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Quantifying impacts on marine ecosystems remains pivotal in estimating risks associated with offshore industry
practices. Cuttings piles, formed during drilling operations, are commonly abandoned in situ, and left to
attenuate on the seabed. In the present work, the presence and lability of mercury in samples obtained from drill
cuttings piles of two decommissioned North Sea oil platforms (bp Miller and bp North West Hutton) and the
surrounding sediment were investigated. Maximum concentrations of total mercury were measured at 0.23 and

0.37 pg/g dry weight (dw) for bp Miller and bp North West Hutton, respectively. Background concentrations of
3.6 and 8.3 ng/g dw were measured at reference sites at 3200 metre distance. Thermofractionation and DGT-
analysis of the samples to assess the effective environmental impact of the measured mercury suggests that
although total mercury concentrations are increased in the proximity of the cuttings pile, the effective envi-
ronmental impact may be limited.

1. Introduction

More than two thousand North Sea oil wells are projected to be
decommissioned within the next decade, necessitating environmental
impact assessments for offshore assets (OEUK, 2022). Regulation 98/3
of the Convention for the Protection of the Marine Environment of the
North-East Atlantic (also known as the Oslo Paris Convention, OSPAR)
states that ‘the dumping, and the leaving wholly or partly in place, of
disused offshore installations within the maritime area is prohibited’,
which entails a full removal of topside structures and partial removal of
submerged structures (OSPAR, 1998). Exempt from this legislation is the
handling of drill cuttings piles that form during the initial well drilling,
which are a mixture of rock, drilling fluids, and diverse reagents such as
biocides and lubricants. These cuttings piles contain substantial quan-
tities of barium sulphate (barite) and hydrocarbons, due to the addi-
tional use of drilling fluids (also termed ‘drilling mud’) used as a
lubricant to protect drilling equipment and move crushed bedrock.
Drilling muds either use heavy oils (oil based mud, OBM), synthetic
hydrocarbon mixtures (synthetic based mud, SBM), or salt brine as lu-
bricants (water based mud, WBM), depending on the geological pa-
rameters of the reservoir (e.g., depth). Although the potential risk
associated with drill cuttings piles underneath offshore platforms in the

North Sea has been assessed (Breuer et al., 2004; Candler et al., 1992;
Grant and Briggs, 2002; Henry et al., 2017), the scientific understanding
of the exact footprint and post depositional reactivity of cuttings piles is
still fragmentary.

The bp Miller (BPM) and bp North West Hutton (NWH) oilfields were
originally discovered in the 1970s in the UK sector of the North Sea, with
drilling operations discharging OBM, SBM, and WBM cuttings in the
1980s and 90s (BP, 2005; BP Exploration, 2011). During the drilling
operations of bp North West Hutton, approximately 52,000 t of drill
cuttings were discharged to the environment including over 51,000 m®
of drilling mud (Marsh, 2003).

Barite ore deposits are frequently contaminated with mercury sul-
phide inclusions, the concentration of which is dependent on regional
and geological parameters (Candler et al., 1992; Neff, 2008). Conse-
quently, drill cuttings piles can contain elevated concentrations of
mercury, which poses a potential environmental hazard (Mikos-Szy-
manska et al., 2018). Sediment sequestered and insoluble mercury
compounds are available for benthic microorganisms, some of which
metabolise mercury by methylation under anoxic conditions (Zhang
et al.,, 2014). The resultant methylmercury bioaccumulates and bio-
magnifies through the food web, leading to elevated concentrations in
top marine predators and, ultimately, humans (Kimakova et al., 2018).
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Mercury analysis remains challenging due to the difficulties arising
from the combination of complex matrices and low natural concentra-
tions (Hong et al., 2011). Bespoke mercury analysers, originally devised
by Wittmann (1981), operate on the principle of thermal decomposition
amalgamation atomic absorption spectrophotometry (TDA-AAS), which
enables a sensitive and matrix independent mercury analysis. TDA-AAS
is regarded as a ‘green chemistry’ method, as it does not require reagent
consuming sample preparation and works with a small mass of sample
material. A recent development for TDA-AAS systems is thermofractio-
nation, allowing for a qualitative mercury fraction analysis in environ-
mental samples (Betdowska et al., 2018; Jedruch et al., 2018; Korejwo
et al., 2020; Reis et al., 2012; Saniewska and Betdowska, 2017). The
identification of fractions with similar physicochemical properties, such
as e.g. halides and chalcogenides, enables a qualitative assessment of a
sample's environmental reactivity. Despite the limited number of studies
conducted on this approach and the absence of a unanimous agreement
on its protocol, it possesses the potential to emerge as an innovative tool
for assessing the risk of environmental mercury (Reis et al., 2015).

Current environmental monitoring approaches increasingly consider
the use of passive samplers to not only assess total concentrations but
also their lability and potential bioavailability. For aquatic systems,
diffuse gradient in thin films (DGTs) devices are popular due to their
facile deployment and high versatility (Davison and Zhang, 2012, 1994).
The steady accumulation of labile analytes enables a calculation of
environmental concentrations and fluxes (Bretier et al., 2020). Sediment
disturbance is recognised as a risk factor with the potential to mobilise
cuttings pile-associated pollutants into the water column (OSPAR,
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2019), affirming the use of DGTs in offshore industrial monitoring
(DNV, 2013).

The study aims to comparatively examine the extent of anthropo-
genic mercury contamination of the seabed near these decommissioned
offshore installations. Sediment core samples were collected around two
offshore cuttings piles near the BPM and NWH platforms during an
offshore expedition in October 2022, and their total mercury concen-
tration was measured. Additionally, the environmental fate of the pile-
associated mercury was evaluated using DGT passive samplers and a
novel five-step thermofractionation method (Jedruch et al., 2018).

2. Materials and methods
2.1. Sampling

Sediment core samples (diameter: 10 cm; length: >15 cm) were
collected during an offshore survey onboard the MRV Scotia (operated
by the Scottish Marine Directorate) using a multicorer (Ocean Scientific
International Ltd., UK). At BPM, two physical replicates were sampled in
both north and south transects at distances of 50, 100, 200, 400, 800,
and 1600 metres (m) from the cuttings pile with a single reference site at
3200 m distance to the north. At NWH the sampling strategy had to be
adapted due to weather constraints. Samples were taken at 170, 230,
320, 500, 900, and 1700 m distance in the northern transect with a
reference site at 3200 m. The southern transect was angled at —120°
with fewer sampling points (100, 300, 700, 1500 m). Platform locations
and sampling transects are presented in Fig. 1.
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Fig. 1. Location of (top) and spatial distribution of the sampling points at the respective sites (bottom). Samples were taken at 50-1600 m distance with a single
reference site 3200 m north from the former location of BPM. At NWH samples were taken at 170-1700 m distance in the northern transect with a reference site at
3200 m. The southern transect was angled at —120° with fewer sampling points at 100-1500 m distance. Coordinates of the platforms are Longitude (long) 1.307467
Latitude (lat) 61.10605 for NWH and long 1.400083295 lat 58.72173338 for BPM. Coordinates were cross referenced with Martins (2023).
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Further operator-provided information on the cuttings piles can be
found in Table 1. Cores of the top 15 cm of sediment/cuttings were
subsampled every 5 cm and stored in separate polyethylene bags and
100 ml aluminium screw top jars at —20 °C until further processing.
Once on shore, the samples were slowly thawed at 4 °C for 24 hours (h)
and homogenised prior to analysis. This procedure was considered not to
negatively impact subsequent analysis (Boer and Smedes, 1997). To
convert wet-weight-concentrations into dry-weight-concentrations, ~1
g subsamples were dried in ceramic crucibles at 100 °C for 24 h.

2.2. Total mercury analysis

Approximately 250 + 20 mg of wet sample material were weighed
into nickel sample boats and measured directly for total mercury using a
DMA-80evo direct mercury analyser (Milestone, Italy), herein referred to
as DMA. The DMA operates on the principle of thermal decomposition
gold amalgamation atomic absorption spectrophotometry (TDA-AAS)
with a limit of detection of 0.001 ng. All analyses were conducted on this
instrument. A certified reference material (estuarine sediment, ERM-
CC580) was run every 12 samples to assess overall recovery and per-
formance over time. Average sample mass was 1.3 mg, blank value was
0.03 ng, recovery was 93.32 + 10.86 %, and relative standard deviation
(RSD) was 8.82 %.

2.3. DGT analysis

Piston type DGT samplers were obtained from DGT Research Ltd.
(Lancaster, UK). Probes consist of a polyethersulphone filter membrane,
0.8 mm agarose diffusive gel, and a 3-mercaptopropyl functionalised
silica gel binding layer with an exposure window of 3.14 cm To
measure labile mercury in undisturbed porewater at the sediment-water
interface, DGTs probes were inserted into the topmost core subsample
(0-5 cm depth) and incubated in a cold room for one week. The tem-
perature during exposure was 5.3 + 0.18 °C, monitored hourly using a
TinyTag Plus data logger (Gemini data loggers Ltd., UK). On removal,
deionised water was used to rinse off any sediment traces that remained
on the DGT surface. After opening the DGTs, the resin binding phase was
extracted and transferred into a nickel sample boat and directly analysed
for total mercury. DGT blanks and CRMs were analysed every 10
samples.

To measure labile mercury in perturbed sediment, 50.00 g of wet
sediment and 50.00 g artificial seawater, prepared according to Cold
Spring Harbor Protocols (2012), were added into a 100 ml glass Erlen-
meyer flask to produce a slurry. Artificial seawater was adjusted to pH
8.1 and left to cool to incubator temperatures for 24 h before use. The
DGT probes were placed on top of the 250 ml Erlenmeyer flasks, effec-
tively capping them. Then, the flasks capped with DGT probes were
sealed with parafilm before being placed upside down in a 250 ml
polypropylene beaker (Fig. 2). The flasks were incubated in a cooled
shaking incubator and left to accumulate for 1 week at 5.3 & 0.6 °C and
130 rpm before being retrieved. After removal of the DGTs, beakers were
left for 1 h to let the slurry settle before sampling 1 ml of supernatant
water into 2 ml microcentrifuge tubes. To reduce the impact of sus-
pended solids on total mercury analysis, supernatant samples were
centrifuged at 14.3 G for 60 s. DGT binding resins and supernatant were

Table 1

General description of BPM and NWH cuttings piles.
Platform BPM NWH
Time of discharge 1989-1996 1982-1992
Pile area [m?] 9488 23,750
Max pile height [m] 6 5.5
Density of pile [t/m’] 1.839 1.67
Volume of pile [m®] 9535 30,000
Pile water content [%] 38.6 45

Data taken from the decommissioning reports (BP, 2005; BP Exploration, 2011).
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Analysis /T

Fig. 2. Experimental setup to measure labile mercury in perturbed sediment
using piston-type DGT probes.

analysed for total mercury. Blank value was 0.08 ng, recovery was
100.56 4= 13.43 %, and relative standard deviation (RSD) was 10.12 %.

2.4. Benthic efflux assessments

In the context of this manuscript the term ‘efflux’ refers to the flux of
labile mercury from the pore water to the binding phase of the DGT
device and serves as a proxy for bioavailability. To ascertain the possible
matrix impact of the sediment slurry on mercury uptake in the sediment
disturbance experiment, an additional uptake experiment in pure arti-
ficial seawater was conducted, allowing the comparison of the derived
values. The diffusion coefficient was determined at 5.3 °C in duplicate to
match the exposure conditions. Using the procedure described earlier,
beakers containing 50 ml of artificial seawater with a concentration of
600 ng/1 were capped with a DGT probe and placed in a refrigerated
shaking incubator at a speed of 130 rpm. After 2, 4, and 6 h, the beakers
were taken out and the binding resins were promptly analysed for total
mercury. Two blanks deployed for 2 and 6 h were analysed concur-
rently. The resulting data were used to calculate the effective diffusion
coefficient. Time averaged sediment mercury effluxes [ng cm ™2 day ']
were calculated through:

F = Mt*A @

where A is the area of exposed gel [cm?], M is the mass of mercury
accumulated in the binding phase [ng], and t is the exposure time [day].

2.5. Thermofractionation

Mercury fractionation was performed by sequential thermode-
sorption on the DMA-80evo. The fractionation process followed a 5-step
method, wherein each sample underwent heating at five distinct tem-
perature ranges ranging from 150 °C to 750 °C. The first fraction
(fraction 1), labelled “HgLAB 1a, “ desorbs at 150 °C and comprises
labile mercury halides. The second fraction (fraction 2), referred to as
“HgLAB 1b, “ desorbs at 230 °C and consists of strong mercury com-
plexes with both organic and inorganic ligands, as well as methylmer-
cury. The third fraction (fraction 3), labelled as “HgS,” desorbs at 330 °C
and primarily encompasses water-insoluble and highly stabilized mer-
cury sulphide. The fourth fraction (fraction 4) denoted as “HgLAB 2,”
desorbs at 475 °C and includes additional mineral forms of mercury such
as oxides, sulphates, and fluorides. Lastly, the fifth fraction (fraction 5),
known as “HgRES,” desorbs at 750 °C and comprises mineral inclusions.
While the original fraction names given by the method developers
(Jedruch et al., 2018) inform the mercury forms found within it, the
fractions will be referred as fractions 1 to 5 within this manuscript.
Thermofractionation is not speciation analysis but rather a more prac-
tical approach to evaluate environmental mercury fractions with distinct
physicochemical properties. Furthermore, mercury compounds exhibit
fraction overlapping effects due to the thermochemical formation of
intermediary mercury compounds (Rumayor et al., 2013). This, along
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with matrix-caused thermodesorption artifacts (e.g. Reis et al., 2015)
adds to the uncertainty associated with the thermofractionation tech-
nique. For a more comprehensive understanding of the method and the
identified fractions, please refer to Jedruch et al. (2018). Blank value
was 0.03 ng, recovery was 85.86 + 8.97 %, and relative standard de-
viation (RSD) was 7.91 %.

2.6. Statistics and data visualisation

All data were processed using MS Excel® (Microsoft, USA) and
visualised using SigmaPlot (v. 15.0, Systat Software Inc. USA). Maps
were generated using QGIS (v. 3.3, Open Source Geospatial Foundation
Project).

2.7. Assumptions and limitations

To place the findings of the work presented here in context, scientific
publications are cited where possible. However, due to the nature of this
research, commissioned reports and industry communications had to be
included where no peer-reviewed scientific articles could be obtained.
We acknowledge that data and claims derived from these sources do not
conform to the standards of peer-reviewed scientific publishing but
provides the context necessary for the present work. Their use in the
context of this manuscript is chosen carefully and mainly serves the
purpose of appraising the observations and empirically derived data in
this study.

3. Results
3.1. Extent of cuttings piles

As drilling operations ceased at BPM in 1996, a new layer of sedi-
ment (2-5 cm) has settled on the dark hydrocarbons of the cuttings pile
(Fig. 3). Overall sediment texture was sandy with increasingly gelati-
nous, visco-elastic texture and strong diesel odor with decreasing dis-
tance. Sediment cores collected at NWH were similar in appearance
(images not available). The physical extent of the BPM and NWH piles
was qualitatively confirmed from the sediment cores sampled at varying
distances. Sediment drying revealed a change in the cumulative fraction
of substances evaporating at 100 °C, with reference sites at 3200 m
distance typically losing 22.8 + 3.9 % and cuttings pile samples (50 m)
losing up to 40 % weight (average 31.9 + 3.8 %). However, it was not
possible to ascertain whether observed weight losses were purely caused
by water or the evaporation of light hydrocarbons.
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3.2. Total mercury concentrations

Background concentrations of total mercury measured at the control
sites average 3.3 + 1.2 and 7.1 + 2.0 ng/g for BPM and NWH. Signifi-
cantly elevated mercury concentrations compared to the reference sites
were measured as far as 200 and > 700 m away from BPM and NWH
(Fig. 4). Maximum average concentrations of total mercury were 0.23
and 0.37 pg/g at 50 m distance for BPM and NWH respectively. In the
case of BPM, average concentrations consistently decrease with depth
and reduced by up to 45 % at 10-15 cm depth and 50 m distance. For
NWH this trend is less pronounced, although total concentration is
reduced by up to 90 % at 10-15 cm depth and 150 m distance. Data
variability was highest at 50 m distance for both sites at maximum 32.9
and 14.1 % relative standard deviation for BPM and NWH respectively.
Coefficients of variation increased with sediment core depth and dis-
tance to platform up to 200 m for both sites.

3.2.1. DGT efflux assessment

The empirically derived diffusion coefficient was determined to be
4.21 4+ 0.38 1078 ecm?s™! in artificial seawater at 5.3 °C. Analysing the
sediment slurry supernatant concentration produced a matrix matched
diffusion coefficient of 4.89 1078 em?s~! at 5.4 °C. At both sites, the
background benthic efflux was similar at ~0.03 and 0.045 ng cm ™2
day ™! for BPM and NWH, respectively. Overall, DGT-derived benthic
effluxes decreased significantly at 800 m and for both sites (Fig. 5). This
trend was observed in both static and slurry exposure, although efflux
rates were notably increased in the slurry, indicating a higher resupply
flux. Benthic efflux rates at 50 m distance were 0.004 and 0.003 ng cm 2
day‘1 for BPM and NWH, respectively. Maximum efflux rates (0.03 and
0.08 ng cm 2 day ') were observed at 1600 and 400 m distance for BPM
and NWH, respectively.

3.3. Mercury thermofractionation

Background fractionation was congruent at both reference sites and
changes dramatically with proximity to the platform (Fig. 6). While
Fraction 1, 2, and 4 decrease significantly, Fraction 5 increases up to
almost sevenfold. The change in fractionation is very local and is
ameliorated after about 800 m for both platforms. The thermofractio-
nation profiles derived from lower depth samples (5-10 cm and 10-15
cm) mirror the profiles of the top sediment core samples (data not
shown).

Fig. 3. Sediment core samples from BPM taken at 3200 m (left), 400 m (middle), and 100 m (right). A distinct layer of emerging black hydrocarbon contamination as
well as newly deposited sediment can be seen in cores taken at proximity (400 m and 100 m).
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4. Discussion
4.1. Mercury concentrations and lability

The impact of offshore oil and gas assets on the surrounding seabed
has long been studied, with elevated mercury concentrations (up to 0.42
ng/g) being reported near assets all over the world (Henry et al., 2017;
Sompongchaiyakul et al., 2018; Trefry et al., 2003). The maximum
average concentrations measured here (0.23 and 0.37 pg/g; BPM and
NWH) in the respective piles are consistent with previously reported
values for other North Sea cuttings piles and surpass the Estimated
Acceptable Concentrations (EAC) set by OSPAR (Table 2). However, in
the case of NWH, the extent of mercury contamination far exceeds the
previously reported radius of 200 m from the pile (OSPAR, 2019). Since
mercury is only a trace contaminant in the overall high pile-associated
metal burden, other elements including chromium, copper, and cad-
mium may also contaminate a wider area than previously assumed. Still,

in comparison with other North Sea drill cuttings piles (see Table 2), the
sites studied here show a lower mercury contamination (Sheahan et al.,
2001). The gravimetrically determined average water content in sedi-
ments sampled within a 50 m radius from the pile (~27-40 %) is slightly
below the values stated in the decommissioning reports (38-45 %),
which may be due to a difference in methodology (BP, 2005; BP
Exploration, 2011). Although the background concentrations measured
in this study are lower than the previously reported values for the North
Sea (see Table 2), it is important to note that sediment heavy metal
concentrations in the North Sea exhibit spatiotemporal variability
(Larsen and Hjermann, 2023).

The decrease of total metal concentrations opposing increasing
porewater sulphide concentration with depth is congruent with findings
by bp (BP Exploration, 2011), and has previously been reported for
cuttings piles by Breuer et al. (2008). They attributed this decrease to a
redox process at the oxic-suboxic interface. In this cycle, the depletion of
O, within the first few millimeters of pile depth results in the reductive
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dissolution of the highly abundant ferric and manganese (oxy-
hydroxides) (Kujawska and Cel, 2017; Peiffer and Wan, 2016; Versteegh
et al., 2021). As a result, other minerals, including barite, may be
mobilised into the porewater, leading to a diffusive flux of metals to-
wards the oxic/suboxic front above where they precipitate (Breuer et al.,
2008; Versteegh et al., 2021; Zan et al., 2020). The steady removal of
solute metals results in a slow enrichment in this top most layer, which
could explain the decrease of total mercury concentrations with depth
observed in this study and others (XodusGroup, 2019). The long-term
effects of this redox-driven mineral weathering remain to be fully un-
derstood, yet they have the potential to transform the spatial and
chemical composition of cuttings piles.

The use of DGTs to evaluate pile associated metal lability and
bioavailability remains to be established, although their deployment is
already recommended to monitor environmental impacts during drilling
operations (DNV, 2013). Hartley and Watson (1993) and Breuer et al.
(2002) conducted comparative studies on the NWH cuttings pile using
sequential extraction and in situ DGT deployment to ascertain metal
bioavailability. The extraction data mentioned in the Hartley and Wat-
son study could not be found and may never have been published.
Similarly, the in situ DGT deployment presented by Breuer et al. failed,
thus not producing any data. Here DGT-derived efflux data suggests
that, although total concentrations are increased in the direct vicinity of
assets, their lability is low.

The diffusion coefficient obtained through empirical means exhibits
a significant disparity in magnitude when compared to the diffusion
coefficient derived from calculations using the Stokes-Einstein equation
as suggested by Zhang and Davison (1995). The main reason for this
discrepancy may be that the experiments were conducted in artificial
seawater and at low temperature to emulate environmental conditions.
The diffusion coefficients of mercury are directly affected by tempera-
ture and ionic strength (Gade et al., 2024). Nevertheless, the close
agreement between the diffusion coefficients derived from pure water
and matrix matched samples (difference of ~11.8 %) confirms the
reliability of the benthic efflux data obtained in this study under envi-
ronmental conditions. Background efflux rates of ~0.05 ng cm 2 d ™! are
in good agreement with previously reported values for comparable
marine environments (Betdowski et al., 2009; Koron and Faganeli,
2012).

The thermofractionation data mirrors the DGT assessment. The
dominant fractions in the reference sites are fraction 2 and 3, accounting
for 70-80 % of total mercury. This indicates that most of the naturally
occurring mercury in marine sediments is either organically sequestered
or in mineral form with only negligible amounts of labile or unseques-
tered species. Close to the cuttings pile, fraction 5 shows a distinct peak
most likely related to barite embedded mercury species (Jedruch et al.,
2018; Parker and Smith, 2004). At the same time, fraction 3 does not
distinctly change, but fractions 1, 2, and 4 decrease significantly. This
suggests a decrease in overall mercury lability in the proximity of the
cuttings pile. The change in fractionation close to the cuttings pile (in-
crease of fraction 5) is congruent with the assumption that the source of
mercury in cuttings pile is mainly the therein contained barite (Denney,
2003).

4.2. State of literature on cuttings pile-associated mercury

Mercury is classified as hazardous to the environment with long-
lasting effects, due to its potential to become methylated under envi-
ronmental conditions. The organic moiety results in a higher bioavail-
ability and toxicity and is considered to be a major factor in
environmental risk assessment due to its bioaccumulation potential (von
Hellfeld et al., 2023). Apart from accumulating dissolved mercury in
porewater, methylating bacteria are known to absorb and methylate
particulate mercury species, thus mobilising sequestered fractions and
serving as a springboard to enter a wider food web (Zhang et al., 2012).
Historically, North Sea assets have been drilled using barite with above
average mercury contents (8.1 mg/kg; Hartley et al., 2003). Similar to
other OBM cuttings piles, total mercury concentrations in the here
studied piles by far exceeded OSPAR EAC levels, thus being technically
classified as toxic. Yet, the impact of cuttings pile associated mercury is
disputed as mercury impurities in barite exhibit low water and pore-
water solubility (LogKp = 5.3-5.5; Neff, 2008), thus amounting to a
negligible environmental significance (Parker and Smith, 2004). This is
further supported by leaching studies, showing that <1 % of total
mercury may enter the water column under environmental conditions
(Candler et al., 1992; Crecelius et al., 2007). However, Wegeberg and
Gustavson (2019) state that, in the case of barite-sourced mercury,
LogKp partitioning coefficients alone were a poor predictor of potential
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Table 2

Published total mercury concentrations in North Sea cuttings piles and adjacent
sediments. Background and OSPAR benchmark concentrations are highlighted
in grey. All concentrations are given on a dry weight basis (dw).

Location/ Type Mercury [pg/  Reference
asset gl
Drill Cuttings Pile 173
Core 1
Drill Cuttings Pile 3.89
Core 2
Dri . .
rill Cuttings Pile 2.86
Core 3
Murchison St.4-250 m SE (BMT Cordah, 2013)
. 2.33
Murchison
Sediments (0-500 m) 0.35 + 0.01
Sediments (750-2000 0.98 £ 0.25
m)
Sediments (5000-
10,000 m) 0.22 +£0.21
. Cuttings Surface 0.08-1.28
X s Gr 201
Dunlin Alpha Cuttings Cores 0.002-1.44 (Xodus Group, 2019)
North 0.61-1.57 (OSPAR, 2019)
Cormorant
(Environment and
Heather “A” 1.24 Resource Technology
Ltd., 1994)
Miller 0.03-2.25 L
Ekoflak 2/4A 016 (Genesis, 2016)
North West 0.45 (AURIS, 1993)
Hutton
Beryl A E
ery Cuttings Pile 0.56
Maureen A 244 (Hartley et al., 2003)
Ekofisk 2/4A 0.24 arteyetat,
Frigg 0.03
Auk 0.005-0.456 (Repsol Sinopec
Resources UK Ltd.,
Fulmar 0.004-0.619 2021)
. (TAQA Bratani Ltd.,
Eider 0.45-0.89 2023)
Ninian 1.86 (CNR International,
Northern : 2017)
Northern and central <0.02-0.45 (Breuer et al., 1999)
North Sea
Back
ac) grounc.l 0.05
Concentration
Benchmark Background
values Assessment 0.07
OSPAR, 2019
Concentration (BAC) ( )
Estimated Acceptable 0.22
Concentration (EAC) ’
Effect Range Low® 0.15

@ The ERL indicates the concentration below which toxic effects are scarcely
observed or predicted.

environmental release as microbial methylation may have a significant
impact on mobilisation. A similar view is endorsed by the UKOOA Drill
cuttings initiative report that advocated caution when linking chemical
extractability to bioavailability (UKOOA, 2002).

Bioaccumulation studies on barite sourced mercury continue to be
underrepresented in comparison to other cuttings pile associated heavy
metals (e.g., cadmium, chromium, copper, lead, zinc) as noted by the
EPA (1984). To date only two studies with contradicting results on the
bioaccumulation of barite sourced mercury exist. Schaanning et al.
(2002) measured a significant uptake by polychaetes while Denney
(2003) could not establish a relevant direct tissue uptake by macrofauna
despite barite particle ingestion. Sheahan et al. (2001) reported an
increased bioavailability of total mercury in North Sea cuttings piles in
the direct vicinity of piles (0-500 m; 40 %) in comparison with reference
sites (>5000 m; 25 %). Similarly, Henry et al. (2017) reported a pro-
found impact of mercury on the benthos at a distance of 895 m. Con-
trastingly, Crecelius et al. (2007) measured a dose-dependent increase in
methylmercury concentrations in barite spiked sediments (~60 %),
however the authors state that barite sourced mercury was not available
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for methylation. Similar conclusion were drawn by Trefry et al. (2003),
who measured total mercury and porewater methylmercury concen-
trations near assets in the Gulf of Mexico. Although elevated methyl-
mercury porewater concentrations were measured, no sediment to
seawater diffusion was quantified. Methylmercury levels are determined
by a balance between the benthic efflux and the redox dependent for-
mation thus demanding a flux assessments (Tang et al., 2020).

In their comparative assessment on the systemic impacts of cuttings
piles on the marine environment, Hartley et al. (2003) concluded that
‘on the basis of existing data there is no evidence that cuttings piles have
significant effects on the wider food chain or present a risk to human
health’. In contrast, Wegeberg and Gustavson (2019) recommend the
reclassification of barite ‘according to its concentration of mercury im-
purities’, thus challenging its status as an offshore chemical which poses
little or no risk (PLONOR) (OSPAR, 2021).

5. Conclusion

With the increasing decommissioning activities in the North Sea,
environmental risk assessments may benefit from updating as current
practices of determining total, rather than available, concentrations
during required benthic surveys are called into question. The use of
passive samplers, like DGTs, may aid in more accurately determining
environmentally relevant benthic effluxes, as is already practice for
hydrocarbons. The here reported concentrations attest a local anthro-
pogenic enrichment of mercury in cuttings piles however, data derived
from passive samplers and a novel thermofractionation analysis suggest
a low environmental lability. Although the presented results highlight
the high degree of sequestration of pile associated mercury, the risk of
potentially increased environmental contamination due to mineral
weathering should not be underestimated and remains to be fully
addressed. The main ecological impacts of cuttings piles is thought to be
the hydrocarbon contamination, which accounts for the majority of
adverse effects observed in the underlying and surrounding benthos.
However, currently published research is contradictory in its evaluation
of the release and subsequent bioaccumulation of legacy contaminants
from barite, including mercury. Future risk assessment would benefit
from improved approaches to evaluate the environmental fate of all drill
cuttings constituents.
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