 2020; Coolen, Van Der Weide, et al., 2020) and altering

fouling assemblages (Van Der Stap et al., 2016).
1.2.5.4.Effects of climate change

Sea surface temperatures have increased above global averages with an increase of
~0.06 °C.yr"! compared to the global average of 0.017 £ 0.005 ‘C.yr! (Weinert et al., 2021).
Benthic communities and habitats are key indicators of climate induced change due to these
organisms being sessile, having low mobility and long lifespans (Ellingsen, 2002), allowing
changes to be seen with relative ease (Hiddink et al., 2015). The North Sea's benthic
environment is under heightened pressure due to a 1.6 °C increase in near-bottom temperature
between 1980 and 2004 (Weinert et al., 2021). As a result, 65 benthic species showed a
distribution centroid shift between 3.8 and 7.3 km yr’! northwest during temperature changes
from 1986 to 2000 in the North Sea (Hiddink et al., 2015). Furthermore, temperature also drives
many microbial process, including those which turnover organic carbon (Malinverno &
Martinez, 2015). For example, changes in bottom temperatures in sediments have been found
to alter microbial community structures and subsequent biogeochemical processes (Hicks et

al., 2017). These rapid temperature shifts and the resulting redistribution of benthic species
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underscore how climate change could alter the biogeochemical cycling in North Sea shelf

sediments.

1.3 Man-Made Structures

Man-Made Structures (MMS’s) are artificial structures present in the marine environment,
this includes artificial reefs, piers, jetties, shipwrecks, oil and gas infrastructure and renewable
energy structures (Elrick-Barr et al.,, 2022). Coastal MMS’s including dikes, groynes,
aquaculture constructions and buoys have been present for centuries (Birchenough & Degraer,
2020). However, continued growth in blue economy has led to a rise in offshore renewable
energy installation and aquaculture, and there is a predicted rise of global spatial coverage of
MMS’s from 32,000 km? in 2018 to 39,400 km? by 2028 (Bugnot et al., 2021). Coastal and
marine developments have been increasing in the face of rising energy demands causing the
construction of both renewable energy structures (offshore windfarms) and extraction
platforms (oil and gas) (Birchenough & Degraer, 2020) (Figure 5). Specifically, the offshore
wind energy sector has increased worldwide with an annual growth rate of 24% between 2013
to 2019 (The Crown Estate, 2022). Offshore MMS’s are composed of a substructure which are
either concrete that persists on the seabed through its own weight (and subsequent gravity) (Wu
et al., 2019) or steel jackets which have footing adhered to the seafloor (Techera & Chandler,
2015). Additionally, these usually are constructed with a topside structure above the water level

such as an oil or gas platform or wind turbine (Techera and Chandler, 2015).
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Figure 5: Anthropogenic activity and uses throughout the North Sea, including different
offshore infrastructure. Taken from (Brosschot, 2022)

1.3.1. Effect of Man-Made Structures on the marine environment

Subsea MMS’s in usually featureless soft sediment dominated environments introduce
habitat heterogeneity by providing hard substrate throughout the whole water column (Todd et
al., 2018). Offshore structures can support and develop significant diverse and abundant marine
communities (Coolen, Van Der Weide, et al., 2020; Fowler et al., 2020; Schutter et al., 2019)
which can include fish assemblages (Patterson & Tarnecki, 2016), fouling organisms (Coolen,
Van Der Weide, et al., 2020), top level predators such as marine mammals, and soft and hard
corals (Todd et al., 2018). MMS’s can also impact the behaviour of fish assemblages by
providing foraging and refuge areas (Paxton et al., 2020; Wright et al., 2020). For example,

Wright et al (2020) demonstrated using fisheries surveys and electronic tagging that artificial
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structures (O&G platforms and offshore wind) in the North Sea increase seasonal abundance
of three fish species: cod (Gadus morhua), thornback ray (Raja clavate) and plaice
(Pleuronectes platessa). Atlantic cod showed increased abundance near cables, oil and gas
platforms, wrecks and windfarm artificial reefs during intensive feeding periods higher prey
abundance near these structures (Wright et al., 2020). While there is strong evidence that fish
aggregate around these structures (Fujii & Jamieson, 2016), there is still debate as to whether
this is a result of increased production (more fish being born) or simply attraction (fish being
drawn to the structures from other areas) (Brickhill et al., 2005; Pickering & Whitmarsh, 1997).
However, using remotely operated vehicle footage of oil and gas platforms in the North Sea,
Todd et al (2018) found both cod and lumpsucker fish (Cyclopterus lumpus) use these
structures for different stages of reproduction. This indicates that these structures can provide

areas of fish production which has ecological and fisheries-related implications.

MMS’s also provide increased connectivity for hard substrate adhering flora and fauna
(Coolen, Boon, et al., 2020). These previously unavailable settlement areas provide ‘stepping-
stones’ which connect habitats through migration of two or more generations (Fowler et al.,
2020). The specific benthic and epifouling communities which are connected by these
structures do not vary significantly between offshore windfarms and oil and gas platforms, with
similar fauna being found at both sites (Coolen, Van Der Weide, et al., 2020). Most non sessile
species do not inhabit MMS’s for their whole life cycle but use the surrounding regions during
different life stages (Fortune & Paterson, 2020). Also, species can use MMS’s as spawning and
setting locations to disperse larvae further beyond their previously limited range (Coolen,
2017). For example, Coolen et al. (2020) showed Mytilus spp. were able to reach locations 181
km from the nearest coastline after predictions that without MMS stepping-stones larvae could
not migrate past 85 km from the coastline. However, this increased connectivity can have

negative consequences, as MMS’s can spread the distribution invasive non-native species
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(Fortune & Paterson, 2020). For example, the invasive species Caprella mutica have been
found on wind farm foundations in the North Sea alongside native species Caprella linearis

(Coolen et al., 2016).

1.3.2. Effect of Man-Made Structures on the sedimentary blue carbon

The effect of MMS’s on surrounding sediment carbon storage is a considerable research
gap and refining knowledge in this area could provide evidence to support changes in their
operational lifecycles. This includes construction of structures, their operation and their final

decommissioning.

The construction of MMS’s in the marine environment is likely to cause significant
disturbance of sediment and the resuspension of stored carbon. Building offshore structures
requires often extensive sediment movement from dredging for foundations (Schneider &
Senders, 2010; Wu et al., 2019) to pile driving for monopiles (Hinzmann et al., 2018). As
previously mentioned, OC disturbance might not directly cause remineralisation depending on
the carbon’s vulnerability (Smeaton & Austin, 2022a); however, this (potentially deep)
excavation is likely to increase the chance of OC degradation of previously buried stocks.
Conversely, during the operational period of offshore infrastructure, often these sites create de
facto Marine Protected Areas (MPA’s) with low levels of disturbance, often within an
exclusion zone around the MMS, which can enhance biodiversity, particularly from attached
fouling organisms (Heinatz & Scheffold, 2023). Fouling organisms can potentially enhance
carbon flux from the water column to the sediment through the sinking of faeces or detritus
(Krone et al., 2013). This extra fresh marine OC will promote higher levels of mineralisation
(De Borger, Ivanov, et al., 2021) however, due to the vast quantity, some will likely be buried
long term (Heinatz & Scheffold, 2023). This de facto MPA status around MMS’s provides a
potential to study the baseline carbon dynamics in the surrounding sediment, which has not

been disturbed through trawling or other anthropogenic activities. Finally, decommissioning of
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MMS’s can cause additional disturbance with some techniques involving total removal of
foundations and steel jackets (Birchenough & Degraer, 2020). Similar to construction, this
decommissioning will likely disturb the accumulated carbon and potentially decrease stocks

around these sites.

1.3.2.1. Oil and gas platforms

Oil and gas platforms in the North Sea provide artificial reefs with attachment opportunities
for fouling organisms, particularly sessile epifauna in predominantly a soft sediment
environment (Klunder et al., 2018; Maar et al., 2009). This epifauna (largely filter feeders)
creates a “shadow” over the soft sediment habitat as the water column dynamics are changed
by reducing food availability in the water column (Coates et al., 2014). The impact of these
structures on sedimentary OC varies. Klunder et al (2018) found less OC in the sediment in the
vicinity of the oil and gas platform L7A in the southern part of the North Sea either caused by
the biofilter effect which depletes the organic content of the water or scouring of the sediment
due to acceleration of the water flow. Conversely, the Ninian northern platform, in the North
Sea, showed contrasting results of sedimentary OC content. The innermost sites to the platform
had higher organic matter with percentages of 5.5 and 4.9% compared to sites at greater
distance which ranged from 0.9 to 3.8% (CNR International, 2017). Similarly, sediment
surrounding the Murchison platform, also in the North Sea, had higher OC at 250m and 500m
sampling sites (3 and 4% respectively) when compared to all other sites to a distance of 8000m
where all were below 1% (CNR International, 2013). Hypothesised causation of this was
attributed to drilling activity at the platform which elevated the proportion of fine-grained

sediment and organic matter content (CNR International, 2017).
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1.3.2.2.0ffshore wind farms

Conversely, the presence of MMS’s such as offshore wind farms can increase organic
matter content in surrounding sediment through the structures lifecycle and even following
decommissioning (Heinatz & Scheffold, 2023). For example, Coates et al (2014) found organic
matter content increased from 0.4 + 0.01% at 100m to 2.5 + 0.9% at 15m from turbine
foundation. This increase is likely due to two factors. First, the epifauna that attach to the
turbine foundations contribute organic matter through the sedimentation of detritus and faeces
(Maar et al., 2009). Second, is the physical presence of the windfarm can increase mixing of
seasonally stratified seas which can enhance sea surface primary productivity (Dorrell et al.,
2022). Phytoplankton growth requires sunlight, CO>, and nutrients (Falkowski et al., 2004). In
naturally stratified seas, phytoplankton can grow into blooms in the well-lit surface waters,
which are separated from the nutrient-rich bottom waters by a thermocline (Huppert et al.,
2002). With increased offshore wind infrastructure, the wake enhancement can mix cold
nutrient rich bottom water with warm surface water which is low in nutrients, creating an ideal
layer for phytoplankton growth (Dorrell et al., 2022). Wind farms can also increase pelagic
primary productivity due to the presence of epifauna such as Mytilus edulis (Slavik et al., 2017).
With enhanced primary production, this could have some knock on effects on benthic carbon
storage as more OC would sink through the water column and a percentage of this would be
deposited on shelf sediment. While these pathways for enhanced OC storage would be present
during the operational phase, the subsequent decommissioning could disturb this elevation OC
stock. However, models from Heinatz and Scheffold (2023) demonstrate that due to the specific
size of disturbance from decommissioning there could be up to 4.6 + 1.4 times more OC in

sediments following the entire lifecycle of these sites.
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1.3.3. Decommissioning man-made structures in the North Sea

Many MMS’s in the marine environment, including oil rigs and offshore wind farms,
are in use for a specified operational period, after which they are required to be
decommissioned (Fortune & Paterson, 2020). Currently, in the North Sea and the Northeast
Atlantic, under the Oslo and Paris Commission (OSPAR), these have to be fully removed when
being decommissioned, as decision 98/3 prohibits the ‘dumping’ of these structures at sea
(OSPAR, 1998). The rationale behind complete removal of MMS’s was heavily influenced by
the ‘Brent Spar’ event in 1995, in which Greenpeace protesters occupied the oil and gas
installation for 24 days after plans to dispose of the facility in a deep-water trench were
announced (Ounanian et al., 2020). These actions captured significant media attention and
caused the boycotting of Shell gas stations. This was seen as the turning point in the North Sea
decommissioning policy with commitments to processing these structures on land rather than
‘dumping’ the structures (Jorgensen, 2012). Decommissioning North Sea installations is
estimated to cost between €80 and €100 bn for over 10,000 km of pipeline, 5000 wells, and
500 platforms (Ahiaga-Dagbui et al., 2017). Therefore, stakeholders in countries invested in
MMS’s in the North Sea such as the United Kingdom, Norway, and the Netherlands, are still
debating re-purposing and extending the life of these installations, not only to save money but

also to promote potential marine habitat benefits (Ounanian et al., 2020).

1.3.3.1 Rigs to Reefs approach

A potential decommissioning approach is Rigs to Reefs which converts
decommissioned platforms and rigs into artificial reefs (Bull & Love, 2019; Elrick-Barr et al.,
2022; Fowler et al., 2014; Hatcher et al., 2021). For the past twenty years, OSPAR’s policy
regarding the rigs to reefs approach to decommissioning in the North Sea has been
unfavourable (Ounanian et al., 2020). However, this approach has had reasonable success in

the Gulf of Mexico, which has enhanced fisheries resources and provided savings for oil and
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gas companies (Macreadie et al., 2011). Recently, emerging calls for changes and flexibility in
the decommissioning policy in the North Sea have increased, most recommending a case by
case approach rather than blanket regulations which might not provide optimal economic,
environmental, and social benefits (Fortune & Paterson, 2020; Fowler et al., 2020). MMS’s as
artificial habitats within the UK coastal seas are not included in the European habitats Directive
despite hosting potential rare or valuable species (Fortune & Paterson, 2020). Using a science-
based evidence approach to play a role in decision making around decommissioning of these
sites could provide greater ecosystem benefits rather than keeping existing regulations

(Birchenough & Degraer, 2020).

The 500 m exclusion zones surrounding oil and gas platforms in the North Sea
effectively act as a small scale MPA without destructive effects such as trawling and dredging
(Todd et al., 2018). MPAs provide a wide array of ecosystem services including fish stock spill
over (Harmelin-Vivien et al., 2008), habitat restoration (McLeod et al., 2009) and climate
change mitigation (Salm et al., 2011). Likewise, offshore winds farms have been proposed as
de facto MPAs by providing artificial substrate for reefs, fish aggregating devices and small-
scale exclusion zones from fishing efforts (Ashley et al., 2014). Specifically for O&G
platforms, this rationale has led to the argument of keeping these sites intact to maintain the

benefits of the exclusion zones after the MMS is operational.

Conversely, there is also evidence to suggest that the rigs to reefs approach is not always
ecologically beneficial (Perkol-Finkel et al., 2006). Obstacles in opposition to the rigs to reefs
approach are associated costs (partial removal, cleaning, maintenance and monitoring, local
pollution levels near remaining installations) (Jagerroos & Krause, 2016), liability issues (well
leakage and safety risks for navigation) (Rastelli et al., 2016) and finally the heightened risk of
spreading marine invasive species (Coolen et al., 2016). Converting platforms to reefs can

change water circulation and quality (Elrick-Barr et al., 2022), seabed ecology (Chen et al.,
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2024), wave action and sedimentation rate which have yet to be wholly assessed (Jagerroos
and R Krause, 2016). Similarly, there are legal issues regarding the responsibility of the
decommissioned structures to ensure further upkeep and maintenance to reduce the potential
impact to the surrounding marine environment (Hatcher et al., 2021). For example, in the Gulf
of Mexico, the operators are required by law to assume liability and contribute half of the cost
savings of non-decommissioning to implementation a rigs to reefs decommissioning strategy;

this money is then used to create a fund which goes towards maintenance costs (Hatcher et al.,

2021).

1.4 Thesis Aims

This thesis aims to fill key knowledge gaps in how offshore infrastructure in shelf sea
systems, particularly decommissioned oil and gas (O&G) platforms in the North Sea, will
impact sedimentary carbon dynamics. This includes assessing carbon stocks, sediment type,
carbon accumulation rates, carbon provenance and vulnerability. Chapter two determines the
baseline carbon dynamics around decommissioned O&G platforms, including sediment type,
organic carbon stock and initial organic carbon accumulation rates. Chapter three refines these
initial organic carbon accumulation rates to correct for local contamination from the O&G
platform during operation. Chapter four determines the source of the organic carbon stock at
each site, with increasing distance from the decommissioned sites. Finally, chapter 5 is a
methodological exploration of the effect of disturbance (such as those from offshore
infrastructure) on mineralisation rates of organic carbon. The specific aims of each data chapter

are outlined here:

e Chapter two: To describe carbon dynamics around two decommissioned oil

and gas platforms in the North Sea including determining OC stock, sediment
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type and a first attempt at calculating organic carbon accumulation rates
(OCAR).

Chapter three: To refine previous OCARs at impacted sites by quantifying
attenuation causing heavy metal contamination and using alpha spectrometric
techniques.

Chapter four: To quantify the primary OC source and vulnerability around
these decommissioned platforms and how this changes with increasing distance.
Chapter five: To trial an experimental protocol for determining OC reactivity
of disturbed shelf sediment, such as those caused by construction or

decommissioning of man-made structures.
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Chapter 2: Sedimentary blue carbon around decommissioned oil and gas

platforms in the North Sea

Please note, this chapter has been published in the Marine Pollution Bulletin in June

2025: https://doi.org/10.1016/j.marpolbul.2025.118250

2.1. Introduction

The North Sea has been extensively modified by anthropogenic activities including the
introduction of man-made structures (Dannheim et al., 2018; Fowler et al., 2020). The global
footprint of MMS, such as oil and gas platforms and offshore wind farms, is growing rapidly
with projected expansion from 32,000 km? in 2018 to 39,400 km? by 2028 (Bugnot et al., 2021),
driven by a rising demand for fossil fuels and renewable energy (Birchenough & Degraer,
2020). Within the Oslo and Paris Convention (OSPAR) maritime area alone there are over
1,350 offshore oil and gas installations that require decommissioning in the coming decades
(Fortune & Paterson, 2020). By 2040, it is estimated that 2000 offshore oil and gas platforms

will have to be decommissioned worldwide (Vidal et al., 2022; Wei & Zhou, 2024).

The effect of O&G platforms on the marine environment is still an expanding area of
research, which has primarily focused on changes to marine biology, such as food webs (Fowler

et al., 2020; Fujii & Jamieson, 2016; Todd et al., 2018; Wright et al., 2020), connectivity and
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invasive species (Coolen, Boon, et al., 2020; Molen et al., 2018; Tidbury et al., 2020), fish
attraction versus production (Brickhill et al., 2005; Grossman et al., 1997; Pickering &
Whitmarsh, 1997; Todd et al., 2018) and seabird interaction (Ronconi et al., 2015). However,
the effect of MMS on the seabed around these structures, and particularly on benthic carbon

stocks, is poorly understood.

Shelf seas and the sediments therein play a key role in maintaining marine carbon stocks
(Burdige, 2007; Legge et al., 2020; Smeaton, Hunt, et al., 2021) and supporting organic carbon
sequestration potential (Atwood et al., 2020; Graves et al., 2022; LaRowe et al., 2020). Blue
Carbon refers to organic carbon that is captured and sequestered in marine ecosystems,
including coastal and ocean environments (Nellemann et al., 2009). This organic carbon is
modified and remineralised while it descends through the water column (Soetaert et al., 2000).
However, a proportion is stored within shelf sediment where it is further remineralised through
diagenetic processes (Soetaert et al., 1996; Talin et al., 2002) or eventually, buried (Burdige,
2007). Despite covering only 7-10% of worldwide ocean area, shelf seas contribute 80% of
organic carbon in sediments (Bauer et al., 2013), making them vital for climate change
mitigation (Luisetti et al., 2020). It is estimated that global sedimentary blue carbon stocks are
2322 Pg C in the top 1 m of sediment (Atwood et al., 2020). Furthermore, the North-West
European continental shelf area is estimated to have a standing organic carbon stock of between

230 — 882 Mt of POC in the upper 10 cm of sediment (Diesing et al., 2017).

Previous blue carbon research has largely focused on vegetated coastal habitats as these
sequester significantly more carbon than other terrestrial habitats (Lovelock & Duarte, 2019;
Macreadie et al., 2017; McLeod et al., 2011). More recently, shelf sediment ecosystems are
increasingly recognised for their significant storage of blue carbon due to their large spatial
extent (Diesing et al., 2017; Legge et al., 2020; Luisetti et al., 2019; Thomas et al., 2004).

However, shelf sediment is subject to substantial disturbance from activities such as trawling
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(Dounas et al., 2007; Epstein et al., 2022; Palanques et al., 2014) and construction and
decommissioning of offshore MMS (Birchenough & Degraer, 2020; Dannheim et al., 2020;
Fortune & Paterson, 2020). While the effect of disturbance on carbon stocks remains unclear
(Epstein et al., 2022), it is essential to determine potential impacts of anthropogenic activity,

such as decommissioning of MMS, on shelf sedimentary carbon stocks.

Currently under OSPAR Decision 98/3, MMS in the North Sea are required by law to be
fully removed from the sea at the end of its active life cycle, and the marine environment to be
returned to its natural state prior to construction (Bull & Love, 2019; Fortune & Paterson, 2020;
Fowler et al., 2020; Fowler et al., 2014). Recent literature has started to explore the effect of
disturbance to benthic carbon stocks, with an emphasis on trawling (De Borger, Tiano, et al.,
2021; Epstein et al., 2022; Paradis et al., 2019; Porz et al., 2024). Any pressure which changes
the degradation rates within upper sediment depth, or input of carbon to the seabed will likely
disrupt the overall carbon stock and sequestration rates (Legge et al., 2020). Decommissioning
of MMS, especially ‘whole removal” which is preferred by OSPAR commission regulations

(OSPAR, 1998) is a significant form of marine disturbance (Sommer et al., 2019).

Removing oil and gas structures typically involves abrasive water jetting, diamond wire
cutting, hydraulic shears or explosives (Sommer et al., 2019). These methods not only cause
complete mortality of attached invertebrates and nearby fish but likely impact the benthic
environment during the removal of the steel jackets and concrete foundations (Jagerroos &
Krause, 2016). With the mandatory decommissioning of many platforms approaching rapidly,
it 1s vital to determine how these activities affect sedimentary organic carbon storage and
sequestration rates. Exclusion zones, particularly the 500 m zones around active O&G
platforms, provide an area free from disturbance by trawling and other extractive uses. These
undisturbed zones could potentially safeguard carbon stocks and facilitate recovery (Epstein &

Roberts, 2022). Moreover, decommissioned O&G platforms are often surrounded by drill
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cuttings piles (Breuer et al., 2004). These piles, produced during offshore hydrocarbon drilling
operations, are composed of subsurface rock coated with hydrocarbons and drilling fluids
(Bakke et al., 2013; Haanes et al., 2023) could influence seabed carbon stocks. Including
carbon stock considerations, alongside other factors such as expense and environmental impact
(Hall et al., 2022; Sommer et al., 2019) into cost-benefit analysis of decommissioning methods
(Fowler et al., 2014) could provide managers with more information to determine best practices
(Fortune & Paterson, 2020; Zawawi et al., 2012). This is the first study to investigate the
benthic carbon dynamics around decommissioned O&G structures in the North Sea, and with
samples taken as close as 50 m. The overall aim of this study is to determine the effect of
decommissioned O&G platforms on organic sedimentary carbon stocks and
sedimentation/carbon accumulation rates, compared to areas which have not been excluded

from anthropogenic extraction activities.

2.2 Methods

2.2.1. Study sites

Sediments at two decommissioned O&G platforms, North West Hutton (61°6'
23.9508", 1°18'32.9724") and Miller (58° 43' 19.7004", 1° 24' 7.4016"), were sampled between
24™ and the 30" of June 2021, during a research cruise on the MRV Scotia (Figure 6). Details
of sampling depth are displayed in appendix table 1. The North West Hutton platform was
installed in 1981, with oil production commenced in 1983 and continued until 2003 (Blacklaws
& Johnston, 2013). Topsides of the platform were removed in 2008 and removal of the jacket
structure was completed in 2009 (BP, 2005, 2011). Water depth at this platform is 144.3 m (BP,
2005) with prevailing currents in a NE/SW direction alongside weak residual currents (BP,
2005) with maximum current speeds being 0.73 m/sec at the surface and 0.47 m/sec at the

seabed. The Miller platform was installed in 1991 and produced oil from June 1992 to
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September 2007 (BP, 2011). Topsides were removed between 2017 and 2018; jacket structure
removal was completed in 2018 (BP, 2011). Water depth at the Miller platform is 103 m, with
the Fair Isle/Dooley current affecting the Miller platform which flows in a SE/NW direction
with maximum current speeds being 0.84 m/sec at the surface and 0.43 m/sec at the seabed
(BP, 2011). For both sites the jacket footings and drill cuttings piles remain in-situ. Jacket
footings were cut at 45 m and 20 m above the seabed for the North West Hutton and Miller
platforms, respectively. The drill cutting pile at North West Hutton lies directly beneath the
footings, while at Miller, it is offset to the southeast footing. These sites were selected due to
age (over 40 years since installation) and decommissioning status. Where possible, triplicate
sediment cores were taken at various distances along northern and southern transects extending
away from the decommissioned platforms (50, 100, 200, 400, 800, 1600 m). Due to safety
features of the research vessel, samples could not be taken any closer than 50 m away from the
platforms. Control sites of similar sediment composition were selected at 3200m away along
each of the gradients. These control samples were known to not be near other oil rigs at any
phase during their use (i.e., construction, operational or decommissioned). There were no

visible signs of oil contamination on the sea surface during the survey.
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Figure 6: Location of North West Hutton and Miller decommissioned platforms in the North

Sea with sampling sites at varying distances (50- 3200 m (Control)).

2.2.2. Sediment core sampling and processing

Samples were obtained using a multi-corer, when weather permitted, to extract three

replicate sediment cores (inner @ 9.8 cm) at each sampling distance. When weather was too

severe for the multi-corer, cores were collected using a VanVeen grab, and cores taken from the

grab only if the sediment surface was intact. Depths of each core collected were noted. Cores

were extruded onboard and sliced into 1 cm depth increments and stored in plastic bags at -

20°C until further analysis. Each sediment slice was measured for wet weight (g) and freeze

dried to give dry weight to determine porosity and dry bulk density (DBD).

2.2.3. Biogeochemical analysis
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Three homogenous powder subsamples of each 1 cm layer were analysed for organic

MCS add-on module

and inorganic carbon using a Formacs"T TOC Analyser with Primacs
(SKALAR, The Netherlands). Between 50-100 mg of each sample was weighed into quartz
crucibles, manually inserted into the analyser, and then heated to >1000 °C. For inorganic
carbon, samples were acidified using 5 M phosphoric acid and resultant CO, was measured.

For each sample, inorganic carbon was subtracted from total carbon to give a measurement of

organic carbon, giving measures of total, organic and inorganic carbon for each core slice.

Particle size analysis (PSA) was conducted using the laser diffraction unit Bettersizer S3
Plus (China). PSA methodology was adapted from the National Marine Biological Analytical
Quality control scheme (Mason, 2022). Freeze dried sediment samples were analysed using
laser diffraction. Sediment samples were wetted before input into the laser diffraction unit. The
quantity of sample entered was varied to ensure laser beam obscuration remained within 8 and
12%. Samples were sonicated for two minutes before laser readings were taken and dispersant
was not used throughout. One replicate was analysed for each 1 cm depth of the core with the
particle size analyser, taking another three replicate readings from each. Sediment
characteristics statistics, mean and median grain size, skew, and kurtosis were calculated using
GRADISTAT software version 9.1 (Blott & Pye, 2001). Characterisation of sediment was
determined using Folk description, assigning sites to one of the fifteen major textural groups
as defined by the relative percentage of gravel (>2 mm), sand (0.0625-2 mm), mud (<0.625

mm) (Folk, 1954).

Preliminary GC-MS analysis of hydrocarbon content in sediment showed an
insignificant contribution to total carbon content (<2%) even at sampling points closest to both
platforms (50 m) see appendix material 1. Total hydrocarbon content (mg/g of sediment) at
varying distances from both North West Hutton and Miller decommissioned platforms is

included in appendix figure 1 from the UK Benthos database v5.17 (Offshore Energies UK,
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2015). As both measures indicate hydrocarbon content within sediment to be <8% of measured

organic carbon content this was not considered in this paper.
2.2.4. Estimated mass accumulation and sedimentation rates

Mass accumulation and linear sedimentation rates (MAR/LSR) were determined using
the Constant Flux — Constant Sedimentation (CF-CS) 2!°Pb-based modelling approach
(Krishnaswamy et al., 1972) from ten sediment cores collected at five distances (50, 100, 200,
400 and 3200 m) from each directional transect at North West Hutton. Approximately 27 g of
each 1 cm slice were freeze dried, sieved down to 500 um, compressed, and sealed into plastic
containers. After a period of three weeks (to allow for secular equilibrium between 2*°Ra and
214pb), samples were analysed by gamma spectrometry using Broad Energy Germanium
detectors (ORTEC, GEM-FX 8530-S model, USA) to determine the total *!'°Pb and *’Cs
activity concentrations with the emission peaks of 46.5 and 662 keV respectively. Activity
concentrations of total °Ra were indirectly measured using the peak at 352keV from the
presence of 2*Pb, one of its decay products. A certified reference material from International
Atomic Energy Agency — IAEA-465 Baltic Sea Sediment was used as a reference for

quantifying these radioelements in the studied samples (International Atomic Energy, 2021).
2.2.4.1 Lead-210 based modelling and validation

Lead-210-based modelling approaches have been widely used to estimate organic
carbon accumulation rates (OCAR) in marine sediment cores (Arias-Ortiz et al., 2018; De
Haas, 1997; Masque et al.,, 2002). These approaches rely on the depth distribution of
unsupported fraction of 2!1°Pb, directly sourced from the decay of radon gas (*Rn) present in
the atmosphere and decaying at rate of 22.23 years. As the studied cores were relatively shallow
(<15 cm) and many natural and anthropogenic disturbance were anticipated, including the

presence of oil and gas produced water derived particles enriched in ?>°Ra, 2!°Pb and stable
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elemental analogues, such as Ba and Pb (Ahmad et al., 2021; Haanes et al., 2023) the constant
flux-constant sedimentation (CF-CS) modelling approach was favoured against other common
modelling approaches and selected to estimate directly the mass accumulation rate (MAR)
from each core. The CF-CS model was selected to enable the estimation of a mean MAR below

a potential surface mixed layer and was assumed to be constant over time following equation

I:
210Pbx — ZIOPbO.G-Mm(/MAR [1]

with 21%Pby: activity concentration of unsupported 2!°Pb at mass depth x (in Bq.kg™!); ?!°Pby:
activity concentration of unsupported 2!°Pb at water/sediment interface (in Bq.kg!); A: decay
constant of 21°Pb = 0.031 y!; my: accumulated mass stock (in g.cm™) at depth x; MAR: mass

accumulation rate (g.cm™2.y!).

Linear sedimentation rates (LSR) could then be estimated at each studied location by
dividing with the average dry bulk density of the core segment selected in the CF-CS model.
Organic carbon accumulation rates (OCARs) were determined using MAR multiplied by
percentage of organic carbon derived from the average along the entire core depth at each site

(%0C).

Fractions of anthropogenic *?°Ra were subtracted from the total ?*°Ra activity
concentrations prior to utilising the CF-CS model, by referring to barium (Ba) depth profiles,
a chemical analogue of *°Ra, and measured by ICP-MS following total microwave-assisted

digestion, alongside other stable elements (Agilent, 7900ce model, USA).

Where possible, the 1978 Sellafield-derived '*’Cs signature (i.e., 1974-1975 peak
discharge including a 4-year transient time from discharge point (Gray et al., 1995; Povinec et
al., 2003) were also used to validate LSR results obtained from CF-CS modelling. For highly

contaminated cores at 50 m, mid-core enrichment of 2*’Ra was used as an estimate to validate
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210pp excess based CF-CS modelling rather than to estimate MAR/LSR directly. This mid-core
enrichment was determined as the mid-point of production from the platform. However, due to
this contamination, MAR/LSR were not calculated at 50 m due to uncertainties without a clear

fingerprinting tool.
2.2.5. Organic carbon stock calculations

Stock calculations of sedimentary carbon surrounding both platforms were calculated
using methods and equations from (Diesing et al., 2017). Estimation of mass of particulate
organic carbon (mppc) was calculated by multiplying particulate organic carbon as a
dimensionless fraction, dry bulk density (p,), sediment depth (d) and area (A) using equation

2.
Mpoc = POC  pg -d - A 2
2.2.5.1. Dry bulk density

Dry bulk density was calculated using equation 3. Where dry bulk density (p,;) was

determined using porosity (¢) and grain density (p,). Grain density was assumed to be 2650

kg m™.

pa =1 — @)ps (3)

2.2.5.2. Porosity

Porosity was calculated using weight before (Weighty,.;) and after (Weightp,,)
freeze drying as well as the specific gravity of the sediment (SGs.4) and density of water
calculated based on salinity (py 4terr) (Equation 4). For offshore sediments of this nature this

was assumed to be composed of mostly quartz/feldspar so specific gravity was assumed to be
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2.7. Salinity for the density of water was assumed to be that of offshore water (35) and a density

of 1.035 kg/l.

Weight
[s6seasaseal" " fyeigntp, )

Weighty/ et

4

= Weight
[SGSed_SGSed( ghtwet Wel-ghtDry)]+[PWater_pWateT( WEightDry)]

2.2.6. Statistical analysis

All statistical analysis was conducted using R version 4.2.1. All figures were generated
using the ‘ggplot2’ (Wickham, 2010), ‘corrplot’ (Wei & Simko, 2021) and ‘cowplot’ (Wilk,
2020) packages. Data was initially tested for normality using Shapiro-Wilk tests (Shapiro &
Wilk, 1965) and subsequent Bartlett tests (Bartlett, 1937) to determine homogeneity of variance
between groups. Normally distributed data were tested for significance using ANOVAs, with
p-values adjusted for multiple comparisons using the Benjamini-Hochberg procedure
(Benjamini & Hochberg, 1995), followed by a Tukey’s HSD (Tukey, 1953) post hoc test within
the ‘agricolae’ (De Mendiburu, 2020) package. Non-normally distributed data were tested for
significance using a Kruskal-Wallis test, with p-values adjusted for multiple comparisons with
Bonferroni corrections (Bonferroni, 1936), followed by Dunn’s post hoc test (Dunn, 1964)
within the 'FSA4’° package (Ogle et al., 2020). Spearman correlation tests were applied to assess
correlations between organic carbon content, inorganic carbon content, mud content, sand
content sedimentation rates and distance from platform. To test for effect size of Kruskal-Wallis
tests, Cohen’s f (Cohen, 1988) was calculated using the ‘rcompanion’ package (Mangiafico &
Salvatore, 2023), followed by a power analysis using the ‘pwr package (Champely, 2020). For
pairwise comparisons Clift’s delta (Cliff, 1996) (with a large effect size being > 0.474) was

calculated with the ‘effsize’ package (Torchiano, 2020) and subsequent power analysis was
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calculated for each comparison with an acceptable threshold of 0.8. Averages are reported as

Mean + standard deviation. Details of pairwise comparisons can be found in appendix table 2.

2.3 Results

2.3.1 Sediment composition

Sediment classifications varied from sand to sandy mud across both sites and distance
gradients. Mud content across all sites ranged from 1.58% to 86.28%, although North West
Hutton had higher average mud content across all distances compared to Miller (Figure 7).
Highest average mud content was found at 50 m and 100 m away from North West Hutton,
with average mud percentage being 59% and 38%, respectively. Average mud content at Miller
was similarly high at the 50m distance with an average of 47%. Mud content remained lower
with greater distance from Miller. Sediment composition at both sites was predominantly either
sand or mud, with very few observed gravel particles, hence, mud and sand percentages
inversely mirror each other. Sand content across all sites ranged from 13.72% to 96.96%
(Figure 7). Miller consistently had higher sand content across all distances compared to North

West Hutton.
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Figure 7: Mud and sand content (%) of 1 cm sediment core slices collected at increasing
distances (50- 3200 m) away from two decommissioned oil and gas platforms, Miller and North
West Hutton. Sediment was analysed to 10 cm at North West Hutton and 6 cm at Miller. Letters
above boxes (a, b, ¢) indicate significant differences between distances (P < 0.05, Kruskal-
Wallis test followed by Dunn’s post hoc test); different letters indicate significant differences.

2.3.2. Organic carbon content
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Organic carbon content ranged from 0.26 to 51.78 mg/g of sediment (Figure 8). Highest
average organic carbon content (31.62 = 1.09 mg/g of sediment; mean + SD) was found 1600
m from North West Hutton, followed by the control site (3200 m) (27.78 + 1.12 mg/g of
sediment). Organic carbon content was significantly lower at 200 m (17.86 + 1.22 mg/g of
sediment) away from North West Hutton (Kruskal-Wallis, 2 = 76.535, P = 1.854¢4, 1 - B =
1) compared to all other sampling distances. Conversely, a different trend was seen at the
Miller, with the highest average organic carbon content at the closest distance (50 m) (24.54 +
2.49 mg/g of sediment), which was significantly higher (Kruskal-Wallis, ¥2 = 66.084, P =
2.635¢2, 1 — B = 1) than all other distances. On average, organic carbon content was higher
at the North West Hutton compared to Miller, for example average organic carbon content at
the control site of North West Hutton was up to 6.6-fold higher compared to sediment collected
at the corresponding site at Miller. Organic carbon depth profiles are displayed in appendix

figures 2 to 5.
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Figure 8: Organic carbon content (mg/g of sediment) of 1 cm sediment core slices collected at
increasing distances (50 - 3200 m) from two decommissioned oil and gas platforms, Miller and
North West Hutton. Sediment was analysed to 10 cm at North West Hutton and 6 cm at Miller.
Letters above boxes (a,b,c) indicate significant difference between distances (P <0.05 Kruskal-
Wallis test followed by Dunn’s post hoc test) with differing letters indicating significant
differences.
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2.3.3 Inorganic carbon content

Inorganic carbon content ranged from 0.14 to 45.14 mg/g of sediment across both
decommissioned platforms (Appendix figure 6). A similar pattern was observed for inorganic
carbon content, that was also seen for organic carbon content. A significantly higher average
inorganic carbon content (Kruskal-Wallis, y2 = 133.16, P = 2.2¢"'®) was found at the control
site of North West Hutton (24.29 + 0.62 mg/g of sediment), when compared to closer distances
(e.g. 50, 100, 200, 400 and 800 m) away. The lowest average inorganic carbon content was
found at the 50 m distance, closest to North West Hutton (6.04 £ 0.66 mg/g of sediment).
Conversely, at Miller, average inorganic carbon content was significantly higher (Kruskal-
Wallis, 2 = 82.07, P = 1.334¢e’%) closer, at 50 m distance (7.27 £ 1.19 mg/g of sediment) than
all other distances (100, 200, 400, 800, 1600 and 3200 m). On average, organic carbon content
was higher at North West Hutton compared to Miller. For example, average inorganic carbon
content at the control site of North West Hutton was up to 20.4-fold higher compared to

sediment collected at the same site at Miller.
2.3.4 Sediment organic carbon stocks

Average sediment organic carbon stocks ranged from 0.59 to 5.01 kg m across both
sites and distances (Figure 9). Resolution of stocks ranged from 3 cm to 10 cm with consistently
higher resolution at North West Hutton (ten sampling sites had 10 cm depths analysed). Miller
resolution ranged from 3 to 10 cm, but had an average depth of 6 cm. Estimated carbon stocks
were averaged and extrapolated to 10 cm (Fig. 4; represented by hashed portions of each bar).
The largest average organic carbon stocks were found at 800 m on the southern transect from
North West Hutton (5.01 = 0.62 kg m™?) and lowest was found at 400 m on the southern transect

of Miller (0.59 kg m2), though this distance only had one replicate to 5 cm depth.
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Miller had highest organic carbon stocks at 50 m on both the northern and southern
transects with averages of 1.47 + 0.53 kg m™ and 3.74 + 0.36 kg m™, respectively. At greater
distances (100 to 3200 m) along the southern transect, organic carbon stocks remained
consistently lower with an average of 0.88 £ 0.13 kg m™, at 100 m distance, to 0.72 £ 0.05 kg
m, at 1600 m, and 0.68 kg mat 3200 m, however at 3200 m there was only one core available.
A similar trend occurred on the northern transect with average organic carbon stocks of 0.65 +

0.04 kg m?, at 100 m, and 0.65 £ 0.03 kg m at 3200 m.

Comparatively, North West Hutton had consistently higher organic carbon stocks than
those found at Miller, which generally remained constant with distance. Along the southern
distance transect, average organic carbon stocks at 50 m were 2.44 £ 0.223 kg m™ which
gradually increased to 3.65 + 0.35 kg m™ at 400m. At 800 m, organic carbon stocks increased
to 5.01 + 0.63 kg m?, but subsequently decreased to 3.27 £ 0.67 kg m™ at 3200 m. Along the
northern transect at North West Hutton, average organic carbon stocks increased from 2.75 +
0.20 kg m™ at 50m to 3.38 + 0.32 kg m™ at 100 m. However, average organic carbon stock
decreased at 200 and 400m to 1.44 + 0.24 kg m2and 1.63 + 0.13 kg m™ respectively. Organic
carbon stocks then increased at 800 and 3200 m to 3.33 = 0.16 kg m™ and 3.95 + 0.18 kg m™>

respectively.
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Figure 9: Mean = SE of sediment organic carbon stocks (kg m) f at increasing distances (50,
- 3200 m) from two decommissioned oil and gas platforms, Miller and North West Hutton.
Numbers in brackets indicate deepest sampling depth (cm). Where sampling depth was <10
cm, stocks were averaged and extrapolated to 10 cm (this is represented by hashed portion of
each bar). Where bars are missing this indicates no samples taken at that distance.

2.3.5. Mass accumulation and sedimentation rates

Radiometric depth profiles of total 2!°Pb, total >*Ra, '*’Cs as well as stable Ba and Pb depth
profiles at 50 m North/South and 3,200 m North/South (control) are displayed in Figs. 10 and

11, respectively.
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radionuclide levels were below the limit of detection.
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Figure 11: Depth (cm) profiles of stable lead and barium concentrations (mg/kg) of within four
sediment cores taken at 50 and 3200m away from North West Hutton decommissioned
platform on both North and South transects.

As shown in figure 10, the depth profiles at 50 m North and South of North West Hutton
presented enhanced concentrations of 22°Ra in the top 10 cm, a clear signature from the legacy
discharges of oil and gas produced water. This observation was confirmed when measuring its
chemical analogue Ba (figure 11), showing a net increase of barium in the top 9 cm in the 50
m North core and 10 cm depth in the 50 m South core, suggesting the presence of
radiostrontiobarite particles (Ahmad et al., 2021). These industrially derived signatures were
subsequently used to estimate LSR at these two locations. As the fate of radium particles
remains unclear (Ahmad et al., 2021) and operational discharge information was not available,
the middle of the two contaminated core segments (i.e., 4.5 cm in the 50 m North and 5 cm in
the 50 m South) were assumed to correspond to the middle of the operational life of North West
Hutton (1993) and indicated the LSR to be ranging between 0.16 and 0.18 cm.y™! .

Due to the presence of low activity concentrations of '3’Cs observed near North West
Hutton, unconfirmed at control distances, as well as the potential presence of other '*’Cs
sources (i.e., from major nuclear fallout events such as Chernobyl), the use of this nuclear-
derived fingerprint was not further considered in this study.

Also, as shown in figure 11, the Pb depth profiles did not follow the same pattern as Ba
profiles, implying the ratio of anthropogenic *?*Ra/anthropogenic 2!°Pb to be variable over
time. Therefore, it was not possible to estimate the fraction of anthropogenic 2!°Pb accurately
close to the platform (50 m). It is worth noting that the direct measurement of >!°Pb by gamma
spectrometry in sediment materials highly contaminated in Pb and other heavy metals such as
Zn, Ba, Sr, would have also suffered from high matrix self-attenuation (Dal Molin et al., 2018)
limiting event further the application of *!°Pb based modelling approaches for these

contaminated sediment cores above 10 cm. In addition, the levels of unsupported natural 2!°Pb
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observed below 10 cm were found to be very low and associated with high uncertainties from
gamma counting. Consequently, the CF-CS 2!°Pb modelling approach could not be applied in
cores collected within 200 m N/S from North West Hutton. Nevertheless, a negligible influence
was observed at 400 m and 3,200 m N/S (control), enabling the use of the full core 2!°Pb excess
profiles for CF-CS modelling at these four sampling locations.

Averaged MARs were found to be approximately 0.27 and 0.19 g cm™ y! within the
North and South transects, respectively (Table 1). Organic carbon accumulation rates (OCARs)
ranged from 0.003 to 0.009 g cm™ y! across both transects (Table 1). The subsequent LSRs
were estimated to be averaging at 0.21 cm y! within the North transect and found to be slightly
lower within the South transect, ranging between 0.14 and 0.15 cm y™! and agreeing with the

estimations from 2*°Ra fingerprinting.

Table 1: Linear sedimentation rates from traditional 2!°Pb radiometric dating techniques and
novel >*Ra oil and gas attributed fingerprint, average dry bulk densities (DBD), >!°Pb mass
accumulation rates (MAR) and 2!°Pb organic carbon accumulation rate (OCAR) of six cores
collected at increasing distances (50 — 3200 m) along two directional gradients (North and
South) from North West Hutton decommissioned platform.

Distance Direction  2'°Pb Mean 210pp Average Pb 226Ra LSR

(m) (N/S) LSR Dry MAR carbon OCAR 0&G
(cm/y) Bulk  (g/cm?/y) content (g/m?y fingerprint
Density (%) ) (cm/y)
(DBD)

50 North * 1.102 * 2.83 * 0.161
400 North 0.211 1.211 0.258 1.26 30 N/A
3200 North 0.216 1.330 0.286 3.24 90 N/A

50 South * 1.056 * 2.78 * 0.179
400 South 0.141 1.252 0.176 2.45 40 N/A
3200 South 0.154 1.292 0.199 3.16 60 N/A

*not estimated

2.3.2  Correlation analysis

Spearman’s correlation analysis between the measured variables was separated by site
(Figure 12). Where Spearman’s p values are positive this shows a positive correlation and

where they are negative this shows a negative correlation. For Miller, organic carbon was
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significantly positively correlated to mud content (Spearman’s p = 0.65, P = 2.2¢7'%), porosity
(Spearman’s p = 0.59, P = 1.19¢’!®), inorganic carbon (Spearman’s p = 0.39, P = 8.07¢”’) and
gravel content (Spearman’s p = 0.18, P = 0.03) and significantly negatively correlated with
distance (Spearman’s p = -0.49, P = 9.37¢’'!), dry bulk density (Spearman’s p = -0.59, P =
1.19¢71%), mean grain size (Spearman’s p = -0.52, P = 2.2¢7'%) and sand content (Spearman’s p
= -0.65, P = 2.2¢7!%). Conversely, organic carbon content at North West Hutton was weakly
positively correlated with distance (Spearman’s p = 0.18, P = 0.001), dry bulk density
(Spearman’s p = 0.25, P = 1e®), sand content (Spearman’s p = 0.13, P = 0.01) and weakly
negatively correlated with mud content (Spearman’s p =-0.11, P = 0.04), porosity (Spearman’s

p=-0.25P=1¢e").
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Figure 12: Correlogram of spearman’s correlation (p) (P <0.05) between measured variables,
organic carbon, inorganic carbon, porosity, dry bulk density, distance from site, mean grain
size, percentage sand, percentage mud and percentage gravel from sediment cores at Miller and
North West Hutton. Size of circles represent level of significant with larger circles indicating
higher significance. Colour of circles indicates direction (blue = positive, red = negative).
Relationships without significance are left blank.
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2.4. Discussion

2.4.1. Organic carbon content/stock variability between sites

Organic carbon content of sediments varied spatially around both study sites with
distinct trends observed at each. North West Hutton showed consistently higher average organic
content across all sampling distances compared to Miller. Additionally, the relationship
between organic and distance varied between sites, with North West Hutton carbon content
increasing slightly with distance, whereas Miller displayed elevated levels closer to the
structure (50 m), with consistently lower levels at increasing distance. Overall, organic carbon
content in this region of the North Sea was higher than modelled studies such as Diesing et al
(2017, 2021) and Wilson et al (2018). In these estimations, carbon percent ranges from 0.39%
at North West Hutton and 0.68% at Miller (Wilson et al., 2018). However, these predictive
models do not account for the presence of MMS which likely explains their inability to capture

the site-specific trends observed in this study.

In this study, Miller exhibited an enrichment of organic carbon within close proximity
(50 m) to the structure, displaying a ‘halo’ effect, likely linked to activity from the O&G
platform during its active production stage. The combination of a large effect size and statistical
power indicates that this is a reliable and reproducible result. This enrichment could be caused
by the presence of attached epifauna on the remaining jacket footings, potentially increasing
organic carbon content through deposition of faecal matter (Schutter et al., 2019). Artificial
structures can support significantly higher biomass (up to 500 times more) than soft sediments,
due to the availability of hard substrate for epifauna attachment (Maar et al., 2009). Organisms
that colonise artificial structures tend to be fouling attached epifauna dominated by filter
feeders (Schutter et al., 2019). These organisms may act as a large-scale biofilter, depleting

organic matter from the water column while enriching nearby sediment with faeces, larvae,
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dissolved organics, and nutrients (Coates et al., 2014; Maar et al., 2009). For example, in Maar
et al’s model, sedimentation rate around an offshore wind structure in the North Sea
significantly increased up to 40 m from the foundation due to the excretion of faecal pellets.
Similar patterns are observed at southern North Sea windfarms, where colonizing organisms
accumulate carbon during operation and only a small proportion (0.50 + 0.06%) of the area is
disturbed by decommissioning activities (Heinatz & Scheffold, 2023). In this study,
measurements of attached epifauna were not taken, however, other offshore platforms in the
North Sea have been shown to be fully covered with marine fouling organisms (Van Der Stap
et al., 2016), particularly at the depth of the Miller footings. Despite O&G platforms having
less structures in each area compared to wind farms, the principle of localised carbon
enrichment through biodeposition could explain the higher carbon content close to the Miller
platform. Without epifauna or associated carbon flux values, future work determining organic
carbon composition could further qualify this conclusion. This also highlights a significant

knowledge gap to fill in pre-decommissioning assessments.

The ‘halo’ trend seen at Miller is consistent with environmental impact assessments of
other decommissioned North Sea platforms. At the Ninian Northern decommissioned platform,
sediment organic matter was higher near the structure (4.9 - 5.5% at 0 m) compared to more
distant sites (0.9 — 3.8 % at 100 — 10,000 m) (CNR International, 2017) mirroring the elevated
carbon content near Miller. Similarly, sediment near the Murchison decommissioned platform
showed elevated organic carbon at 250 m and 500 m (3 and 4% respectively) when compared
to sites up to 8000 m, where values remained below 1% (CNR International, 2013). This pattern
was attributed to drilling activity at the site, which elevated the proportion of fine-grained
sediment and organic matter content (CNR International, 2017), with some of this likely being
hydrocarbons. This aligns with Miller sediment composition results, where higher fines were

observed at 50 m compared to the rest of the distances, indicating a localised halo area of mud
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content (fines) and organic carbon. However, having data pre and post decommissioning of
other platforms would allow for comparison and ability to determine relative effects of

decommissioning on carbon stocks.

While elevated mud content was also observed at North West Hutton, its weak negative
correlation with organic carbon suggests that this factor alone does not fully explain the
observed variance with distance. The higher sediment carbon content near the platform could
be due to elevated epifauna based faeces, increased fine-grained sediments, increased
hydrocarbons, or a combination of these factors. Regardless, this halo effect at Miller has
implications for decommissioning practice of specific platforms to protect the seabed integrity,
and the carbon stored within them. MMS (active or decommissioned) will likely have distinct
signatures and impacts on the seabed, linked to environmental context such as water depth,
distance from MMS, and time and activity since decommissioning (change in trawling activity
on seabed since decommissioning and removal of exclusion zone). As current OSPAR
regulations require complete removal of these structures, except for a few derogations (such as
those presented in this study), this practice of removing embedded structures causes a

significant disturbance to the seabed carbon (Heinatz & Scheffold, 2023).

In contrast to Miller, sediments at North West Hutton, exhibited the lowest organic
carbon content at 200 and 400 m with similar levels at all other distances. Comparisons
between 200 m and distances other than 400 m showed large effect size and high statistical
power which indicates that this is a reliable result avoiding type I/II errors. This lower carbon
content may reflect increased carbon mineralisation from microbes or bioturbation from
macrofauna (Burdige, 2007) present from a lack of sediment disturbance. During the operation
of the platform, the 500 m exclusion zone limits disturbance from activities, such as trawling
(De Borger, Tiano, et al., 2021; Sciberras et al., 2016; van der Molin et al., 2013) which would

alter macrofauna assemblages within sediment (Eigaard et al., 2017). Carbon mineralisation
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rates are strongly impacted by physical organic carbon removal through trawling-induced
resuspension of sediment, which is further exacerbated by removal of bioturbating macrofauna
(De Borger, Tiano, et al., 2021). Bioturbation is the movement of sediment particles by
organisms, such as bivalves, and burrowing polychaetes, which create burrows and move
sediment (and carbon) within the surface layers (Kristensen & Blackburn, 1987; Michaud et
al., 2006). This movement oxygenates sediment which enhances mineralisation through
oxidation (Soetaert et al., 1996; Talin et al., 2002) causing a reduction in organic carbon content
in the surface layers (Glud et al., 2016). The lack of trawling activity within the exclusion zone
would increase the presence and abundance of these bioturbators (De Borger, Tiano, et al.,
2021), increasing the oxic status of the sediments and reducing the amount of carbon
sequestered in the surface sediments. The observed dip in carbon content at 200 and 400 m
may therefore have resulted from long term exclusion of trawling and distance from localised
contaminants. Trawling is known to cause mortality of benthic organisms (Eigaard et al., 2017;
Epstein et al., 2022; Hiddink et al., 2017; Sciberras et al., 2016), which may explain why the
amount of carbon increases again outside of the set exclusion zone distance, and at 800 m (the
next distance increment) the carbon content is similar to what is seen at the control site (3200

m), where reduced bioturbation enhances carbon content in surface sediments.

This trend in decreasing carbon with distance, as seen in the carbon stock values, from
the MMS was also in a study around the L7A decommissioned platform (in the Southern North
Sea), where decreasing carbon content at greater distances away from the structure was
observed in 3 out of 4 directional transects (Klunder et al., 2018). The L7A platform is located
much further south, but this suggests that decommissioned platforms may affect organic carbon
differently depending on a variety of factors such as sediment composition and subsequent
natural background particular organic carbon, decommissioning practices, sedimentation rates,

current regimes, drill cutting composition and time of production (Klunder et al., 2018). The
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L7A platform, in a different location, combined with the carbon dynamics seen around North
West Hutton and Miller in this study, implies patterns of carbon storage around different
decommissioned platforms are site specific and cannot be generalized for all MMS; each needs
to be assessed on a case-by-case basis considering the different environmental variables and

age of structures.

Interestingly, organic carbon results correlated differently with mud percentage
between sites with a positive correlation at Miller and a weak negative correlation at North
West Hutton. A positive relationship between organic carbon and mud/fines content is typical
of shelf sediment (De Falco et al., 2004; Diesing et al., 2017; Leipe et al., 2011; Smeaton, Hunt,
et al., 2021). However, this study observed a weak reverse correlation, indicating that there are
some underlying and unknown variables, perhaps the presence of North West Hutton, may alter
this relationship, as despite highest mud content occurring at 50 and 100 m, these were sites

with the lowest recorded organic carbon content.

This study presents both organic carbon content (mg/g of sediment) and organic carbon
stocks (kg m?) in sediments surrounding these decommissioned platforms. By calculating
organic carbon stocks (which include porosity and dry bulk density) (Graves et al., 2022) this
provides a more comprehensive understanding of carbon dynamics than content alone. Carbon
stock values are a useful indicator of how sediment composition affects carbon content.
Uniquely, unlike other carbon stock assessments this study provides mass accumulation rates
for the North West Hutton site, allowing quantification of the rate that carbon accumulates over
time (g cm™ yr') which is rarely directly measured in offshore shelf sediment, with the
exception of de Haas (1997) and Lerida-Toro (2022). Comparing carbon stocks between the
two sites was limited by poor resolution of sediment core depths at the Miller decommissioned
platform, necessitating the extrapolation of stock measurements from shallow core depths.

Despite this, a clear trend was still seen at this site with significantly higher carbon content at
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the 50 m distance. Furthermore, due to limitations in sampling opportunities, this study was
unable to fully disentangle the effects of decommissioning on sedimentary carbon stocks

without pre-decommissioning sample collection.

2.4.2. Naturally occurring radioactivity from legacy oil and gas produced water

discharges and impact on sedimentation rate estimations

Elevated levels of 22°Ra were observed in the top 10 cm fraction of the cores collected
within 200 m from North West Hutton likely reflecting the legacy discharge of produced water
during the platform’s operational phase (Ahmad et al., 2021; Olsgard & Gray, 1995). While the
radiological and chemical impacts of these industrial contaminants on benthic communities
remain unclear, these site-specific signatures offer a powerful tool for assessing the spatial and
temporal extent of the impact of wastewater contamination to nearby sediment and help

estimate sedimentation rates near oil and gas platforms.

The combination of ?°Ra and Ba concentrations provides a novel tool in environmental
forensic science to determine the impact of offshore oil and gas platforms on local sedimentary
processes in the North Sea. This method may overcome limitations associated with traditional
nuclear tracers like *’Cs (from Chernobyl and Sellafield), which are less effective offshore due
to multiple sources and low concentrations (Arias-Ortiz et al., 2018). Determining offshore
carbon accumulation rates remains a constraint on UK shelf sea carbon budgets (Luisetti et al.,
2019). Currently, there are few novel forensic approaches including less conventional nuclear
derived isotopes such as %I, but these approaches are generally limited to specific UK marine
regions (Lérida Toro et al., 2022). As demonstrated in this study, using known operational
timelines of offshore platforms allows the tracking of sedimentation and carbon accumulation
rate in recent timescales. While current carbon stock measurements offer valuable insight into

carbon dynamics, accurate accumulation rates are essential for understanding temporal changes
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and improving carbon budget estimates for the UK shelf (Graves et al., 2022; Luisetti et al.,
2019). In turn, we can disentangle the long-term impacts of man-made structures from other
anthropogenic activities and determine how carbon stock dynamics vary across the shelf in an

area of ocean which has historically had a poor resolution of mass accumulation of sediment.

Mass accumulation rates could not be determined accurately for sediment cores taken
within 400 m of North West Hutton through traditional lead-210 measurement by gamma
spectrometry, as these sediments showed elevated levels of heavy metals, including Pb and Ba
causing high levels of matrix self-attenuation during gamma counting (Dal Molin, et al, 2018).
In this context, the use of the alternative alpha spectrometric method for measuring polonium-

210, 21%Po, a direct decay product of >!°Pb, would offer a more suitable analytical alternative.
2.4.3. Influence of drill cuttings pile

Both sites sampled in this study exhibit extensive drill cutting piles near the
decommissioned structures, resulting from drilling operations that return hydrocarbon-rich
rock to the seafloor (Ball et al., 2012). Drill cuttings often consist of drilling fluids (oil-based
fluids, synthetic fluids, and water-based fluids) depending on the age of the structure and the
drilling practice at the time of construction (Breuer et al., 2004). The higher mud content close
to each site, and the subsequent change in sediment composition to finer, carbon rich particles,
could be due to drill cuttings, which remain close to the drilling well (Breuer et al., 2004). At
North West Hutton, wells were drilled with two types of drilling fluid, water-based fluids, for
shallower (1000 m) sections of the well, and oil-based fluids for deeper drilling (BP, 2005).
Similarly, at Miller, oil-based fluids were used throughout production as drilling fluids
(Aquatera, 2007). Despite the presence of oil-based drilling fluid within drill cuttings piles at
North West Hutton, organic carbon content at 50 m to 100 m was similar to 800 m to 3200 m,

indicating that the pile had little effect on carbon content likely due to the final trawling
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operations during decommissioning (BP, 2005) that would resuspend and disperse carbon
enriched sediment. Conversely, Miller showed elevated organic carbon at 50 m suggesting
possible enrichment from the cutting’s pile. However, the influence of elevated hydrocarbons
on sediment carbon storage from drill cutting piles was determined as an insignificant
proportion of total organic carbon from initial results from Gregson et al., (under review) and
measurements from the UK Benthos Database (Offshore Energies UK, 2015) (Appendix figure
1). Determining the contaminant composition and hydrocarbon influence on carbon stored
around oil and gas decommissioned platforms would help identify the effect of drill cuttings

piles on local microbes and fauna involved in carbon cycling.

2.4.4. Local current regime

Organic carbon stocks vary between direction of transects, particularly at North West
Hutton. One potential influence is the local hydrodynamics. A study by Klunder et al (2018)
observed a ‘shadow’ effect at the L7A decommissioned platform in the southern North Sea
where the predominant current direction dictated a depleted gradient of total organic carbon
with increasing distance; explained by a biofilter effect of epifauna and acceleration of flow
due to the physical structure causing a deposition of particles at greater distance. However,
North West Hutton is located on the edge of the North East Atlantic Current and only
experiences small residual currents below 0.1 m/sec (De Dominicis et al., 2018; Winther &
Johannessen, 2006) with a maximum current speed of 0.43 m/sec at the seabed (BP, 2005).
Therefore, it is unlikely that hydrodynamics was the driver in different benthic measurements.
Despite being affected by the Fair Isle/Dooley current, very little difference in organic carbon
was seen between the North and South transects at Miller. However, hydrodynamics would
likely play a larger role in more dispersive environments, such as the Southern North Sea,
where the ‘shadow’ effect has previously been recorded (Klunder et al., 2018), and where drill

cuttings piles do not persist due to dispersive hydrodynamics.
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2. 5. Conclusion

In conclusion, this study finds that carbon dynamics around decommissioned platforms
are site specific and therefore extrapolating carbon dynamics from one or two decommissioned
sites across the North Sea is not recommended. Decommissioning practice and activity may
have an impact on organic carbon stocks and dynamics within surface sediments; however, this
requires sampling pre and post decommissioning to disentangle the effects. Future work could
include carbon stock, sediment composition, and carbon accumulation assessments during all
phases of oil and gas activity to determine the overall effect of these structures on sedimentary
blue carbon throughout their operational and then decommissioning lifespan. By sampling pre-
construction, during operational phase and pre- and post-decommissioning could provide
greater insight into the effect of oil and gas activity on sedimentary blue carbon. This would
also give an insight into OSPAR mandatory decommissioning; partial removal may reduce the
impact on sedimentary blue carbon and maintenance of a small-scale exclusion zone at specific

sites could provide protection for this elevated carbon.
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Chapter 3: Correcting organic carbon accumulation rates in contaminated shelf

sediments

3.1 Introduction

Continental shelf sediments are natural carbon stores (Diesing et al., 2017; Graves et al.,
2022) and can accumulate vast amounts of organic carbon, particularly in depositional
environments such as glacial troughs (Diesing et al., 2024). Due to their large spatial extent,
shelf sea sediments are one of the largest carbon stores worldwide and globally marine
sediments are estimated to store around 2,322 Pg of carbon in the top metre of sediment
(Atwood et al., 2020). The North Sea and Skagerrak accumulates between 0.02 and 66.18 gC
m? yr! (Diesing et al., 2021). This significant amount of sedimentary carbon has led to
increasing study into the use of these natural ecosystems to mitigate climate change (Epstein
& Roberts, 2022; Legge et al., 2020; Luisetti et al., 2019). Despite this, these environments are
subject to various physical pressures including sediment dredging (Robinson et al., 2005),
bottom trawling (Eigaard et al., 2017) and the introduction of man-made structures such as oil

and gas platforms (Fowler et al., 2020; Techera & Chandler, 2015).

Determining the standing stock of carbon provides a useful snapshot of how much carbon
is within a given area (Diesing et al., 2017; Krause et al., 2022; Smeaton, Hunt, et al., 2021),
but assessing how this stock will vary temporarily by assessing organic carbon accumulation
rates (OCARs) provides key evidence to establish the rate at which these stocks will increase
over short term (accumulation) and long term (burial) timescales (Wilkinson et al., 2018).
Despite their importance, observational measures of shelf sediment OCARs are rare and remain

a significant research gap.

Organic carbon accumulation rates are calculated by either: measuring the concentration of

organic carbon within sediment layers and ascribing dates to specific deposits; or by
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determining sediment accumulation rates (SAR) via lead-210 (*!°Pb) dating (Arias-Ortiz et al.,
2018). Traditionally, 2!°Pb, a naturally occurring radioisotope of lead (Pb) has been used as a
tracer for dating aquatic sediments as its half-life of 22.2 years and its ubiquity in natural
sediments offer a detailed geochronological framework for reconstructing sediment deposition
within the last 100 years (Koide et al., 1972). Lead-210 is derived from uranium-238 through
its decay series (Appleby & Oldfield, 1978). Its presence in marine sediments is primarily a
result of in situ decay of radium-226 (**°Ra) (also known as supported >!°Pb) and atmospheric
deposition following radon gas emission (also known as unsupported or excess 2!°Pb). Various
210ph dating models can be applied to determine SARs and each modelling approach is
associated with different assumptions (Arias-Ortiz et al., 2018). These 2!°Pb derived

estimations of SARs can then be multiplied by the organic carbon content to provide OCARs.

Nevertheless, despite the relatively straightforward preparative, analytical and modelling
processes involved, the application of this geochronological tool is not without challenges
(Barsanti et al., 2020). Quantification of 2!°Pb via direct gamma spectrometric measurement
can be affected by the presence of elevated levels of heavy elements that interfere with the low
energy gamma-rays it emits (Dal Molin et al., 2018; Denny et al., 2022).. More worryingly,
many non-nuclear industries, also known as Naturally Occurring Radioactive Material
(NORM) industries, discharge waste containing elevated levels of heavy metals and naturally
occurring radioelements, often including 2!°Pb, 2?Ra (SEPA, 2014) into the marine
environment, ending up in sediments. For example, phosphogypsum waste, produced during
phosphate ore processing and fertilizer production, is known to contain enhanced levels of
226Ra and 2!°Pb along with many heavy metals and stable elemental analogues (Rutherford et
al., 1994). This presents an additional challenge when using this 2!°Pb dating technique to
estimate SARs in marine regions directly affected by this type of industrial activity. The oil and

gas industry is also a NORM emitting industry with oil extraction creating significant
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discharges of waste water, also known as produced water, containing insoluble barium and
strontium sulphate particles enriched in radium-226 (**°Ra), and to a lesser extent, 2'°Pb
(Ahmad et al., 2021). Recent work has shown changes in sedimentary carbon stocks around
decommissioned oil and gas platforms, with clear elevation of 2*°Ra in sediments linked to the
operating lifetime of the structures themselves (Woodward-Rowe et al., 2025). Therefore, when
assessing OCARs in sediments potentially contaminated by any NORM industry, such as
legacy oil and gas extraction activity, it is important to consider the potential attenuation effect

during gamma counting and subsequent impact on these OCAR estimations.

This study aims to refine OCAR estimations in sediments affected by legacy oil derived
NORM and heavy metal contamination. By building on previous estimations of OCAR
calculations around a decommissioned oil and gas platform (Woodward-Rowe et al., 2025),
this study accounts for enhanced levels of heavy metals and naturally occurring radionuclides-
present in the sediment to improve accuracy of OCAR estimations. Additionally, it presents an
opportunity to develop a refined approach for correcting total 2'°Pb via gamma spectrometry
and validate it by comparing with an alternative radioanalytical method used for measuring
210pg via alpha spectrometry, assuming and ensuring secular equilibrium with >!°Pb (Sanchez-
Cabeza & Ruiz-Fernandez, 2012). Corrected and uncorrected 2!°Pb results along with *!°Po
results are used to determine OCAR averages using CF-CS modelling. Finally, this study
provides a framework for future organic carbon accumulation assessments in other offshore
and coastal areas suspected of being affected by similar industrially contaminated sediment and

derived NORM interferences.
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3.2. Methods

3.2.1. Sample site, preparation and elemental characterisation

Sediment cores were collected at 50, 100, 200, 400 and 3,200 m (control) North and South
of the decommissioned North West Hutton oil and gas platform (Figure 13). Each sediment
core was sliced every 1 cm. After freeze-drying and sieving down to 500 pm, approximately
200 mg of each slice was digested using 15 mL of a mixture of ultra-pure HNO3/HCI/HF (8/4/3)
in a microwave system (CEM Mars 6, USA) for 60 minutes. The resulting acid digests were
then further diluted prior to ICP-MS analysis (Agilent 7900ce, USA). Quantification of the six
most abundant and interfering heavy elements (Al, Ba, Fe, Mn, Pb, Sr and Zn) was performed
by external calibration using standard solutions ranging between 0 and 500 pug.L!. Levels were
also determined in the certified reference material (CRM) IAEA-465 Baltic Sea sediment
(International Atomic Energy Agency (IAEA)) used as a reference in the presented corrective

approach (see section 2.2) (Pham et al., 2024).
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Figure 13: Location of the former North West Hutton oil and gas platform in the North Sea
(A). Sampling sites closer (50 — 400 m) to the platform (B) and control sites (C). Note the
difference in scale between B and C.

Between 50 and 100 mg of each slice was also analysed for total organic carbon (TOC)
using a FormacsHT TOC Analyser with PrimacsMCS add-on module (SKALAR, The
Netherlands). The amount of silicon (i.e., assumed in the form of pure silicate was also
estimated from the relative percentage of sand (i.e., between 63 pum and 2 mm) obtained from
particle size analysis using the laser diffraction unit Bettersizer S3 Plus (Bettersize Instruments

Ltd, China) and sediment textural characterisation (Folk, 1954).

Additionally, approximately 30 g of each sample was mechanically compressed in a
uniform plastic container that was then radon gas sealed and kept for at least for 21 days prior
to high resolution gamma spectrometry analysis (ORTEC Broad Energy Germanium detector
(BEGe), USA) to determine the activity concentration levels of total 2!°Pb, 2?Ra (via lead-214)
and *’Cs, at 46.5, 352 and 662 keV, respectively (Barsanti et al., 2020). Each sample was

counted for a minimum of 24 h to minimise the limit of detection and reduce counting



44

uncertainty as low as practically possible. A mixed radioelement standard solution in 4M HCl
(National Physical Laboratory (NPL), UK) and the CRM [AEA-465, presented in the same
geometry as other sediment samples, were used to perform the energy and efficiency

calibrations of each BEGe detector used in this study, respectively.

To validate the presented matrix self-attenuation corrective approach (see section 2.2), total
210pb was also determined indirectly via alpha spectrometry by measuring 2!°Po in several
sediment slices. Approximately 0.3 g of freeze-dried material was spiked with a known amount
of polonium-209 (**Po) radiotracer (NPL, UK) and digested using 12 mL of a mixture of
HNO3/HF (3/1) in a microwave system (CEM Mars 6, USA). Saturated H3BO3 was then added
to neutralise any remaining free fluoride ions. Thereafter, each sample was transferred to a
glass beaker with 1M HCI solution and evaporated to dryness. 10mls of 6M HCI solution was
then added and reduced to low volume. The sample was taken up in 25mls of 0.5M HCI
solution to allow spontaneous deposition of 2*’Po & ?!°Po on a silver disc for 5 hours at 90°C.
Each silver disc was finally counted via alpha spectrometry for up to 5 days (ORTEC Octéte
Plus, USA). Secular equilibrium was verified in selected slices collected at 50 m South of the
former NWH platform. The sample solutions from the first silver plating were sealed and stored
for approximately three months to allow for the ingrowth of 2!'°Po from 2!°Pb decay. A second
and similar plating operation was then performed, and discs were counted for up to 10 days via
alpha spectrometry. Ingrowths of 2!°Po then enabled to indirectly determine the initial amount

of 21°Pb in each selected sediment core slice.
3.2.2. Matrix self-attenuation correction

The low energy 46.5 keV gamma rays emitted by >'°Pb can be severely attenuated by the
presence of heavy elements as well as the bulk density of the material it is present in. As

described in a study conducted by Dal Molin et al. (2018), the relative degree of attenuation
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for a specific sample matrix can be determined using measurements of bulk density (p) and
elemental composition and by comparing with a certified reference material containing a

known amount of 2!°Pb

As shown in Table 2, each element considered in this study presented a different mass
attenuation coefficient (ui/p), expressed in cm?/g. These coefficients were estimated by
interpolating linearly between theoretical values presented in the literature at 40 and 50 keV.

(NIST, 2004).

Table 2: Theoretical elemental mass attenuation coefficients estimated at 46.5 keV via linear
interpolation between 40 and 50 keV. Attenuation coefficients for all values were sourced from
the National Institute of Standards and Technology (NIST, 2004) Standard Reference Database
126.

Element Attenuation coefficient ui/p (cm?/g)
C 0.194
0 0.229
Al 0.438
Si 0.530

Mn 2.223
Fe 2.543
Zn 3.764
Sr 6.885
Pb 10.250
Ba 17.560

The total mass attenuation coefficients ui/p for all selected sediment samples and the

reference material (CRM TAEA-465) could then be calculated as follows (1):
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u/p = (X (uip)) fi (D)

where f; is the elemental weighing fraction (%) (Dal Molin et al., 2018).

A relative correction factor was determined using the certified 2!°Pb activity concentration in
the reference material (CRM TAEA-465 of 163 +/- 17 Bg/kg), combined with its mass
attenuation coefficient and the mass attenuation coefficient calculated for each sediment
sample from partial bulk chemical composition, particle size analysis and TOC. analysis
Corrections were applied to characterised slices (where both 2!°Po/?1°Pb were measured) from
cores collected within 200 m North and South from North West Hutton and, as NORM derived
elemental signatures could not be observed beyond that distance.

3.2.3 CF-CS Modelling
See chapter 2 section 2.3.5 for detailed methods of radionuclide CF-CS modelling.

Both uncorrected and corrected 2!°Pb activity concentrations obtained for each core
slice from gamma spectrometric analysis and alpha spectromic were used as total 2!°Pb inputs
into the CF-CS models to assess the effects of the presented self-attenuation corrective
approach on the estimations of SAR and age-depth relationship.

3.2.4. Estimation of Organic Carbon Accumulation Rates

Average MARs were determined from CF-CS of ten sediment cores collected at five
distances (50, 100, 200, 400 and 3200 m) from each directional transect at North West Hutton
(North and South). For each core, an OCAR (expressed in gC/cm?/yr) was then calculated by
multiplying the corresponding average MAR with the average OC concentration (%)

information as follows (2):
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3.2.5. Statistical analysis

All statistical analysis was completed using R version 4.2.2. All figures were generated
using ‘ggplot2’ (Wickham, 2010) and ‘cowplot’ (Wilk, 2020) packages. Data was initially
tested for normality with Shapiro wilk tests (Shapiro & Wilk, 1965). Normally distributed
activity concentrations from each method were compared with ANOVAs. For testing specific
relationships between 2!°Po ingrowths and 2!°Pb linear models were used to test for significant

relationships. Averages are reported as Mean =+ standard deviation.

3.3. Results

3.3.1. Heavy metal distribution

Depth profiles of total barium, lead, and strontium which represented the three highest
attenuation factors (Table 2) are displayed in Figure 14. The highest concentrations of all three
elements were highest in the top 5 cm at 50 m on the northern transect. Specifically, highest
concentrations of barium were predominantly observed within the top 5 cm of the cores
obtained 50 m North and South from the former North West Hutton platform, with the highest
concentration of 76,600 mg/kg observed in the top (surface) slice (0 — 1 cm) at 50 m on the
northern transect. The highest concentration of lead was 950 mg/kg and was observed between
3 and 4 cm depth in the same core collected 50 m North. The highest concentration of strontium
was also found at the top slice (0 — 1 cm) at 50 m on the northern transect with a value of 3300
mg/kg. These oil-derived heavy metal signatures were generally not detected beyond 200 m

North but were marginally visible beyond 400 m South.
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Figure 14: Barium, lead and strontium concentrations (mg/kg) of eight sediment cores from
two distance transects (N/S) from the former North West Hutton with ranging distanced away
(50, 100, 200, 400, 3200 m). Distance is indicated by colour.



82

3.3.2. Comparison of radioanalytical methods

Three different radioanalytical methods were used to determine activity concentrations
of 2!%Pb: 1) via alpha spectrometry (i.e., 2!°Po), ii) direct and uncorrected gamma spectrometry
and iii) corrected gamma spectrometry (using relative attenuation coefficients) (Table 2). As
illustrated in Figure 15, the corrected 2!°Pb results obtained from initial gamma spectrometric
analysis of the top 5 cm sediment slices collected at 50 m, 100 m and 200 m to 3200 m North
and South of the North West Hutton were in relatively good agreement with the *!°Po results
acquired from alpha spectrometric analysis. Activity concentrations derived from uncorrected
gamma spectrometry showed significantly lower activity concentrations of !°Pb compared to
both alpha spectrometry (*'°Po) and corrected gamma spectrometry (ANOVA, P = 0.00786).
For example, at 50 m on the northern transect within the top 4 cm, the maximum activity
concentration obtained from direct gamma spectrometric analysis was 73.48 Bq/kg, lower than
maximum of 135.92 Bg/kg from alpha spectrometry analysis and 137.56 Bq/kg after
attenuation correction. Similarly, both alpha spectrometry and corrected gamma spectrometry
at these sites are within standard error bars and not significantly different. At greater distances
on the southern transect (100 and 200 m), all three methods displayed similar activity
concentrations (ANOVA, P = >0.05). Similarly, for the northern transect, activity
concentrations were consistent and generally decreased with depth. At control sites, there is a
good agreement between corrected 2!'°Pb and 2!°Po results with elevated uncorrected 2!°Pb

likely from the uncharacterized fraction of the chemical composition used in the correction.
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Figure 15: Determination of 2!°Pb activity concentrations (Bg/kg) via three different
radioanalytical techniques: alpha spectrometry (green), corrected gamma spectrometry (red)
and uncorrected gamma spectrometry (blue) in six sediment cores collected at 50, 100 and
3200 m (Control) away from North West Hutton

Minor discrepancies were also observed between 2!°Po and 2!°Pb results obtained via
210po ingrowth, especially in top 5 cm slices collected close to North West Hutton (Figure 16),
implying the presence of a small disequilibrium between 2!°Po and 2!°Pb. Nevertheless, the
agreement remained acceptable (R? = 0.86) and a significant positive relationship was observed

between 2!°Po and >'°Pb results (ANOVA, P < 0.001).
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Figure 16: Correlation between 2!°Po and 2!°Pb determined via alpha spectrometry (i.e., 2!°Po
ingrowth after a period of 3 months) from sediment cores taken at the south transect from North
West Hutton. Slice depth is represented using a colour gradient (purple = shallow depths,
orange = greater depths). The solid red line represents the linear regression model which
represents the overall trend between the two variables. The grey shaded area surrounding the
regression line depicts the 95% confidence interval.

3.3.3. Organic carbon accumulation rates

Overall, OCARs determined using uncorrected 2!°Pb activity concentrations from gamma
spectrometric measurements were consistently higher than both other methods, especially at
distances 50 m and 100 m from North West Hutton, more impacted by legacy NORM
discharges. Estimations of OCAR using corrected 2!°Pb values and 2'°Po via alpha

spectrometry generally showed little difference between values at each site with an average

difference of 2.86 £ 12.88 gC/m?/yr.

OCAR results from all three methods (uncorrected gamma spectrometry, corrected
gamma spectrometry and alpha spectrometry) varied from 25.47 to 121.27 gC/m?/yr around

North West Hutton. However, OCARs calculated from indirectly estimated *'°Pb activity
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concentrations via alpha spectrometry and attenuation correction values varied from initial
gamma spectrometry values across all distances (Table 3). OCARs calculated using corrected
gamma spectrometry and alpha spectrometry decreased at distances 50 m and 100 m on the
northern transects and at 100 m on the southern transect. The mean OCARs estimated from
corrected 2!°Pb results at distances of 50, 100, and 200 m North and South appeared consistent
with the mean OCAR estimations observed at 400 m with slight variation at 3,200 m.
Furthermore, the mean OCARs derived from initial uncorrected 2'°Pb data were overestimated
by approximately 25.47% and 99.99% at 50 m and 100 m on the North respectively when
compared to corrected values. On the southern transect, initial uncorrected 2!°Pb data were
overestimated at 100 m and 200 m (149.99 % and 9.10 % greater respectively). However, at
50 m initial OCARs by uncorrected 2!°Pb underestimated slightly compared to corrected values
(9.52%). These overestimations decreased to an average of 10.36 = 7.55 % at from 400 to 3200

m on both transects.
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Table 3: Comparison of carbon accumulation rates (gC/cm?/yr), dry bulk density (DBD), average carbon content (%) from different distances
(50, 100, 200, 400, 3200 m) on two transects (North/South) from North West Hutton decommissioned platform.

Distance | Direction Dry Average | Uncorrected | Corrected 20pg Uncorrected | Corrected 20pg Increase/
(m) (N/S) bulk carbon 210pp 210pp derived 210pp 210pp derived Decrease
density | content derived derived MAR derived derived OCAR
(DBD) | (%) MAR MAR (e/m¥yr) | OCAR OCAR | (gC/m%yr)
(g/m?/yr) (g/m?/yr) (gC/m?/yr) | (gC/m?/yr)
50 N 1.42 2.83 2100 1700 1600 59.47 48.15 45.31 Decrease
100 N 1.55 2.28 1400 700 900 50.94 25.47 32.75 Decrease
200 N 1.42 1.31 2800 2800 3100 57.89 57.89 64.10 Same/Incr
ease
50 S 1.40 2.78 1900 2100 1700 52.83 58.39 47.27 Slight
Increase/S
light
Decrease
100 S 1.12 2.17 3500 1400 1200 121.27 48.51 41.58 Decrease
200 S 1.44 2.02 1700 2200 1400 98.59 90.37 115.02 Slight
decrease/l
ncrease
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3.4. Discussion

3.4.1.Correction of organic carbon accumulation rate estimations

This study demonstrated that OCARs determined using uncorrected 2!°Pb values from
direct gamma spectrometry can be significantly influenced, in this case, overestimated by up
to 149.99 %, in chemically and anthropogenically impacted marine environments. The
miscalculations observed in this study could be mainly attributed to matrix attenuation caused
by the presence of enhanced levels of heavy metals (Dal Molin et al., 2018). While gamma
spectrometry is a widely adopted, cost-effective analytical tool used in blue carbon assessment
studies (Arias-Ortiz et al., 2018; Masque et al., 2002), its accuracy can be compromised in
areas affected by NORM industrial effluent discharges. Two alternative radioanalytical
approaches were used to overcome this limitation: (1) using relative factors based on the bulk
chemical composition to correct initial gamma spectrometric measurements of 2!°Pb, and (2)
using 2!°Po measured via alpha spectrometry after verifying secular equilibrium with 2!°Pb
(Figure 16). Although these approaches require more labour-intensive analytical work, they
were essential for obtaining more accurate OCARs in marine environments impacted by

industrially derived contamination.

Our findings revealed a clear spatial correlation between heavy metal contamination and
the overestimation of OCARs. At distances close to North West Hutton (50 — 100 m), which
were highly contaminated by heavy metals (Figure 14), OCARs generally decreased from
initial estimations determined by 2!°Pb derived from uncorrected gamma spectrometry (Table
3). Specifically on the southern transect at 100 m, OCARs decreased from 121.27 gC/cm?/yr
to 48.51 gC/cm?/yr following correction. This represented an approximate 149.99 % initial
overestimation. This discrepancy in OCARs diminished at greater distances from the platform,

where heavy metal concentrations were lower.
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Activity concentrations of 2!°Pb and 2!°Po were used to compare the accuracy between
methods (Figure 16). Variance in OCARs was corroborated by readings of activity
concentration from each technique as these provide the basis for 2!°Pb derived sediment and
OCARs (Arias-Ortiz et al., 2018). At sampling locations close to North West Hutton (50 — 100
m), both alpha spectrometry and corrected gamma spectrometry outputted significantly higher
activity concentrations than uncorrected gamma spectrometry. Whereas at greater distances
(200 — 3,200 m), there was no significant difference between activity concentrations from each

method, likely linked to minimal presence of anthropogenically derived heavy metals.
3.4.2 Benefits and drawbacks of corrective methods

The development of site-specific attenuation correction factors enables the refinement of
existing gamma spectrometry data without the need to repeat radionuclide measurements via
other techniques. Correction values were calculated by determining the levels of most abundant
heavy metals (Fe assumed as Fe>O3, Al assumed as Al,Os3, Ba, Mn assumed as MnO, Sr, Zn,
Pb), organic carbon and sand (assumed as pure SiO2) concentrations within samples and
multiplying the percentage mass of element/compound by a corresponding attenuation factor
(Table 2). While this approach requires additional sample preparative and analytical work, this
may be circumvented if relevant data, such as heavy metals concentration, are available from
existing environmental impact assessments. Furthermore, collecting this supplementary data
contributes to a more comprehensive understanding of the environmental context, as the
determination of heavy metals is pertinent to a variety of environmental descriptors in polluted

marine settings.

Determination of 2!°Pb via gamma spectrometry is particularly susceptible to matrix
attenuation caused by heavy metals, leading to an underestimation of activity concentrations

(Dal Molin et al., 2018). Using alpha spectrometry removes the risk of heavy metal matrix
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attenuation as sample preparation involves the destruction of the matrix through acid digestion
(Jia & Jia, 2012). However, this method is labour intensive and requires additional health and
safety considerations (e.g., use of hydrofluoric acid (HF)) to ensure full digestion of marine

sediments.

3.4.3. Spatial distribution of NORM derived heavy metals

The highest concentrations of heavy metals, particularly Ba, Sr and Pb, were detected in
the shallow sediments (0—10cm depth) at distances of 50—200m from the former North West
Hutton platform (Figure 14). These heavy metals, particularly Ba, are likely to be present due
to contaminated drills cuttings piles (Bakke et al., 2013; Breuer et al., 2004; Haanes et al.,
2023) and produced water discharge (Ahmad et al., 2021; Dal Molin et al., 2023). Drilling
cutting piles are a waste product of oil extraction where cuttings and residual drilling fluids
(often oil based muds) are discharged directly into the water column and accumulate in
sediments surrounding the operational oil and gas platform (Breuer et al., 2004). These often
persist in the benthic environment long after decommissioning (Fortune & Paterson, 2020).
These piles are known to contain higher concentrations of heavy metals such as Ba, Cr, Cu, Ni,
Pb and Zn than those found in background sediments (Haanes et al., 2023; Olsgard & Gray,
1995). At distances greater than 400 m from North West Hutton, heavy metal concentrations
were comparable to those of the control sites (i.e., 3,200 m), indicating that the contamination
was localised to the immediate vicinity of the cuttings piles with some potential transport from
the predominant NE/SW local current. This spatial pattern of heavy metal contamination
directly corresponds to the sediment depths and distances where the largest discrepancies were
observed between uncorrected gamma spectrometry, corrected gamma spectrometry, and alpha

spectrometry measurements.
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3.4.4 Study considerations and limitations

Despite accounting for heavy metal attenuation to correct radionuclide measurements, a
remaining confounding factor is the input of anthropogenic radionuclides, specifically 2!°Pb
and ??Ra to nearby sediments from oil and gas produced water. Produced water discharges
include micro-sized radiostrontiobarite particles which elevate the activity concentration of
226Ra and levels of Ba and Sr above the background level (Ahmad et al., 2021). This artificial
enrichment can also compromise the accuracy of OCAR calculations, as 2*°Ra activity is
typically used to determine the supported fraction of 2!°Pb (Appleby & Oldfield, 1978).
Nevertheless, this can be overcome by averaging the 22°Ra activity concentration from deeper
sediment slices (>10 cm), which are below the depth of this impact, and are similar to levels
observed at 400 and 3,200 m which were outside the zone of contamination throughout

sediment cores (Woodward-Rowe et al., 2025).

Furthermore, discrepancies were observed between the 2!°Po and corrected >'°Pb results
(Figure 16), which can be attributed to several factors. First, the high levels of silicates (>80%)
in some sediment materials may have led to incomplete digestion processes despite the use of
hydrofluoric acid (HF), which is essential for accurate 2!°Po estimations via alpha counting.
Additionally, both stable elemental and ?!°Po analyses were performed on small aliquots, which
may not be fully representative of the potentially heterogeneous sediment core materials. This
could be overcome by analysing a higher number of replicates, however, this would be far more
labour intensive. Secondly, minor discrepancies were also noted between the >!°Po and 2!°Pb
results from ingrowth analysis in selected top Scm slices at 50m South of North West Hutton.
This suggests a minor disequilibrium between 2!°Po and 2!°Pb, likely indicating the presence
of anthropogenically derived >!°Po and 2!°Pb. Similarly to ?*°Ra, this can also cause inaccuracy
in OCAR calculations. This highlighted the need for a non-impacted control site (such as the

3200m distance described in this study) which allows for the determination of background
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226Ra and ?'°Pb. The presence of anthropogenic 2!°Pb also provided a challenging limitation
as decerning the fraction of anthropogenic 2!°Pb to unsupported/supported !°Pb can only be
achieved through stable isotopic fractionation (Dinsley et al., 2019). Therefore, future work
could include determining the anthropogenic fraction of >!°Pb to further refine the presented
estimations of OCARs or using dating tools other than 2!°Pb such as ?®Th (Tamborski et al.,

2022).
3.4.5 Recommendations for future blue carbon assessments

Including these considerations into future blue carbon assessments would provide
greater confidence and resolution of OCARs in sediments impacted by anthropogenically
derived contamination particularly from NORM industries. While continental shelf sediments
generally exhibit lower sedimentation and carbon accumulation rates compared to vegetated
coastal habitats (Duarte et al., 2013; Macreadie et al., 2019; Macreadie et al., 2017; Ouyang &
Lee, 2014), the UK coastline is host to numerous NORM industries, including iron, steel,
aluminum, thorium, uranium, titanium dioxide production and China clay extraction sites
(SEPA, 2014). For example, in Maryport Harbour, UK, anthropogenic inputs of >!°Pb and ?*’Ra
from a legacy phosphate production site presented challenges for 2!°Pb dating and required
further forensic investigation and complex modelling considerations (Abril-Hernandez, 2025;
McCartney et al., 1990). Similarly, the approach provided can be applied further, and globally,
to specific blue carbon stock accumulation assessments. For example, recent work describing
Tunisian blue carbon accumulation rates in coastal sediments included some sites influenced
by phosphogypsum (Oueslati et al., 2025). This type of industry is likely to emit anthropogenic
226Ra and 2!°Pb and alter subsequent calculations (Abril-Hernandez, 2025). Therefore, without
corrective or alternative measures, SAR estimations using uncorrected 2!°Pb values from
gamma spectrometric analysis in these coastal areas would likely be biased. Our findings

highlighted the critical need for a more comprehensive approach to blue carbon assessments in
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these coastal environments to ensure the accuracy and reliability of carbon budget estimations,
and identification of areas of potential contamination could highlight where this approach may

be better suited for alternative OCAR measurements.

While alpha spectrometry and attenuation factors to correct original gamma
spectrometry reading have been shown to improve estimations of OCARs, these techniques
require significant additional analytical work. Therefore, we recommend focusing these more
intensive techniques only on areas known to be affected by heavy metal and/or NORM
contamination rather more generically. Although this study focused on offshore sediments,
where OCARs are typically low unless in specific depositional environments such as trenches
and glacial troughs (Diesing et al., 2024), it still clearly demonstrated how not accounting for
localised metal contamination can lead to the over estimation, albeit small in this case, of
OCAR estimations. These findings are particularly significant when applied to coastal
environments, where both SARs and organic carbon concentrations are typically higher
(Ouyang & Lee, 2014; Wilkinson et al., 2018). Coastal environments are also subject to a wider
range of anthropogenic pressures, including industrial effluent discharges, which can lead to
widespread sediment contamination (Li et al., 2022). Consequently, future blue carbon research
initiatives requiring OCAR estimations in these environments should incorporate these
analytical considerations and challenges to ensure the accuracy of carbon inventory and budget

estimations.
3.5 Conclusion

This study highlighted a critical issue in calculating OCARs in marine sediments affected
by human activities, specifically heavy metal contamination and NORM, which in this case
originated from legacy oil extraction activities in the North Sea (North West Hutton). This work

demonstrated that the use of 2!°Pb data from direct gamma spectrometry can lead to significant
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overestimations of OCARs in these impacted environments due to the presence of elevated

concentrations of heavy metals affecting the weak 46.5 keV gamma ray emitted by !°Pb.

Our findings showed that sediments collected near the former North West Hutton platform
(50 — 100 m) contained elevated levels of heavy metals, in particular, Ba, Sr and Pb which
directly inhibited the accuracy of activity concentration measurements through traditional
gamma spectrometry. To overcome this limitation, we validated two alternative approaches:
the use of either heavy metal attenuation correction factors, or alpha spectrometry to quantify
210po. Both methods yielded more accurate activity concentrations, leading to more reliable

and robust OCAR estimations.

However, these improved methods require additional analytical work such as determining
heavy metal concentrations through ICP-MS and more intensive sample preparative steps prior
to alpha spectrometry analysis. Therefore, these techniques should be targeted to marine areas
known to be contaminated by heavy metals. Although our study focused on shelf sediments,
which typically exhibit low OCARs, the implications of this work are particularly relevant to
coastal environments with increased contaminant loadings. These zones often have higher
organic carbon accumulation potential but are also subject to greater levels of contaminants.
Therefore, integrating these rigorous methods into blue carbon assessments is crucial to ensure

accuracy and reliability of OCAR estimations in industrially impacted coastal zones.
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Chapter 4: Source Identification of Sedimentary Organic Carbon at
Decommissioned North Sea Platforms

4.1. Introduction

Despite only accounting for 10-20% of the global seafloor, shelf sediments play a key
role in the global carbon cycle (Ausin et al., 2021) and act as significant stores of organic
carbon (Hedges & Keil, 1995; Legge et al., 2020). This source of this organic carbon is varied
(Middelburg, 2018), with a large proportion being supplied by marine phytoplankton (De Haas,
1997). These organisms convert CO; into organic carbon via photosynthesis (De La Rocha &
Passow, 2007) and a small proportion of this settles on seabed sediments after travelling though
the water column (Soetaert et al., 2000). Typically shelf sediment also experience organic
carbon input from terrestrial sources (Smeaton & Austin, 2022b) from coastal zones and rivers
outflows with dominant inputs often dictated by proximity to land, oceanographic conditions

and currents (Diesing et al., 2017).

Determining provenance of organic matter within shelf sediment provides valuable
insight into carbon flows from various sources (Alt-Epping et al., 2007; Tesi et al., 2007). This
distinction is often determined using stable isotopes specifically §'*Cors and §'°N (Craig, 1953)
as well as C/N ratio (Middelburg & Nieuwenhuize, 1998). Terrestrial organic carbon typically
has a 8"Cor range of between 26 and 28% and a §'°N of around 3.5% (Middelburg &
Nieuwenhuize, 1998), whereas marine derived organic carbon typically has a §'*Corg of around
22% and a 8"°N of 9% (Fontugne & Duplessy, 1981). Methods using stable isotopes to
determine carbon origin rely on assigning these end member values to terrestrial and marine
organic carbon sources (Thornton & Mcmanus, 1994). When combined with simple binary
mixing models, these values can determine the fractional contribution of each source to the

total organic carbon.
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Carbon sources within shelf sediments can also include non-natural inputs, particularly
hydrocarbon pollution from oil and gas infrastructure. Offshore O&G platforms represent point
sources of hydrocarbon-derived organic carbon to marine shelf environments (Ball et al.,
2012). These sites are often the source of hydrocarbon rich cutting muds (Bakke et al., 2013;
Breuer et al., 2004) that accumulate on the seabed surrounding the structure into drills cuttings
piles (Olsgard & Gray, 1995). These piles often persist near the platform even after
decommissioning, providing a unique anthropogenic organic carbon source in addition to
established marine and terrestrial sources. Attributing this anthropogenic carbon source as
‘blue’ or marine without proper provenance determination may incorrectly assume its climate
mitigation potential. Therefore, distinguishing the proportion of anthropogenic carbon from
natural carbon in sediments provides insight into the climate change mitigation potential of
anthropogenically modified shelf sea carbon storage, thereby preventing an overestimation of

sedimentary 'blue' carbon.

The source and composition of organic carbon is intrinsically linked to its reactivity,
which is defined as how easily organic carbon is degraded or remineralised into CO> (Bianchi
et al., 2018; Smeaton & Austin, 2022a). The organic carbon that settles in shelf sediments
consists of a variety of molecules ranging from highly reactive (labile) to lower reactivity
(recalcitrant) (Capel et al., 2006). In these systems, labile organic carbon is fresh, marine
material from phytoplankton or faeces that will be quickly mineralised by microbes using
oxygen pathways in the oxic layer of sediments (Middelburg, 2018). Terrestrially sourced
organic carbon usually has a lower reactivity in marine systems (Hedges & Keil, 1995).
Anthropogenic hydrocarbon-derived organic carbon is characterized by its unique molecular
signatures such as polycyclic hydrocarbons (PAHs), alkanes, and alkenes (Abbasian et al.,
2015). The lability of this complex mix of compounds can vary depending on their specific

composition (e.g., long-chain vs. short-chain PAHs) and environmental conditions like
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temperature (Potts et al., 2019). Therefore, determining the fraction of sedimentary carbon that
is either labile or recalcitrant can indicate how physical disturbance and resuspension might

alter organic carbon storage over time (Hiddink et al., 2023; Sciberras et al., 2016).

The aim of this study is to identify the source contribution and lability of organic carbon
found within sediment at varying distances from two decommissioned O&G platforms in the
North Sea by using stable isotope, thermogravimetric and hydrocarbon analysis. By combining
analytical approaches, this study aims to robustly demonstrate how O&G infrastructures can

alter sedimentary carbon pools in shelf sediment.
4.2. Methods
4.2.1 Study site
For a detailed summary of study area, see chapter 2 section 2.1.
4.2.2 Stable isotope analysis

Each 1 cm slice was freeze dried to ensure majority of water loss. To determine stable
isotope (83 Corg and 8'°N) composition of samples, approximately 15 mg of sediment was
placed into tin capsules and sealed, and a further 15 mg of sediment was placed into silver
capsules. Samples within silver capsules were treated with 15 pl of 10% HCL and left to dry
for 48h at 40 °C . Pipetting of HCL was repeated until no visual effervescing was seen to
indicate all carbonate (CaCO3) was removed. Following this step, samples in silver and tin

capsules were sealed.

Stable isotope analysis was conducted using an isotope ratio mass spectrometer (IR-
MS)(Agilent 7500, USA). Samples treated with acid within silver capsules were analysed for

813Corg and samples within tin capsules were analysed for §!°N.
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4.2.2.1.1 Fraction of terrestrial/marine/hydrocarbon organic carbon

End members of marine and terrestrial sources with stable isotope (8'°Corg and 5'°N)
and bulk (C/N) values from coastal, nearshore and offshore sediment associated samples were
taken from a dataset by Smeaton et al. 2022. Marine source values were taken from macroalgae,
microalgae zooplankton, finfish aquaculture waste; intertidal source values were from
saltmarsh vegetation and roots, seagrass; and terrestrial source values were from soil, peat and
living and dead biomass. For determining a marine/hydrocarbon ratio, a mixing model was run

with average §'°C values from crude oil from North West Hutton oil field (Sofer, 1984).
4.23 Thermogravimetric analysis (TGA)

Approximately 40mg of freeze-dried sample was weighed into 70ml aluminium oxide
crucibles and places into a Mettler Toledo TGA2. The sample was heated from 40°C to 1000°C
under ramp heating at a rate of 10°C min™' while under a constant stream of N». Thermograms
were clipped to remove 40°C - 200°C and 650°C — 1000°C to eliminate interference from

inorganic sources and absorbed water.
4.2.3.1 Carbon reactivity Index (CRI)

Methods for calculating CRI were acquired from Smeaton and Austin, 2022. TGA
thermal output was characterized into reactivity fractions (Capel et al., 2006) to indicate
liability. These fractions were defined as labile (200°C—400°C), recalcitrant (400°C—-550°C)
and refractory (550°C—650°C). CRI was determined using equation 1 (Smeaton & Austin,

2022). Where OMR is organic matter recalcitrant.

%O0MR

CRI = ————
%TotalOM

(1
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Results of CRI range from 0, indicating organic matter within the sample is fully
biodegradable and reactive, to 1 where organic matter 1is entirely non-

biodegradable/recalcitrant/refractory.

4.2.4 Fluorescence Spectrometry

A subset of cores from North West Hutton (50 and 3200 m North transect and 50 and
3200 m South transect) were analysed for total hydrocarbon content (THC) by ultra-violet
fluorescence spectrometry (UVF) (Kelly et al., 2000). Freeze dried samples of sediment core
slices (using the same samples as in Chapter 2) were analysed using established analytical

methods described in detail in Kelly et al., 2000.

Briefly, sediment samples were treated by spiking with an analytical surrogate
consisting of a suite of deuterated PAHs (naphthalene-dS8, acenaphthylene-d8, anthracene-d10,
dibenzothiophene-d8, pyrene-d10, benzo[a]anthracene-d12, benzo[a]pyrene-d12 and
dibenz[a,h]anthracene-d14) and extracted by alkaline saponification in methanolic potassium
hydroxide followed by liquid/liquid solvent extraction using glass-distilled grade pentane and
drying of the extracts with sodium sulphate. The total hydrocarbon concentration in the extracts
was determined by means of ultra-violet fluorescence spectrometry as a screen of the level of

hydrocarbon contamination in the sample.

It should be noted that there is no absolute measure of fluorescence emission, and the
spectrofluorometer is first calibrated with an appropriate reference standard solution of North
Sea Forties crude oil, appropriate for the geographic context of this current study. Thus, THC
by UVF is a semiquantitative estimate of the level of hydrocarbon contamination on a dry

weight basis.

4.2.5 Statistical analysis
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All statistical analysis was conducted using R version 4.2.1. All figures were generated
using the ‘ggplot2’ (Wickham, 2010), and ‘cowplot’ (Wilk, 2020) packages. Data was initially
tested for normality using Shapiro-Wilks tests (Shapiro & Wilk, 1965) and subsequent Bartlett
tests (Bartlett, 1937) to determine homogeneity of variance between groups. Normally
distributed data were tested for significance using ANOVAs, with p-values adjusted for
multiple comparisons using the Benjamini-Hochberg procedure (Benjamini & Hochberg,
1995), followed by a Tukey’s HSD (Tukey, 1953) post hoc test within the ‘agricolae’ (De
Mendiburu, 2020) package. Non-normally distributed data were tested for significance using a
Kruskal-Wallis test, with p-values adjusted for multiple comparisons with Bonferroni
corrections (Bonferroni, 1936), followed by Dunn’s post hoc test (Dunn, 1964) within the ‘FSA’
package (Ogle et al., 2020). To test the relationship between THC and Fanmro a linear model was
fitted. Spearman correlation tests were applied to assess all other correlations between variables

from each platform. Averages are reported as Mean + standard deviation.
4.2.5.1 Binary mixing model

Two binary mixing models (2,3), based on Thornton and McManus (1994) was used to
determine the fraction of terrestrial organic carbon and anthropogenic organic carbon using
813Corg from each sediment slice samples and end members of from marine, terrestrial and
hydrocarbon averages. These binary mixing models were chosen over Bayesian techniques to
allow for a comparison between other studies (Smeaton & Austin, 2022b). The average Fantiro
value from all sediment at the control sites from both Miller and North West Hutton was
averaged and subtracted from all other Fanmro values as no contamination was seen in control

cores.

813¢ - 83 Cmari
Fterr — ( sample marlne) (2)

(813 Cterrestrial™ 813 Cmarine)

Frerr + Fmarine = 1
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%O0Cierr = Frerr X %0C

(613 Csample_ 813 Cmarine)

(813 Canthropogenic_ 813 Cmarine)

Fanthro =

)

Fantnro + Fnarine = 1
%0Canthro = Fantnro X %0C

4.3. Results
4.3.1. Bulk elemental and stable isotope analysis

Bulk elemental and stable isotope concentrations are displayed in table 4. Mean organic
carbon content of sediments across all distances from Miller was 1.15% with significantly
higher values closer to the platform at 50 m compared to all other distances (Kruskal-Wallis,
x2 =33.85,df =3, P<0.001). For North West Hutton, organic carbon content of sediments
across all distances were consistently higher with a mean of 3.19%, the only difference at 200
m being significantly lower than sediment at 100 m, 400 m and 3200 m, but otherwise staying
constant (Kruskal-Wallis, 2 = 31.59, df = 4, p < 0.001) (Figure 18). At Miller the carbon
reactivity index (CRI) of sediments had a mean value of 0.77. CRI at Miller did very
significantly with distance, with sediments at 200 m having a significantly lower CRI than
those at 50 m (Anova, F = 6.08, df = 2, P < 0.05). Conversely at North West Hutton CRI did
not vary with distance with a mean CRI of 0.78. Additionally, the mean §"*Corg at Miller was -
22.27. This significantly varied with distance (Anova, F =39.37, df =3, p <0.001), with §'*Cor,
significantly increasing from 50 m to 200 m (Tukey, P < 0.05) where it remined consistent with
the control site (P = 0.92). For North West Hutton, mean 8'*Corg was -21.94 with significant
differences between all distance groups with higher 8'°Core with distance (Anova, F = 71.61,
df =4, p <0.001) expect for 200 with 400 m and 3200 m which did not vary. Comparison of
813Corg and organic carbon content (%) are displayed in appendix figure 7. Mean 8'°N values

at Miller was 5.91 and at North West Hutton the mean value was 6.05 and did not vary with
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distance. At Miller, the mean N/C value was 0.11, with significantly higher values at 200 m
and 3200m compared to 50 m and 100 m (Kruskal-Wallis, 2 = 31.82, df =3 P <0.001). At

North West Hutton the mean N/C value was 0.12 but did not vary with distance.

Table 4: Mean + standard deviation for bulk chemical and stable isotope characteristics for
sediment cores at varying distances (50 — 3200) from Miller and North West Hutton.

Site 0C (%) 83Corg 315N CRI N/C

Miller 1.15+£1.00 -2227+0.06 591+047 0.76+0.05 0.11 +£0.04

North West 3.19+1.37 21.93+0.54 6.05+041 0.79+£0.02 0.11 £0.02
Hutton

4.3.2. Source distribution of organic matter

Organic carbon derived from marine, terrestrial and anthropogenic average end members
were assigned §'3Cor, and N/C values (Table 5) to determine the relative contribution of each
source (Figure 18). For sediment samples located near Miller and North West Hutton §'°Corg
and N/C values were closer to the marine end member than either anthropogenic or terrestrial
end members. For this study, results are primarily focused on the marine/anthropogenic source
contribution however, results from the terrestrial mixing model for comparison can be found
in appendix figure 8. Sediments at greater depths were closer to a marine source of carbon
(Figure 18). The mean fraction of anthropogenic carbon (Fanro) at Miller was 0.06 (range 0 to
0.21) with significantly higher values found close to the site at 50 m and 100 m (0.09 + 0.05)
at shallow depths compared to 200 m and 3200 m (0.01 = 0.01) (Anova, F =39.37, df =3, p
<0.001) (Figure 18). The same pattern was seen at North West Hutton, mean Fantmo was 0.05
(range of 0 to 0.20) with significantly higher values at 50 m and 100 m (0.11 = 0.04) compared
to all other distances (200 m, 400 m and 3200 m) (0.02 + 0.02) (ANOVA, F =71.61,, df =3,

p <0.001) (Figure 18).
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Figure 17: Comparison of nitrogen/carbon ratio and stable isotope values for sediments from
two decommissioned oil and gas platforms with corresponding values from marine, terrestrial
and anthropogenic end members used in binary mixing models The bars around the end

member values represent standard deviation.

Table 5: Organic carbon sources and their end members using in binary mixing models and
data visualisation Full data set for marine and terrestrial values are detailed in Smeaton et al.
2022. Anthropogenic end member was determined from Sofer (1984) and Nagham and Nuha

(2021).
Source 13Corg N/C
Marine -19.74 £ 0.37 0.16 +0.04
Terrestrial -28.56 £0.32 0.05+0.02
0.01 £0.01

Anthropogenic -29.41
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organic carbon content from anthropogenic sources (Fantro) from sediment cores from varying distances (m) from two decommissioned O&G

platforms, Miller (left plots) and North West Hutton (right plots). Fanmro at control sites was averaged and removed from other results .
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4.3.3. Hydrocarbon contribution to total carbon

The mean source contribution to total organic carbon (%) from hydrocarbons across 50
m and control sites was 4.60 % and ranged from 0.02 to 42.99% (Figure 19). Highest
contribution was found in shallower sediment depths (> 10 cm) at both 50 m North and
South with a range between 0.32 to 42.99%. Of the total organic carbon content in the top
10 cm of sediment cores at 50 m hydrocarbons made up 10.67% on the south transect and
15.90% on the north transect. At both control sites, the contribution of hydrocarbons to total

organic carbon was minimal with a range between 0.0008% to 0.001%.

100 50m North Control North 50m South Control South

1234567 80101121314 12 34567 8 9101112131415 1 2 3 4 5 6 7 8 91011121314 1 2 3 4 56 7 8 910111213141516
Depth {cm)

M Hydrocarbon M Marine

=~
o

Source Contribution
to Organic Carbon (%)
P g

o

Figure 19: Source contribution of total hydrocarbon content and to total organic carbon content
(%) within four sediment cores taken at 50 m and 3200 m (Control) from North West Hutton.
Hydrocarbon contribution is indicated by red bars and marine contribution is indicated by blue
bars.

4.3.4. Relationship between total hydrocarbons and Fanthro

To validate Fantro output from binary mixing models for North West Hutton, this was
compared to the source contribution of hydrocarbons to organic carbon (Figure 20). The Fanthro
produced from the binary mixing model has a significant strong positive correlation (P <0.001)

with hydrocarbon percent of organic carbon (R* = 0.47).
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Figure 20: Comparison of Fanthro values from the binary mixing model to log-transformed
hydrocarbon percent of organic carbon. The solid blue line represents the regression line (y =
-9.95 + 35.9x) and the shaded blue area indicates 95% confidence intervals. R? is 0.47 a p-
value (P <0.001) suggests a statistically significant correlation.

4.3.5. Correlation analysis

Spearman’s correlation analysis between measured variables was separated by site
(Figure 21). Where Spearman’s p values are positive this shows a positive correlation and
where they are negative this shows a negative correlation. For Miller, Fantro was significantly
negatively correlated to distance (Spearman’s p = -0.81, P > 0.001), percentage sand
(Spearman’s p = -0.63, P > 0.001), N/C (Spearman’s p = -0.59, P > 0.001), dry bulk density
(Spearman’s p = -0.70, P > 0.001) and significantly positively correlated to organic carbon
(Spearman’s p = 0.42, P> 0.001), percentage mud (Spearman’s p = 0.63, P> 0.001). At North
West Hutton, Fantro Was significantly negatively correlated to distance (Spearman’s p = -0.66,
P>0.001), depth (Spearman’s p = -0.39, P> 0.001), percentage sand (Spearman’s p =-0.32, P
>0.001), N/C (Spearman’s p =-0.17, P > 0.05), dry bulk density (Spearman’s p =-0.49, P >

0.001) and significantly positively correlated to total hydrocarbons (Spearman’s p = 0.83, P >
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0.001), organic carbon (Spearman’s p =0.17, P> 0.05), percentage mud (Spearman’s p = 0.32,
P> 0.001). At Miller CRI was significantly negatively correlated to distance (Spearman’s p =
-0.37, P > 0.05), percentage sand (Spearman’s p = -0.71, P > 0.001), dry bulk density
(Spearman’s p =-0.48, P> 0.05), and significantly positively correlated to depth (Spearman’s
p = 0.53, P > 0.001), organic carbon (Spearman’s p = 0.49, P > 0.05), percentage mud
(Spearman’s p = 0.71, P> 0.001). At North West Hutton, CRI was not significantly correlated
to any variable. Finally, at North West Hutton, total hydrocarbon content was significantly
negatively correlated with distance (Spearman’s p = -0.85, P > 0.001), depth (Spearman’s p =
-0.80, P > 0.001), percentage sand (Spearman’s p = -0.52, P > 0.001), dry bulk density
(Spearman’s p =-0.80, P>0.001), §'*Core (Spearman’s p=-0.84, P>0.001), N/C (Spearman’s
p =-0.40, P > 0.05) and significantly positively correlated to percentage mud (Spearman’s p =

0.52, P> 0.001).
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Figure 21: Correlogram of Spearman’s correlation (p) (P < 0.05) between measured variables,
organic carbon (OC), distance, depth, total hydrocarbons (THC), percentage sand, percentage
mud, 8"*Core, 8'°N, N/C, fraction marine and fraction anthropogenic for both Miller and North
West Hutton. Size of circles represent level of significant with larger circles indicating higher
significance. Colour of circles indicates direction (blue = positive, red = negative).
Relationships without significance are left blank.
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4.4. Discussion

Shelf sediments are a globally important ecosystem which contain vast amounts of
organic carbon due to their large spatial extent (Bianchi et al., 2018; Diesing et al., 2017,
Diesing et al., 2021; Legge et al., 2020). However, these systems have been historically
impacted by the construction of energy infrastructures, particularly O&G platforms which can
emit contaminants that affect the environment and the organisms therein (Bakke et al., 2013;
Breuer et al., 2004; Chen et al., 2024) and can potentially alter the existing organic carbon stock
and its vulnerability. The contribution of anthropogenic carbon from these structures to the total
carbon stock of shelf sediment is a significant research gap. This study determines the
contribution of anthropogenic carbon to the total carbon pool from two, now decommissioned,
0O&G platforms in the North Sea; Miller and North West Hutton. Sediments surrounding both
Miller and North West Hutton showed elevated fractions of organic carbon from anthropogenic
sources (Fanthro) (0.09 to 0.11) close to each site (50 to 100 m) which decreased with distance
to 200 m where it remined constant to the control site. The fraction of anthropogenic carbon
had a strong positive correlation to measured total hydrocarbon at North West Hutton, which
validates the results from the anthropogenic binary mixing model. Hydrocarbon percent of total
organic carbon in the top 10 cm of sediment was significantly higher at 50 m (10.69 to 15.90%)
from North West Hutton compared to the control site (0.0008% to 0.001%). Finally, the
reactivity of sediments (from CRI) was consistently low and showed little variation with
increasing distance from both sites, suggesting that the presence of these structures and input

of HCs does not alter vulnerability of shelf sediment organic carbon.

4.4.1. Fraction of anthropogenic carbon

The highest fraction of anthropogenic carbon (Fantho) Was found predominantly in

sediments closer to the Miller and North West Hutton platforms (50 m) and at shallower



108

sediment depths, with average values of 0.09 £+ 0.05 and 0.11 £ 0.04 respectively. This finding
was validated at the North West Hutton site by using ultra-violet fluorescence spectrometry
(UVF) to measure total hydrocarbon content (THC) as a specific marker of the anthropogenic
source. While organic carbon sources in shelf sediments are often defined on a spectrum from
terrestrial to marine (Bianchi et al., 2002; de Haas et al., 2002), this study proposes a combined
marine/anthropogenic model, given that these environments receive specific inputs of
anthropogenic organic carbon. The high hydrocarbons concentrations near each site are likely
due to drills cuttings piles that accumulate around the platform feet (Breuer et al., 2004). Drill
cuttings piles are the accumulation of drilling solids, fluids, muds, sediments and chemicals as
waste products from offshore drilling operations which are rich in various hydrocarbons (Lytle
& Lytle, 1979; Olsgard & Gray, 1995). These piles often persist even following the
decommissioning process (Martins et al., 2023; Sommer et al., 2019), which was seen at both
Miller and North West Hutton (BP, 2005, 2011). Fanmro contribution to total carbon at both sites
level out at 200 m and remain constant to the control sites. Elevated Fanto Was present in
shallower sediment, due to hydrocarbon deposition being limited to the surface layers. This
indicates that hydrocarbon contamination ends at a distance between 100 m and 200 m,
supporting previous work showing contamination from North West Hutton has significantly

reduced by 200 m (Chapter 2, and Woodward-Rowe et al, 2005).

While total hydrocarbons were only measured for sediment cores from North West
Hutton, the strong correlation between total hydrocarbon content and Fantmro could be driving
the fraction of anthropogenic contribution to organic carbon at Miller, which also saw highest
Fantro close to the site. Previous THC contributions to OC stock determined from the UK
Benthos Database (Offshore Energies UK, 2015), which used GC-MS rather than florescence
spectrometry, indicate that the Miller platform similarly shows higher THC closer than at

greater distances (Woodward-Rowe et al., 2025). However, this can be further corroborated
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with a strong correlation with THC and mud content, with only sediments close (50 m) to Miller
having significantly higher percentage of fine particles (Woodward-Rowe et al., 2025), likely
due to accumulated drilling muds (CNR International, 2013). However, this fails to explain the
different relationships between organic carbon and distance from each site. Miller shows
highest organic carbon content close to the site, whereas sediments at North West Hutton had
lowest organic carbon content at 50 m which did not vary greatly at greater distances.
Therefore, at North West Hutton, another variable such as lateral transport (Klunder et al.,
2018), or protection from disturbance could be influencing how marine derived organic carbon
content within sediment varies with distance (Woodward-Rowe et al., 2025). To better
determine the site-specific contribution of hydrocarbons to total carbon, future work should

include GC-MS or UVF analysis at multiple sites with a greater coverage of distance.

N/C ratio was also used to validate binary mixing models used to determine the source
contribution to total organic carbon content. The N/C ratio was significantly negatively
correlated to Fanthro at both sites. At Miller highest N/C values were present at 200 m and control
site at Miller which mirror lower values of Fanthro With distance. However, at North West Hutton
highest N/C values were found at 100 and 200 m with only a weak negative correlation (-0.17)
to Fanthro. In this study, validating Fanmro results with the traditionally used N/C ratio was not as
reliable or robust as THC. If the source causing the change in Fanro is hydrocarbons, the N/C
ratio, which is typically used for determining terrestrial/marine source contribution (Alt-
Epping et al., 2007; Thornton & Mcmanus, 1994), is a poor indicator of source contribution.
Therefore, combining multiple techniques and measurements is vital to maintain accuracy of

results.

4.4.2. Hydrocarbons
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Total hydrocarbons present in sediments, particularly close to North West Hutton,
represent a broad spectrum of compounds including alkanes, alkenes, PAH’s (Bakke et al.,
2013; Olsgard & Gray, 1995; Peng et al., 2008). In the marine environment, various microbes
use these hydrocarbons as an energy source or electron donors (Abbasian et al., 2015) through
aerobic or anaerobic degradation (Leahy & Colwell, 1990). Microbial degradation rates will
vary depending on the presence of oxygen (Leahy & Colwell, 1990) and the molecular
structures of specific hydrocarbons within drill cuttings piles (Wang et al., 2018). Specifically
low-molecular weight PAH’s (those with two or three aromatic rings) are more labile than high-
molecular weight PAH’s (those with four or more aromatic rings) which leads to altered rates
of microbial degradation (Wang et al., 2018). The final outputs of these interactions is H>O and
CO; which is released into the water column (Atlas, 1981). This represents an, albeit small,
source of CO; to the water column as microbial degradation acts upon the hydrocarbons within
the drills cutting piles. Therefore, this source of organic carbon not only fails to contribute to
climate mitigation but also generates CO> that would have otherwise been sequestered for
geological timescales. Future work to accurately constrain the amount of CO> produced from
entire drills cuttings piles could determine how these sites might be sources of carbon to the

water column.

Depending on the time since operation, the respective drills cutting piles at both sites
will be degrading at different rates. North West Hutton commenced oil production in 1983 and
produced for 20 years until 2003 (BP, 2005). Miller produced oil from 1992 for 18 years till
2003 (BP, 2011). With North West Hutton having an older drills cuttings piles, the degradation
will have altered the composition of the piles to be more recalcitrant and contain PAH’s with
higher molecular weight as the lower-weight molecules will have be degraded preferentially
(Wang et al., 2018). This represents a less reactive source of organic carbon at North West

Hutton compared to Miller. This implies that at North West Hutton, since decommissioning
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concluded 2009, higher amounts of CO have been released from the cuttings piles through

natural degradation (as with any OC source).

4.4.3. Carbon reactivity

Carbon reactivity at all distances from both sites was low, which is typical of shelf
sediment (Smeaton & Austin, 2022a). Continental shelfs often have less reactive organic
carbon, as there are high levels of labile matter degradation due to well oxygenated bottom
waters (Hartnett et al., 1998); high rates of organic matter consumption through the water
column and during diagenesis (Bianchi et al., 2021; Middelburg, 2019); and enhanced
resuspension of sediment through natural mobility (Coughlan et al., 2021) and trawling (De
Borger, Tiano, et al., 2021; Eigaard et al., 2017). The only variance with CRI was at 200 m
from Miller which showed significantly higher reactivity compared to 50 m and the control
site. However, the effect size was small therefore this result is unreliable. The addition of
anthropogenic carbon, in this case hydrocarbons, is not likely alter the CRI measured from
shelf sediment samples as these are also highly recalcitrant (Abbasian et al., 2015). The
reactivity of organic carbon within sediment would likely change due to temperature changes,
particularly with increasing bottom water temperatures (Malinverno & Martinez, 2015). With
climate change increasing sea water temperatures the carbon stored within these sediments

could be at greater risk to mineralisation (Bianchi et al., 2018; Legge et al., 2020).

Determining reactivity through TGA comes with limitations. TGA heats uses ramped
heating of sediment samples to ~1000 °C and measures the weight of the sample through this
process to produce thermograms (Smeaton & Austin, 2022a). However, degradation of organic
matter is facilitated by microbes using various pathways and electron doners to convert organic
carbon to CO> (Soetaert et al., 2000). Therefore, how easily the organic fraction of sediment is

converted to COz by temperature increase might not directly relate to a biological lability, i.e.
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how easily a microbe may be able to mineralise organic matter. Determining the activity
concentrations of organisms actively mineralising the organic matter within in-situ sediment
would give greater insight into the specific reactivity (and vulnerability) of the carbon stored

within.

4.4.4. Implications for blue carbon science

These results have implications for the ‘blue carbon’ stocks of shelf sediments and their
ability to contribute to climate change mitigation. This study shows that local near-site
contamination can alter the typical organic carbon pool, specifically in shallower sediments
where these deposits are made. As typical stock estimates are constrained to 10 cm (Graves et
al., 2022), our results indicate that the organic carbon stocks in shelf seas are not all
marine/terrestrially derived in localised areas of contamination and therefore vary in their
ability to contribute to climate mitigation. It should be noted however, that this area of effect
(within 50 m of an oil and gas platform) represents a small amount of the entire shelf. Both
Miller and North West Hutton had up to 0.11 Fanmro (11%) close to the sites indicating a
significant source contribution. Specifically at North West Hutton hydrocarbons made up
between 10.67% and 15.90% of total carbon content in the top 10 cm at 50 m from the site with
a similar potential result found at Miller. This increases initial estimates from previous
estimations of 8% (Woodward-Rowe et al., 2025) using the UK benthos data set V5.17
(Offshore Energies UK, 2015). This highlights that carbon assessments should be more

rigorous to not mislabel carbon as natural without identifying the carbon source.

With the North Sea containing over 1250 O&G installations (Fortune & Paterson,
2020), these results represents a localised source of organic carbon which is not typical of shelf
sediments. However, THC did not correlate with organic carbon content, which suggests that

elevated levels of hydrocarbons are not drivers of an increase in organic carbon at 50 m or at
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greater distances. Furthermore, despite having high levels of THC at 50 m from North West
Hutton, carbon content increases with distance from the platform site, with highest levels found
at the control site. This suggests that hydrocarbon content does not drive organic carbon content

in these sediments as it only explains up to 15.90% of total stock.

4.5. Conclusion

Anthropogenically derived organic carbon, particularly that which emit from O&G
platforms in the form of drills cuttings piles, will account for a small percentage (between
10.67% and 15.90%) of the total organic carbon pool in the top 10 cm of shelf sediment near

associated structures.

Due to site specific carbon source assumptions, this study used a binary mixing model
to determine the fraction of anthropogenic carbon rather than traditional marine/terrestrial
model. The fraction of anthropogenic carbon followed a similar trend as THC with significantly
elevated levels close (50 and 100 m) to both sites at shallow depths. These hydrocarbons found
in drills cuttings piles represent a local contamination which is deleterious to the marine
environment but also are degraded over time which represents a minor potential source CO-
from these sites. Furthermore, carbon reactivity, measured by TGA, was not affected by the
presence of either site and was composed of unreactive recalcitrant organic carbon despite the

addition of anthropogenic carbon in the source of hydrocarbons.

These findings highlight that various sources of organic carbon are present in the marine
environment, and shelf sediments with energy infrastructure may contain anthropogenic carbon

which needs to be accounted for in blue carbon assessments to ensure reliable carbon budgets.
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Chapter 5: Organic carbon mineralisation of temperature controlled disturbed

subtidal sediments

5.1. Introduction

Subtidal marine sediment has the potential to mitigate climate change by capturing and
sequestering organic carbon over long term geological timescales (Lovelock & Duarte, 2019;
Macreadie et al., 2019). These sediments contain the oceans largest organic carbon stores,
estimated to up to ~ 87 Gt of OC globally (Atwood et al., 2020). Despite this, these sediment
are subject to intense disturbance due to anthropogenic activity, including fisheries activity
such as bottom trawling (De Borger, Tiano, et al., 2021; Eigaard et al., 2017; Epstein et al.,
2022), and lifecycle activity and decommissioning of energy infrastructure (Birchenough &
Degraer, 2020; Fowler et al., 2020; Heinatz & Scheffold, 2023; Sommer et al., 2019). This
disturbance reworks and resuspends seabed sediments, mobilising stored organic carbon
(Epstein et al., 2022; Heinatz & Scheffold, 2023). For offshore infrastructure, the construction
phase is likely to cause significant sediment upheaval from a range activities including
dredging for foundations (Guo et al., 2022; Schneider & Senders, 2010) and pile driving for
steel jacket or monopiles (Wu et al., 2019). Disturbance is also caused during the removal or
decommissioning of the structure, particularly under OSPAR in the North Atlantic regions,
which requires complete removal of the whole structure as far as is feasibly possible (Fortune
& Paterson, 2020). This process also involves significant sediment disturbance through
removing of foundations and jackets (Fortune & Paterson, 2020), and a final trawl around the

area to capture any snagging points (Woodward-Rowe et al., 2025).

These sediment disturbance events lead to the resuspension of sediment particles and
organic carbon into the water column, where the carbon will be exposed to oxygenated

seawater, particularly if it has come from below the oxic layer in the sediment (De Borger,
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Tiano, et al., 2021; Epstein et al., 2022). This oxygenation could potentially increase the
amount of organic carbon that is mineralised to dissolved organic carbon (DIC, or CO.) (Black
et al., 2022; Dauwe et al.,, 2001). This surface sediment disturbance leads to particle
resuspension in the water column, with heavier particles falling back to the seabed quicker than
the finer particles, which remain suspended for longer (Breimann et al., 2022). Recent studies
have shown how the disturbance of surface sediment layers can increase mineralisation levels
(Dounas et al., 2007; Justin Tiano et al., 2024). Some modelling studies, focusing on trawling
as a disturbance, have implied that induced disturbance can release 55 — 60% of sediment
organic carbon to atmospheric CO2 within 7 — 9 years (Atwood et al., 2024; Sala et al., 2021).
However, with the current lack of empirical evidence, the fate of disturbed sedimentary organic
carbon remains and significant research gap (Hiddink et al., 2023), as organic carbon
remineralisation is dependent on a complex series of biogeochemical factors including bottom

water temperature, sediment type, carbon composition and benthic community composition.

The likelihood of remineralisation of marine organic carbon is directly linked to its
vulnerability and lability (Arndt et al., 2013; Black et al., 2022; Howard et al., 2020). The
reactivity of carbon is often measured as its likelihood of remineralisation (Epstein et al., 2022).
This ranges from labile carbon, which is readily remineralised, to refractory carbon, which is
not easily degraded (Smeaton & Austin, 2022a). For instance, in areas where deposition and
accumulation is low, and organic carbon is more reactive , resuspension is more likely to cause
higher rates of mineralisation. However, lability of marine organic carbon is not well
understood or easily measured, and to date, the only way to characterise its liability is through
using the carbon reactivity index (CRI) as described by Smeaton and Austin (2022) (and
measured in Chapter 4). This index is derived from Thermogravimetric Analysis (TGA), where
sediment samples are heated to above 1000 °C under an inert gas (Nz), at increasing ramped

temperature ‘steps’. The resulting mass loss across specific temperature ranges (Capel et al.,
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2006) allows for the delineation of organic carbon lability fractions (labile, recalcitrant and
refractory). The CRI itself is calculated as the proportion of refractory OC relative to total OC,
where values approaching zero indicate higher lability (scale of 0 — 1). However, this method
of ramped heating alone might not entirely capture how easily organic carbon within sediments
is remineralised when it is microbes which are facilitating this degradation in situ (Hunter et
al., 2006). Therefore, a more comprehensive understanding of marine organic carbon
vulnerability requires bridging the gap between thermochemical lability and the actual in situ

microbially mediated degradation rates, and has not yet been achieved.

Finally, subtidal sediments experience changes to the input of organic carbon as climate
change warms both the water column and bottom water (Quante & Colijn, 2016), which alters
the processes resulting in carbon deposition on the seabed (Burdige, 2007). This thermal
forcing enhances organic recycling processes in the water column, consequently reducing the
input of fresh organic carbon available for burial as proportionally less carbon reaches the
seabed (Legendre et al., 2015). Critically warmer bottom temperatures will also increase the
rate of mineralisation of stored organic carbon in the seabed (Middelburg, 2019), and the rate
at which mineralisation may occur when carbon hits the seabed in warmer temperature
conditions. Mineralisation rates generally increase with temperature until a thermal optimum
is reach, as this process is driven by microbes, and increasing temperature elevates the
metabolic rate of microbes (Malinverno & Martinez, 2015). Furthermore, these processes can
become acute due to short-term marine heatwaves where water temperatures rise rapidly,
leading to faster organic carbon mineralisation. Therefore, understanding the risk of disturbed
organic carbon via multiple modes of action (trawling, infrastructure construction and other

extractive uses) in a warming environment remains a key research gap.

This pilot study is primarily a methodological exploration to quantify how organic carbon

remineralisation rates, measured via sediment oxygen consumption, are influenced by sediment
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type, sediment depth within the core (representing trawling gear penetration depths), and
temperature (ambient, elevated). This experimental design would provide insight to the
potential mineralisation caused by acute disturbance of subtidal sediments from activities such
as the construction, lifecycle and decommissioning of offshore infrastructure under changing

temperature conditions, as well as the impacts of trawling.

5.2. Methods

5.2.1. Study area

Sediment cores were collected from subtidal coastal sediment near East Mersea, United
Kingdom from 24/03/25 to 30/06/25 (Figure 22). Per sampling trip, five push cores (& 6¢m) of
a length of 10 cm depth of sediment, and capturing bottom water to ensure an intact sediment
water interface, were taken from the sample sites (one muddy site and one mixed sediment
site). These were transported to the University of Essex and kept in a temperature controlled (8
°C) dark room with aquarium aerators in each core’s overlying water, and in situ water collected
separately, until use (no longer than 5 days). One core from each sampling trip at each site was
sliced into 1 cm increments and kept frozen at — 40 °C for biogeochemical analysis (see section

2.4).
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Figure 22: Map of sampling site, near Mersea Island (UK). Targeted sediment type sampling
are displayed by colour (Mud = dark brown, Mixed = beige).

To test two varying sediment types specifically, sampling was targeted to collect either
muddy (finer particles) or mixed sediment (generally higher sand/gravel content). Therefore,

experiments would use both types of sediment per temperature treatment for comparison.

5.2.2. Experimental setup

Oxygen consumption experiments for individual cores were conducted directly after
each sampling trip and each day henceforth. Sediment cores were extruded and sliced to 0 — 2
cm, 2 —5 cm and 5 — 10 cm. These depths were chosen to mimic resuspension depths from
disturbance events linked to trawling (Hale et al., 2017). Sediment was cut from each extrusion
using modified syringes to ensure the entire length was included with similar volumes (~ 40
cm?) for each depth. These were extruded into individual chambers (1.2 L volume) with a
magnetic stirrer filled with in situ collected seawater, to maintain salinity conditions. An
additional chamber was only filled with in situ seawater and stirred to provide a control

measurement with no sediment. These were sealed with plastic lids with O-rings to ensure they
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were gas tight. Oxygen sensors were attached to the chamber lids on microscope glass slides.
Sensors were calibrated using a two point calibration with one measurement at 100 % oxygen
by aerating a chamber and a 0% using ascorbic acid both using seawater from the study site for
salinity consistency. All chambers were placed in a water bath to maintain constant temperature
during the experiment with an internal temperature senor placed inside. Fiber optic cables were
placed within holes in chamber lids with the attached oxygen sensors affixed to glued
microscope slides on the inside of the lid. Cables were attached to Pyroscience O firesting pro,
and oxygen concentration was measured every second from each core over a 24 h period
(Figure 23). The experimental setup was kept in complete darkness to prevent any
photosynthesis from altering oxygen concentrations. This process was repeated for all

treatments with varying temperatures and sediment type.

Figure 23: Experimental set up of four airtight incubation chamber atop magnetic stirrers in a
temperature water bath. Infrared cables connect oxygen sensor dots to the oxygen sensor

Treatments consisted of two sediment types (mixed and muddy) and three temperatures
(8, 12, 16 °C) (Figure 24). For each treatment of sediment and temperature, three replicates

were run. Following each experimental run, chambers were filtered, dried and weighed to
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determine the exact amount of sediment used per treatment. This weight was used later to

normalise oxygen consumption rate by amount of sediment.

Temperature (°C)

Sediment
Type

Figure 24: Schematic of experimental design. Temperature treatments were 8°C, 12°C and 16
°C, with two types of sediment (mixed and mud). Three sediment depths were tested in each
run, 0 —2 cm, 2 — 5 cm and 5 — 10 cm. Three replicate cores were run for each treatment. For
each experimental run, an additional incubation chamber was run with in sifu water only as a
control.

5.2.3. Sediment oxygen profiles

To obtain representative oxygen penetration depths for each sediment type, five vertical
oxygen profiles of each sediment type were acquired using an oxygen microelectrode
(Unisense, Denmark). The microelectrode was mounted on a profiler frame and slowly lowered
into each sediment core, in increments of 100 microns, using a micromanipulator motor (Hicks
et al., 2017). Linear calibration of the microelectrode was achieved by taking measurements in
100 % oxygenated water (aerated water) and 0 % water treated with ascorbic acid. This
calibration was used to calculate oxygen saturation (%) of the overlying seawater and then at
increasing depth in the sediment. The position of the sediment water interface was determined
from the oxygen profiles by assigning the interface position to a break in the oxygen profile,

where the oxygen concentration starts to decline as the microelectrode enters the sediment.
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Sediment oxygen penetration depth (OPD) was determined using the depth on the vertical

profile at which oxygen concentration reached zero.

5.2.4. Biogeochemical analysis and sediment characterisation

Biogeochemical analysis was conducted on the frozen, sliced core from each sampling trip
to characterise sediment type and organic carbon content. Each 1 cm sediment slice was
weighed before and after freeze drying to allow for the calculation of dry bulk density (DBD).
To determine the bulk elemental OC and N approximately 5 mg of freeze-dried sediment was
acidified using 10 % hydrochloric acid (HCL) until effervescence ceased. These were
subsequently kept at 60 °C until fully dry. Next an aliquot of each acidified sediment slice was

transferred into tin capsules and then into the CHNS analyser (Elementar, Germany).

For particle size analysis (PSA), freeze dried samples were dry sieved at 0.5 ¢ intervals and
each fraction was weighed. The > Imm fraction was sized by laser diffraction by inserting a
small aliquot of sample into the Bettersizer S3 Plus (Bettersizer Instruments Ltd, China). These
results were combined to give the particle size distribution across the entire sample. Sediment
characteristics statistics, mean and median grain size, skew, and kurtosis were calculated using

GRADISTAT software version 9.1 (Blott & Pye, 2001).

5.2.5. Statistical analysis

All statistical analysis was conducted using R version 4.2.1. Following each experimental
treatment, oxygen consumption rates were specifically determined by analysing the oxygen
consumption data from 20,000 to 40,000 seconds only, ensuring the processes captured were
organic carbon degradation and not initial chemical oxidation. From these, in R, linear models
were fitted to the lines from each sediment depth to obtain oxygen consumption rates. Where
oxygen concentration had decreased to zero before the end of this time period, these

consumption rates were removed completely (rn = 17 out of 72). Oxygen consumption rates
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were normalised by the amount of sediment introduced to the chamber and this was multiplied

by OC% per sediment type at that temperature to give %/hr/g of organic carbon.

To test which predictor variable from depth (in sediment), temperature, and sediment type,
best explained the change in O2 consumption %/hr/kg of sediment, a 3-way ANOVA was used.
Organic carbon content was determined as either high (>0.5 %) or low (< 0.5 %). Sediment
type was determined as either Mud or Mixed based on average grain size, with less than 63
microns classified as Mud (based on Folk classification). Model simplification was used to
exclude non-significant variables and predictor variables to obtain the simplest model
explaining the most amount of variance, removing non-significant interactions in turn. All
figures were generated using the ‘ggplot2’ (Wickham, 2010), and ‘cowplot’ (Wilk, 2020)

packages. Averages are reported as Mean + standard deviation.

5.3.Results

5.3.1. Sediment composition

As sediment collection was targeted for two different types, each temperature treatment
was run with two distinct sediment classes, mud (fine grained) or mixed (coarse grained)
(Figure 25). Highest average grain size in the mixed sediments was used for the 16 °C
incubation (2621.9 um) with similar coarseness (1388.1 and 1308.8) at 8 and 12 °C. Mixed
cores did show some mud content throughout with an average mud content of 8.48 + 8.19 %,
average sand content of 49.70 = 19.31 % and average gravel content of 41.82 = 16.17 %. Of
note, the mixed core with the most mud content (16.08 = 6.92 %) was used in the 8 °C
temperature incubation. Muddy targeted incubations showed consistently low mean grain sizes
with average grain size ranging from 26.3 um to 17.86 um. Mud targeted cores were
predominately muddy with and mud average content of 80.37 + 11.30 %, average sand content

of 18.17 £ 8.59 % and average gravel content of 1.5 &+ 3.96 %.
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Figure 25: Sediment composition of representative sliced cores (10 cm) used for geochemical
analysis from each site. Sediment type was determined as either mud (grain size less than 63
pum) or mixed (mean grain size more than 63 pm).

5.3.2. Oxygen penetration depth

Five cores from each sediment type were profiled to determine average oxygen
penetration depth (OPD) (Figure 26). Oxygen penetration depth showed a clear difference
between sediment types. All five muddy sediment cores OPD was below 1 cm with less
variability between each. Mixed cores had a mean OPD of 1.04 + 0.34 cm compared to the

muddy cores which has a shallower mean OPD of 0.6 £ 0.16 cm.
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Figure 26: Oxygen sediment depth profiles of five sediment cores collected of mixed and
muddy sediment. Solid line indicates the sediment surface. The dashed line displays the mean
oxygen penetration depth from the five cores of each sediment type. This was determined as
the depth at which oxygen saturation reached 0 %.

5.3.3. Organic carbon content

Organic carbon content from representative treatment cores varied from 0.11 to 1.02 %
(Figure 27). Mean organic carbon content of muddy treatment cores was 0.55 + 0.32 % with
generally higher OC in surface sediments (between 0.12 and 1.02 %). The two incubations
which had the highest organic carbon content input were muddy cores used for 12 °C and 16
°C with average OC being 0.76 % and 0.79 % respectively. The temperature treatments which
had the lowest OC input was 12 °C mixed sediment and 8 °C muddy sediment core, which both
had an average OC of 0.15 %. respectively. Organic carbon content in mixed sediment cores
was lower than muddy cores with a mean of 0.31 + 0.18 %. Largely, in mixed sediment cores

organic carbon did not vary with depth.
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Figure 27: Organic carbon (%) depth profiles of six cores as representative samples taken
during each sampling trip, with muddy sediments on the top, and mixed sediments on the
bottom row. The plots on the left show the 8 °C temperature, with 12 °C in the middle and 16
°C on the right. OC was measured at each 1 cm increment except for sediment the mixed 16
°C where measurement were taken for 0 —2 cm, 2 — 5 cm and 5 — 10 cm due to sampling
constraints.

5.3.4. Oxygen consumption rates

Oxygen consumption between treatments varied between sediment type, temperature
and depth (Figure 28). However, model results show that none of the main predictor variables
has a significant effect on oxygen consumption (ANOVA, F = 15.63 df =45, P> 0.05). There
were two, two-way interactions which were significant predictor variables when together, these
were sediment type/temperature and sediment type/depth (p < 0.01). Post-hoc analysis showed
that oxygen consumption in the mixed sediment treatment was significantly higher at 12 °C
compared to 8 °C, and at 12 °C oxygen consumption was significantly lower in the mud

sediment compared to the mixed sediment. At 8 °C, shallow (0 — 2 cm) mixed sediment showed
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the lowest oxygen consumption (-1.35 + 0.86 %/hr/gOC ) compared to a higher average rate in
shallow (0 — 2 cm) muddy sediment (-12.04 + 0.83 %/hr/gOC). However, in muds at 8 °C all
deeper sediment depths (other than mixed 2 — 5 cm) dropped to zero before 20,000 seconds so
therefore was omitted from results. At 12 °C average oxygen consumption rate varied from -
2.77 = 0.21 %/hr/gOC in deeper (5 — 10 cm) muddy sediment to -11.03 £ 6.99 %/hr/gOC to 2
— 5 cm mixed sediment. In the 16 °C treatment, highest average oxygen consumption occurred
in mixed sediment at 2 — 5 cm (-10.25 £+ 5.92 %/hr/gOC) and lowest occurred in shallow (0 —

2 cm) mixed sediment (- 1.62 + 0.83 %/hr/gOC)
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Figure 28: Oxygen consumption (%/hr/g of organic carbon) within each sediment incubation
under varying temperatures on the x axis (8, 12, 16 °C). Sediment (mixed is circle, mud is
triangle) depths for each incubation were 0 —2 cm, 2 — 5 cm and 5 — 10 cm and are indicated
by colour (red, green and blue respectively). Error bars show standard error.
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5.4.Discussion

5.4.1. Predictors of oxygen consumption rates

This pilot study investigated the effect of disturbance on carbon reactivity (measured
through oxygen consumption rates) within different subtidal sediments at three temperature
regimes. By using oxygen consumption (normalised with amount of OC (in grams) per
treatment) as a proxy for organic carbon mineralisation, in this case, temperature and depth
together showed significant differences in oxygen consumption rate. Firstly, mixed sediments
at 12 °C had a significantly greater oxygen consumption compared to mixed sediments at 8 °C
and when comparing between sediment types, the only significant difference was observed at
12 °C, where mixed sediment showed significantly greater oxygen consumption than all muddy
sediments. There was a significant overall interaction between sediment type and depth
however no specific difference was observed between incubations. These findings corroborate
similar studies and show that muddier sediments generally contain generally higher organic
carbon content (Diesing et al., 2017; Middelburg, 2019; Smeaton, Hunt, et al., 2021; Woulds
et al., 2007). Despite this, these results showed the muddier sediments had less OC
mineralisation, particularly at 12 °C compared to mixed, coarse-grained sediment. Muddy
sediments often contain greater fractions of labile organic due to higher sedimentation and
carbon burial and shallow OPD (Figure 26) (Hedges & Keil, 1995; Mayer, 1994), which
protects the labile organic carbon fraction from prolonged degradation at the sediment water
interface in more aerobic conditions (Middelburg, 2018). When these highly reactive sediments
are re-exposed to oxygen through disturbance (typically below 2cm depth and deeper), it is
likely that this labile carbon causes higher rates of organic carbon mineralisation. However,
this trend was not observed in this experiment even in muddy sediment with high levels of
organic carbon. This may be due to adsorption of carbon to clay minerals forming protected

aggregates (Hedges et al., 1997; Mayer, 1994), which upon resuspension were not exposed to
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oxygen for mineralisation and therefore not available for microbial remineralisation. These
results show wide variability, partly due to the limitation on replicates (n=3) per treatment, and
if this work was repeated, a higher number of replicates run with the same sediment types

would provide more data to reduce this variability.

Results indicated that in mixed sediment, oxygen consumption was greater at 12°C
compared to 8°C. This is in line with expectations of increased microbial activity at these
greater temperatures, as microbial processes drive organic carbon mineralisation and
degradation in sediments (Arnosti et al., 1998; De La Rocha & Passow, 2007; Le Moigne,
2019). This also provides insight into how mineralisation may change due to climate change
driven warming of bottom temperature (Arnosti et al., 1998; Hunter et al., 2006). For example,
temperature in coastal sediments significantly change the species composition of benthic
bacterial communities which can alter the efficiency of biogeochemical cycles (Hicks et al.,
2017; Jorgensen et al., 2022). Specifically, Arnosti et al, (1998) demonstrate that optimum
temperatures for microbial activities which break down OC (hydrolysis, Oz consumption and
S04*) were significantly higher (up to 20 °C) than ambient environmental temperatures in
temperate and arctic marine sediments, suggesting that warmer seabed temperatures may
increase OC breakdown in these processes. Therefore, this increase oxygen consumption (and
therefore OC mineralisation) from 8 °C to 12 °C is likely driven by more optimum conditions
for carbon degrading microbial communities, and is representative of changes in the North Sea
bottom water temperature. However, in this case sediment oxygen consumption rates did not
show a significant increase in oxygen consumption at 16 °C. It may be that 12 °C is optimum
for OC degradation in these sediments, but future work could test a range of temperatures to

ascertain if this is representative of North Sea sediments.

Depth in sediment, in combination with sediment type, also significantly described the

changes observed oxygen consumption rate. While not significantly different, deeper
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sediments (5 — 10 cm) generally had lower oxygen consumption rates. Organic carbon content
in subtidal sediments typically varies with depth, with highest concentrations at the sediment
surface, and then decreasing to a constant further down the core depth (Figure 1, Chapter 1).
Furthermore, the composition of organic carbon typically varies as the material that has escaped
degradation through initial diagenetic processes (Soetaert et al., 1996) is often more recalcitrant
(Arndt et al., 2013; Burdige, 2007) and therefore remains stable at greater depths (Arndt et al.,
2013). The remaining organic matter at depth is being continually depleted by microbes which
leaves a residue of refractory organic carbon (Arndt et al., 2013). The high surface
concentrations of organic carbon content in cores (particularly muds) in the higher temperature
treatments (Figure 25) may explain the greater oxygen consumption rate. There is higher
carbon in the 8 °C mixed sediment treatment than the muddy one at the same temperature,
possibly linked to the higher percentage of fines in this mixed sediment run than the other two
mixed sediment temperatures. The higher surface organic carbon is likely freshly deposited
labile organic matter which is easily degraded upon being resuspended in the water column
(Porz et al., 2024), particularly as these sediments were sampled around the spring time, which
may have seen an increase in carbon to the seabed through increased water primary
productivity. Similarly, deeper muds showed lower oxygen consumption, likely due to
recalcitrant organic carbon being suspended but not mineralised (Arndt et al., 2013). These
factors highlighted the need to measure organic carbon content throughout the cores as this is
a key driver for mineralisation rates, and account for changes in fines percentage across
different sediment types, particularly in coarse sediments. It is also important to interpret the
oxygen consumption rates in the context of the amount of organic carbon within the sample, as

not doing so can produce inaccurate results (Appendix Figure 9).
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5.4.2. Experimental design limitations

As a pilot study, this work represents a first attempt to constrain carbon mineralisation
associated with sediment disturbance and resuspension , using oxygen consumption as a proxy,
and it carries inherent limitations that can inform further recommendations. Primarily our
results do not directly measure the transformation of particulate organic carbon to dissolved
inorganic carbon (COy). To accurately determine if the process being observed is organic
carbon mineralisation this would require directly measuring dissolved inorganic carbon
throughout the incubation period. This could be achieved by periodically sampling water from

the chamber throughout the incubation period and then using a DIC analyser for precise results.

Furthermore, to constrain specifically mineralisation rather than chemical oxygen demand
we only determined consumption rate from 20,000 to 40, 000 seconds. This was assumed to be
after the window of chemical oxygen demand which is typically faster (seconds to hours)
(Findlay et al., 2020; Richard et al., 2013) whereas organic carbon mineralisation can be hours
to days (Aller et al., 2004; Mori et al., 2021). Rather than making this assumption, this chemical
oxygen demand could be estimated through pH sensors alongside oxygen sensors, as a
proportion of these reactions (e.g. sulfide oxidation) produce H* thereby accurately isolating

the period dominated solely by microbially driven OC mineralisation.

There is high variability in these results, likely due to natural variability across cores and
sample collection across different seasons. Sample collection occurred between March and
June, spanning a period likely to capture the onset of seasonal productivity and the subsequent
deposition of fresh, highly labile organic carbon from the spring/summer phytoplankton bloom,
as well as an increasing temperature with seasonal change. This was evidenced by incubations
run later in the year, whereby oxygen concentrations in chambers dropped so rapidly that they

could be no rate observed between 20,000 and 40,000 seconds (Example in Appendix 10). As
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this rate was so fast that all the oxygen in the chamber was consumed, it was impossible to
differentiate this reaction between chemical oxygen demand and organic carbon mineralisation,
and assume that the initial mineralisation was missed in the time between adding the sediment
to the chamber, and the commencement of measurements. This also highlighted that during the
incubation set up stage, the oxygen consumption process was happening prior to the start of
measurements. Although much of the disturbance from trawling or infrastructure occurs
offshore, the sediments used in this study were close to shore, and may not be representative
of offshore sediments, which are typically less reactive (Smeaton & Austin, 2022a). By
sampling these less reactive shelf sediments in future work, organic carbon mineralisation
through the long-term degradation of organic material can be targeted for more realistic
measurements. Additional measurements, such as the use of TGA (Smeaton and Austin, 2022)

or ramped pyrolysis would provide additional information on carbon reactivity.

5.4.3. Applications to infrastructure interactions

The subtidal sediments used in this study were collected from a coastal setting to
facilitate low-effort sampling during the development of the experimental methodology, and
test the proof of concept for the methodology. Consequently, extrapolations of these results to
the impact of offshore infrastructure should be approached with caution. As previously
mentioned, coastal sediment is typically much more reactive than shelf sediment (Smeaton &
Austin, 2022a) as they receive a higher flux of terrestrial input and fresh labile organic material,
particularly in summer months due to phytoplankton blooms (Huppert et al., 2002) that is more
easily remineralised (Epstein et al., 2022). Applying the rapid mineralisation rates observed
here directly to deeper-water infrastructure, or even trawling, may therefore be inappropriate.
However, these initial results tentatively highlight the risk that mechanical disturbance events
such as the construction, operation, or decommissioning of offshore infrastructure could have

a disproportionate effect on carbon cycling at sites, with increasing temperatures and in site
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specific context such as different sediment types. This suggests a critical need to factor
sedimentology, as a key controller of carbon levels and reactivity, into environmental impact

assessments for offshore development.

Moving forward, the approach provided in this study could be used as a basis for
determining the effect of disturbance on organic carbon caused by the installation, maintenance
or decommissioning of offshore infrastructure. To effectively tailor these experiments to
specific projects, sediment samples should ideally be collected directly from sites of interest.
In addition, mesocosm incubations can be artificially manufactured to replicate the expected
conditions of impacted sediment. For example, to accurately mimic the chronic effect of
decommissioning of oil as gas platforms, incubations could be spiked with environmentally
relevant level of concentration of contaminants such as hydrocarbons or heavy metals. While
artificially constructing these scenarios requires careful validation, it would significantly
increase the ecological relevance and predictive power of future experimental designs,
allowing researchers to accurately constrain organic carbon mineralisation across a broader
range of anthropogenic impacts. This will also have implications for seabed management

within a future changing climate.

5.5. Conclusion

Marine subtidal sediments contain vast amounts of organic carbon (Atwood et al., 2020;
Legge et al., 2020; Smeaton, Hunt, et al., 2021) which are subject to a range of disturbance
events (De Borger, Tiano, et al., 2021; Eigaard et al., 2017; Sciberras et al., 2016). There are
growing calls for these interactions to be managed, however the effect of disturbance on organic
carbon remains unclear (Chen et al., 2024; Epstein et al., 2022; Epstein & Roberts, 2022;

Woodward-Rowe et al., 2025) Few experimental or in situ measurements have been conducted
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to constrain the organic carbon degradation risk, leading many impact assessments to rely on

predictive modelling (Atwood et al., 2024), thereby leaving a considerable research gap.

Initial results from this pilot study indicate that sediment type, temperature and depth in
sediment play a key role in organic carbon mineralisation in disturbed sediment. Mixed
sediments showed greater oxygen consumption rate (used a proxy for OC mineralisation)
compared to muddy (coarse grained) sediments at 12 °C. However, the interpretation of these
findings must be considered alongside the study's methodological constraints, specifically the
reliance on oxygen consumption as a proxy without complementary direct quantification of

DIC changes and a lack of additional organic carbon reactivity measurement.

This study provides a baseline experimental attempt at constraining how disturbance across
differing depths might affect organic carbon mineralisation at differing temperatures. This
approach can be used to inform future applied investigations into the carbon impacts of
multiple anthropogenic disturbance events, particularly those associated with bottom trawling

and the installation, operation, and decommissioning of offshore infrastructure.
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Chapter 6: General Discussion

6.1. Key findings

This thesis quantified and explored several aspects of blue carbon dynamics in shelf
sediments influenced by offshore infrastructure including organic carbon stocks, accumulation
rates, source identification, vulnerability and mineralisation. These parameters were primarily
quantified in sediments impacted by two decommissioned oil and gas platforms in the North
Sea: North West Hutton and Miller. Crucially, the relationship between these OC variables to
offshore oil and gas platforms has not been previously studied. The initial rationale for this
thesis focused on the effect of the 500 m exclusion zone around these sites, as it represents an
undisturbed area of seabed during operation of the platform, offering a baseline in a shelf sea
subjected to physical pressures such as bottom trawling (Eigaard et al., 2017). Contaminant
analysis (heavy metals, hydrocarbons and radionuclides) revealed a chemical pressure gradient
on sediment extending to approximately 200 m from the platforms (Chapter 2). Overall carbon
dynamics in these areas were highly site specific with sediment type being a primary control
on organic carbon stocks, but the contamination affecting the accuracy of traditional sediment
dating techniques (Chapter 3). The characterisation of the carbon stocks around these sites also
revealed a contribution from hydrocarbons closer to the platforms (Chapter 4), in greater
quantities than found in chapter 2. Finally, the impact of decommissioning of infrastructure and
therefore sediment disturbance was explored. To contribute to the knowledge gap of
disturbance (through infrastructure interaction) on sedimentary organic carbon dynamics, the
effect of sediment type, depth, organic carbon content and temperature was explored through

a novel pilot study (Chapter 5).
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6.1.1. Sedimentary blue carbon around decommissioned oil and gas platforms in the North

Sea

Chapter 2 established the carbon dynamics in sediments at both decommissioned platforms,
North West Hutton and Miller by measuring total organic carbon content and stock, initial
organic carbon accumulation rates (OCARs) and characterising sediment type. Carbon stock
varied distinctly between sites. At Miller, organic carbon stocks were highest close to the
platform (50 m) and decreased sharply at 100 m and remained low and consistent throughout
to the control site. Conversely, there was no relationship between distance and organic carbon
stock at North West Hutton with highest values being exhibited at cores at greater distances
(800, 1600 and 3200 m), outside of the 500 m exclusion zone designation. Although sediment
type varied between the sites, spatial patterns relative to the platform were similar between the
two sites, suggesting a local influence of the platforms on the seabed. Sediment at Miller was
sandy at nearly all distances from the site (100 m — 3200 m) however, close to the platform (50
m) there was significantly higher mud content, likely a contribution from the drilling muds
expelled near the platform (Ball et al., 2012; CNR International, 2013). Sediment type at North
West Hutton was consistently muddier than those at Miller, although a similar trend of finer
sediment particles were located at 50 m and 100 m from the platform. Finally, OCARs were
calculated from sediments cores at 400 and 3200 m away from North West Hutton. Due to this
large spatial separation these values were averaged across the whole site to give an estimate of

background OCAR (0.003 to 0.009 gC/cm2/y™).

OC content at Miller generally adhered to hypothesised trend with particle size, exhibiting
a strong positive correlation with mud content (finer particles) throughout sediment cores,
consistent with typical shelf sea sediments (Diesing et al., 2017). The highest mud and organic
carbon stocks found at 50 m were hypothesised to come from either, or a combination of both,

natural OC enrichment from attached epifauna (Krone et al., 2013) or anthropogenic
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enrichment of hydrocarbons (Breuer et al., 2004) within drills cuttings piles. As, at this time,
quantifying hydrocarbons was not within the scope of this chapter, the UK Benthos Database
was used (Offshore Energies, 2015) to estimate total hydrocarbon content (THC) (< 8%). In
contrast, sediments at North West Hutton site did not display a typical strong correlation
between mud and organic content, nor were elevated levels observed at 50 m. This deviation
was attributed to a ‘shadow’ effect whereby the predominant current (SE/NW) move faeces

and detritus produced by attached epifauna to greater distances from the site (Klunder et al.,

2018).

These initial findings describe the total carbon stock and accumulation rates which provide
a baseline for subsequent chapters. However, the data immediately presented two research
challenges. Firstly, sediment cores close to North West Hutton (50, 100, 200 m) were found to
be chemically contaminated with elevated levels of radium-226 (**Ra) (Ahmad et al., 2021)
and heavy metals (Olsgard & Gray, 1995). This contamination interfered with the traditional,
direct measurement of lead-210 (*!°Pb) required for geochronological dating and subsequent
OCARs (Arias-Ortiz et al., 2018). This issue provided the rationale for chapter 3, which
focused on adjusting these rates using correction values and additional analytical techniques.
Secondly, a significant knowledge gap remained regarding the specific source of the organic
carbon found at both sites, considering the hydrocarbon inputs to the seabed that may have
occurred during construction and operation of the platform. This prompted chapter 4 to
characterise the organic carbon stock and determine its origin. A key conclusion in this study
is that, accounting for carbon stock only provides a temporal snapshot of how much organic
carbon there is at the point of sampling (2021), which was after decommissioning of both sites,
and missing the potential changes during platform operation, and pre construction. Without
pre-construction and pre-decommissioning baseline carbon stocks, this research was

fundamentally constrained in its ability to definitively disentangle the effects of



137

decommissioning on the blue carbon dynamics but is the first study to highlight the legacy
contaminants (heavy metals, hydrocarbons, radionuclides) on sedimentary carbon post O&G
decommissioning. This study also led onto a small project investigation the radiological

impacts on benthic fauna around this site (Dal Molin et al., 2025)
6.1.2. Correcting organic carbon accumulation rates in contaminated shelf sediments

After the work in Chapter 2 on carbon stocks unable to confidently determine OCARs
in heavily contaminated sediments, particularly those close to North West Hutton, Chapter 3
aimed to correct for these methodological constraints using two distinct techniques. The
primary problem stemmed from heavy metal contamination attenuating gamma waves
measured by gamma spectrometry (Dal Molin et al., 2018), which inhibited the accurate
determination of 2!°Pb activity that provide the basis data for calculation OCARs. To resolve
this, correction factors were created for these samples, which accounted for heavy metal
contamination, and alpha spectrometric techniques were used to measure polonium-210
(*'°Po) as a proxy for traditional *!°Pb. Heavy metal contamination close to North West Hutton
was quantified using ICP-MS. These concentrations in combination with partial chemical
analysis of samples were used to create correction factors to apply to initial >!°Pb data from
chapter 2, thereby accounting for this attenuation. Secondly, to validate these corrections, 2!°Po,
a decay product of 2!°Pb, was measured via alpha spectrometry on the same samples. This
technique involved the complete dissolution of the sediment matrix through hydrofluoric (HF)
acid digestion, which effectively eliminated the heavy metal contamination and its effect on
the measurement of the emitted alpha particles. This was the first time that two complementary

techniques have been used to correct OCARs in legacy O&G sediments.

It is worth noting that OCAR values presented in Chapter 3 are extremely high for shelf

sediment, greater than values estimated in the Norwegian trench (Diesing et al., 2021) and even
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the Western Irish Sea Mud Belt(Ward et al., 2025). Radionuclide and carbon content analysis
has been validated however this maybe due to sampling inaccuracies, such as on board

sampling and core slicing for later analysis including Dry Bulk Density.

However, results from this study showed that without these corrective approaches
OCARs could have been severely overestimated by up to 149.99 % at 100 m due to the
contamination of samples primarily from heavy metals such as Pb, Sr and Ba, which had the
highest elemental mass attenuation. This is important, as there are so few direct OCAR
measurements across the North Sea, that this could provide a bias in overestimating carbon
accumulation (and carbon stocks) in the North Sea. The corrected 2!Pb results were in
relatively good agreement with the 2!°Po results acquired from alpha spectrometric analysis.
However, activity concentrations derived from uncorrected gamma spectrometry showed
significantly lower activity concentrations of 2!°Pb compared to both alpha spectrometry
(*'°Po) and corrected gamma spectrometry. Heavy metals were concentrated at 50 and 100 m
from North West Hutton with highest concentrations of all three heavy metals (Barium,
Strontium and Lead) in the top 5 cm at 50 m on the northern transect. A plausible explanation
for this localised pollution is the presence of drills cuttings piles nearby the platform which
contain higher than background levels of heavy metals, and often remain in piles, largely

undisturbed by hydrodynamics (Ball et al., 2012; Breuer et al., 2004; Olsgard & Gray, 1995).

Typically, shelf sediments do not have high accumulation rates unless in depositional
environments such as glacial troughs (Diesing et al., 2024) or muddy depocenters (Ward et al.,
2025). Specifically for localised contamination O&G platforms in the shelf seas this represents
a relatively small area compared to the entire North Sea shelf. Crucially, the issue of
contamination-induced miscalculation of OCARs has wider implications, particularly for
coastal sediments. Coastal zones naturally exhibit higher OCARs than shelf sediment due to

higher primary productivity (McLeod et al., 2011) and greater sedimentation rates (from
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terrestrial and riverine inputs, as well as marine) (Smeaton & Austin, 2022b; Smeaton, Yang,
et al., 2021). However, similar to the shelf sites investigated here, coastal zones are also
frequently subjected to heavy metal contamination from industrial activities, including iron,
steel, aluminum, thorium, uranium, titanium dioxide production and China clay extraction sites
(SEPA, 2014). These findings highlight the critical need for a more comprehensive approach
to blue carbon assessments in environments impacted by infrastructure (either offshore or
onshore) which produce these contaminants to ensure the accuracy and reliability of carbon
budget estimations. Identification of areas of potential contamination could highlight where
this approach may be better suited for alternative OCAR measurements to avoid

overestimation.

6.1.3. Source Identification of Sedimentary Organic Carbon at Decommissioned

North Sea Platforms

Building on the quantification of organic carbon stocks in chapter 2, chapter 4 aimed to
determine the source of the organic carbon found at both North West Hutton and Miller through
stable isotope (8'*Corg) and Total Hydrocarbon (THC) analysis. Furthermore, vulnerability of
this organic carbon was measured through thermogravimetric analysis (TGA) to determine if
the altered composition influenced its lability (susceptibility to degradation). The necessity of
direct measurement arose as initial attempts to constrain the proportion of hydrocarbons using
the UK benthos database were limited to measurements starting at 100 m from both sites.
Therefore, it was essential to determine THC within the same samples in which total organic
carbon stock was measured. This study used a novel adaptation of a binary mixing model
(Thornton & Mcmanus, 1994), which are typically used to determine proportion of terrestrial
and marine sources (Smeaton & Austin, 2022b), to instead determine the proportion from

anthropogenic sources versus marine sources. This was achieved by using an anthropogenic
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end member, from North West Hutton crude oil (Sofer, 1984) and a marine end member,

averaged from North Sea marine species dataset by Smeaton et al., (2022).

The binary mixing model revealed distinct spatial patterns in the fraction of
anthropogenic carbon (Fantro) at both sites. The mean fraction of anthropogenic carbon across
the site at Miller was 0.06 with a range 0 to 0.21 (so up to 21% of the carbon was hydrocarbon
derived) with significantly higher values found close to the site at 50 m and 100 m (0.09 +
0.05) at shallow depths compared to 200 m and 3200 m (0.01 + 0.01). The same pattern was
seen at North West Hutton, mean Fanmro was 0.05 with a range of 0 to 0.20 with significantly
higher values at 50 m and 100 m (0.11 £+ 0.04) compared to all other distances (200 m, 400 m
and 3200 m) (0.02 + 0.02). Furthermore, organic carbon stock did show some contribution
from hydrocarbons at North West Hutton with hydrocarbon contribution to total organic carbon
(%) at 50 m ranges from 0.02 to 42.99%. At the control sites from North West Hutton (3200
m), THC was negligible with a range between 0.0008% to 0.001%, reflecting natural
background pyrogenic hydrocarbons. Both THC and Fanmo showed a strong correlation
indicating that this enrichment, especially close to the platforms, are from petroleum
hydrocarbon sources, linked to oil extraction activities. However, at North West Hutton this did
not correlate with OC content, showing that this oil source might not actually be a driver in
carbon stock increases. Values of carbon lability from these same samples, using TGA, were
analysed through a carbon reactivity index (CRI) (Smeaton & Austin, 2022a). Generally, CRI
was high (less reactive) for all sediments with a range of 0.64 to 0.85 (between a range of 0-1,
with O for very labile and 1 for refractory) and did not vary greatly with distance from each
site. Nevertheless, this chapter specifically highlighted methodological concerns, suggesting
that TGA may not be the most suitable descriptor of OC lability in this specific context, as

discussed in the reactivity chapter (Chapter 5).
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However, this carbon characterisation study did reveal that local near-site contamination
can alter the typical organic carbon pool, particularly in shallower sediments where these
anthropogenic deposits are made. As typical stock estimates are constrained to 10 cm (Graves
et al., 2022), these results indicate that the organic carbon stocks in shelf sediments are not
exclusively marine/terrestrially derived (so potentially not ‘blue carbon’) and therefore their
contribution to climate change mitigation may be overestimated if the non-natural,
anthropogenic component is included. It should be noted however, that this footprint of
sediment this inputted anthropogenic carbon resides within represents a small area compared

to the entire North Sea shelf.

This chapter changes the initial rationale from chapter 2, specifically that THC in
sediments around these platforms was insignificant. THC contribution to total organic carbon
stock described here show near 2-fold increase from 8% in chapter 2 to 15.90%. This highlights
that samples such as those found in the UK Benthos Database at greater distances from
platforms (100 m) may mask how much THC content is near these sites. However, THC did
not correlate with organic carbon content, which suggests that elevated levels of hydrocarbons
are not drivers of an increase in organic carbon at 50 m or at greater distances. Furthermore,
despite having high levels of THC at 50 m from North West Hutton, chapter 2 highlighted that
carbon content increases with distance with highest levels found at greater distances. This
suggests that hydrocarbon content does not drive organic carbon content in these sediments as
it only explains up to 15.90% of total stock at 50 m and instead may be linked to other activities

or pressures that occur within or interact with the sediments.

6.1.4. Organic carbon mineralisation of temperature controlled disturbed subtidal

sediments
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The final data chapter (chapter 5) is primarily a methodological exploration to quantify
how organic carbon remineralisation rates, measured via sediment oxygen consumption, are
influenced by sediment type, core depth, and temperature, measuring the microbial degradation
as an alternative to the TGA approach typically used for measuring reactivity (see Chapter 4).
This chapter aimed to develop an experimental design which could be implemented to
investigate the effect on acute anthropogenic activities (including decommissioning) on carbon
stocks under changing temperature conditions. This builds on a two key research gaps in blue
carbon science: carbon vulnerability (Black et al., 2022; Porz et al., 2024), and carbon
remineralisation (Epstein et al., 2022; Sciberras et al., 2016; Smeaton & Austin, 2022a). A key
question remains about the fate of OC which is suspended as a result of disturbance, from either

trawling or the activities of offshore infrastructure.

Organic carbon mineralisation rates were tested in subtidal sediments from the coast of
Mersea, Essex, United Kingdom. Two sediment types were targeted, fine-grained muddy
sediments and coarse-grained mixed sediments, using different depths from each sediment (0
-2cm,2—5cmand 5 — 10 cm). The sediments were placed into a mesocosm set up to measure
oxygen consumption over time whilst being constantly resuspended, and subject to three
temperatures (8 °C, 12 °C, 16 °C). Oxygen concentration was measured in each chamber
throughout a 24 h period, and oxygen consumption rates calculated from 20,000 to 40,000

seconds to only measure organic carbon mineralisation rather than chemical oxygen demand.

Initial results from this pilot study indicate that sediment type, temperature and depth play
a key role in organic carbon mineralisation in disturbed sediment. Mixed sediments showed a
greater oxygen consumption rate (used a proxy for OC mineralisation) compared to muddy
(fine grained) sediments at 12 °C. However, the interpretation of these findings must be
considered alongside the study's methodological constraints, specifically the reliance on

oxygen consumption as a proxy without complementary direct quantification of DIC changes
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and a lack of supporting organic carbon reactivity measurement. Despite this, the proof of
concept experiment shows that this set up does indeed work for measuring oxygen consumption

(as a proxy for remineralisation), and this approach can now be fine-tuned and improved.

As explored in chapter 4, TGA analysis described lability through temperature degradation
of organic compounds, which might not be the most accurate way to describe how likely OC
is to undergo microbial mediated mineralisation. Combining the experimental mesocosm
approach, with TGA and other organic carbon dynamic measurements shown in previous
chapters such as source identification, could be used to improve understanding of carbon
vulnerability in shelf sediments. This will fill a vital research gap around the carbon impacts of
multiple anthropogenic disturbance events, particularly those associated with bottom trawling

and the installation, operation, and decommissioning of offshore infrastructure.

6.1.5. Concluding remarks

All four of these data chapters explore various carbon measurements from subtidal
sediments, particularly in the context of offshore infrastructure. Chapter 2 established the
sediment type, organic carbon stock and initial OCARs in sediments around the
decommissioned platforms North West Hutton and Miller. These OCARs were refined in
chapter 3 to account for the heavy metal pollution and highlight how this might affect other
sediments and impact blue carbon assessments. Chapter 4 determined the relative contribution
to the OC stock (measured in Chapter 2) from anthropogenic sources, with a specific focus on
hydrocarbon addition. Finally, chapter 5 attempted to determine how organic carbon
mineralisation rates might change due to disturbance by testing multiple factors (sediment type,
temperature, depth and OC amount), trialling a new experimental approach. The presented
thesis contributed novel information to the fields blue carbon science and marine

biogeochemistry, including the first publication on the impact of legacy O&G activity on
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sedimentary carbon (Woodward-Rowe et al., 2025), and an associated radioecological

publication (Dal Molin et al., 2025).

The key knowledge gap that highlighted throughout this thesis is the uncertainty of organic
carbon vulnerability to remineralisation from disturbance events. With governments (national
and international) looking to increase the amount of offshore infrastructure to meet rising
energy demand (Bugnot et al., 2021) and net zero targets, the amount of disturbance in shelf
seas is likely to increase (Heinatz & Scheffold, 2023), against a background of intensive fishing
activity. Therefore, constraining the potential effect of disturbance on carbon stocks from these
activities is vital for protecting the climate mitigation potential of shelf sediments. Going
forward, this thesis provides a methodology framework determining organic carbon
accumulation rates as part blue carbon assessment in contaminated sediments. This work also
highlights the need to determine the source of organic carbon in shelf sediment to determine
its climate relevance. Finally, to fully untangle the effects of offshore infrastructure from
construction, operation and decommissioning, these measures of carbon dynamics must be
taken throughout each process, and this requires close engagement with the offshore industry

sector.
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Appendix figure 1: Total hydrocarbon content (mg/g) of sediment at increasing distances from
Miller and North West Hutton. Sampling distance from Miller where 100, 250, 500 and 1000m
and 100-200, 201-300, 301-400, 401-500, 501-600, 601-800,801-900,901-5025m. This data
was taken from the UK Benthos database v5.17 (Offshore Energies UK, 2015).
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Appendix figure 2: Averaged organic carbon content (mg/g of sediment) depth profiles at the
decommissioned Miller platform, along the northern transect. Where possible, three cores were
averaged; shaded areas represent standard deviation.. Three cores were used for 50m and 800m
and two cores were used for 100 m, 1600 m and control (3200 m).
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Appendix figure 3: Averaged organic carbon content (mg/g of sediment) depth profiles at the
decommissioned Miller platform, along the southern transect. Where possible, three cores were
averaged; shaded areas represent standard deviation. Three cores were used for 50m and 100m
and two cores were used for 800m. Only one core was available for 200, 400 and control
(3200m).
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Appendix figure 4: Averaged organic carbon content (mg/g of sediment) depth profiles at North
West Hutton decommissioned platform along the northern transect. Where possible, three cores
were averaged; shaded areas represent standard deviation. Three cores were used for 50m,
100m, 200m, 400m, 800m and control (3200m).
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Appendix figure 5: Averaged organic carbon content (mg/g of sediment) depth profiles at the
decommissioned North West Hutton platform along the southern transect. Where possible,
three cores were averaged; shaded areas represent standard deviation. Three cores were used

for 50m, 100m, 200m, 400m, 800m, and control (3200m).
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Appendix figure 6: Inorganic carbon content (mg/g of sediment) of 1 cm sediment core slices
collected at increasing distances (50- 3200 m) away from two decommissioned oil and gas
platforms, Miller and North West Hutton. Sediment was analysed to 10 cm depth at North West
Hutton and 6 cm at Miller. Letters above boxes (a,b,c) indicate significant difference in
inorganic carbon content between sampling distance (P < 0.05 Kruskal-Wallis test followed by
Dunn’s post hoc test) with differing letters indicating significant differences.
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Appendix figure 7: Comparison of 8'*Core and organic carbon content (%) of sediment slices
from sediment cores at varying distances (50 — 3200 m) from two decommissioned oil and gas
platforms, Miller and North West Hutton in the North Sea. Distance is determined by shape of
points and depth of the slice is determined with a colour gradient with orange being shallower

depths and purple being deeper depths.
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Appendix figure 8: Calculated fraction of organic carbon content from terrestrial sources (Frerr)
from sediment cores from varying distances (m) from two decommissioned O&G platforms,
Miller and North West Hutton.
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Appendix figure 9: Previous comparison of oxygen consumption rate normalised to the amount
of sediment in each incubation rather than per gram of organic carbon.
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Appendix figure 10: Example of incubation where 0 —2 cm and 2 — 5 cm sediment segments
dropped to 0% oxygen consumption before window of organic carbon mineralisation.



Appendix tables

Appendix Table 1: Sampling information of sediment cores collected from the
decommissioned Miller and North West Hutton platforms including, distance from site (m),
direction of transect from site (North/South), core type, water depth (m), modal sediment

classification and mean porosity.
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Site Distance (m)  Direction Core Depth (m) Modal Mean

Type Sediment Porosity
Classification

Miller 50 North Grab 104.3 Muddy Sand  0.55

Miller 50 North Grab 104.3 Muddy Sand  0.49

Miller 50 North Grab 104.1 Muddy Sand  0.49

Miller 50 South Grab 104.5 Sandy Mud  0.58

Miller 50 South Grab 102.4 Sandy Mud  0.58

Miller 50 South Grab 103.9 Sandy Mud  0.57

Miller 100 North Grab 105.7 Sand 0.42

Miller 100 North Grab 105.4 Sand 0.43

Miller 100 South Multi 103.2 Sand 0.45
corer

Miller 100 South Multi 103.4 Sand 0.42
corer

Miller 100 South Multi 103.4 Sand 0.46
corer

Miller 200 North Grab 105.2 Sand 0.40

Miller 200 North Grab 105.2 Sand 0.40

Miller 200 South Multi 104 Sand 0.44
corer

Miller 400 South Multi 105.2 Sand 0.41
corer

Miller 800 North Grab 109.2 Muddy Sand  0.46

Miller 800 North Grab 107.2 Muddy Sand 0.43

Miller 800 North Grab 107.5 Sand 0.43

Miller 800 South Multi 108.1 Sand 0.40
corer

Miller 800 South Multi 108 Sand 0.41
corer

Miller 1600 North Grab 108.7 Sand 0.43
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Appendix 2: Pairwise comparisons of organic carbon (OC) content between distance groups
at North West Hutton and Miller decommissioned platforms. Effect size metrics include

Cliff’s Delta (8), Cohen’s d, and statistical power (1- B) for each comparison. Cliff’s Delta
values indicate the direction and magnitude of difference, where positive values reflect higher
OC in the first group of the pair. Power estimates reflect the probability of detecting the
observed effect given the sample sizes and a = 0.05. Large effect sizes and high power values
(= 0.8) indicate strong evidence for differences in OC between distance categories.

Site Distance (G1)  Distance (G2) Cliff’s Cohen’s D  Power
Delta

Miller 100 50 -0.88602 -3.82199 1

Miller 200 50 -0.92339 -4.81093 1

Miller 400 50 -0.96129 -6.97756 1

Miller 1600 50 -0.92396 -4.83141 1

Miller 3200 50 -0.93118 -5.10863 1

Miller 100 200 0.083333 0.167248 0.082571

Miller 1600 200 0.013393 0.026788 0.0508

Miller 100 400 0.56 1.351853 0.775293

Miller 200 400 0.475 1.079563 0.516051

Miller 1600 400 0.742857 2.219306 0.993159

Miller 3200 400 0.52 1.217562 0.606792

Miller 50 800 0.930876 5.095992 1

Miller 100 800 0.090476 0.181698 0.104372

Miller 200 800 1.39¢’"7 2.78¢17 0.05
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1

1
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0.555002
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0.999705
1
0.574815
0.505709
0.991862
0.735471
1
0.610108
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Appendix material 1: Methods provided by Gregson et al (in prep) for GC-MS analysis for

total hydrocarbon content.

Hydrocarbons were solvent extracted from 2 g of dried (20°C) and milled sediment in 10 mL
of 1:1 hexane:dichloromethane (>99% HPLC Grade). Extraction occurred by vigorously
shaking the sediment and solvent mixture, in new sterile borosilicate glass bottles with PTFE-
lined silicon septa lids, at 2000 rpm for 16 hours on Multi-Reax desktop orbital shakers
(Radleys, UK). Samples were subsequently centrifuged at 3,500 rpm for 30 minutes, filtered
through a 0.20 uM PTFE syringe filter, and concentrated using nitrogen gas via a TurboVap®
(Biotage, Sweden). Deuterated alkanes (nonadecaneqso and triacontaneds, at 10 pg ml') and
PAH (naphthalenegs and anthranceneaio at 10 pg ml™!) internal standards were added to each
sample and quantification was performed on an Agilent 7890A Gas Chromatography system
coupled with a Triple-Axis detector, operating at 70 eV in positive ion mode, using conditions
as previously described (Coulon et al., 2007). For quality control, a calibration check (10 pg
ml ') and a blank were analysed every 20 samples. Quantification of alkanes and PAHs was
performed using surrogate standards and five calibrations levels (range 25 — 500 ng ml!). We
quantified alkanes between Cio and Cao in chain length, and the following PAHs: flourene,
phenanthrene, antracene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[a]pyrene, ideno[1,2,3-cd]pyrene, dibenz[a,h]anthracene,

benzo[g,h,i]perylene.



