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� Selected field marine sediments in the vicinity of a wastewater discharge site contained elevated levels of Ra and Ba.
� Ra speciation and fate was determined via heavy liquid extractions, mixing experiments and geochemical modelling.
� Barite particles isolated from field sediments contained measurable 226Ra activity confirming the radiobarite fate pathway.
� Synthetic/field produced waters were mixed with seawaters to successfully mimick the formation of (radio)barite particles.
� Ra uptake experiments showed Ra primarily exists in the form of radiostrontiobarite following produced water discharge.
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a b s t r a c t

Understanding the speciation and fate of radium during operational discharge from the offshore oil and
gas industry into the marine environment is important in assessing its long term environmental impact.
In the current work, 226Ra concentrations in marine sediments contaminated by produced water
discharge from a site in the UK were analysed using gamma spectroscopy. Radium was present in field
samples (0.1e0.3 Bq g�1) within International Atomic Energy Agency activity thresholds and was found
to be primarily associated with micron sized radiobarite particles (�2 mm). Experimental studies of
synthetic/field produced water and seawater mixing under laboratory conditions showed that a signif-
icant proportion of radium (up to 97%) co-precipitated with barite confirming the radiobarite fate
pathway. The results showed that produced water discharge into the marine environment results in the
formation of radiobarite particles which incorporate a significant portion of radium and can be deposited
in marine sediments.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The presence of radionuclides, such as 226Ra and 228Ra, from the
decay of naturally occurring 238U and 232Th have been detected in
produced water effluents from oil and gas platforms across the
world (Fisher, 1998; Røe Utvik, 1999). During extraction and pro-
duction of oil and gas, radionuclides can be transported from the
subsurface to the produced waters, dependent upon the chemical
conditions of the reservoir (IOGP, 2016). Discharges of offshore ef-
fluents can then result in the release of these naturally occurring
haw).
radionuclides such as 226Ra and 228Ra into the marine environment
(Holdway, 2002; Grung et al., 2009; Dowdall and Lepland., 2012;
Bakke et al., 2013). In addition, the release of produced water into
the marine environment can result in the formation of inorganic
particles e.g. barite (BaSO4) due to the mixing of incompatible
waters (i.e. produced water and seawater, Zhang et al., 2014). These
particles can contain radium (e.g. 226Ra) due to the ability of this
radionuclide to co-precipitate into binary e.g. celestine (SrSO4) and
barite (BaSO4), and ternary phases e.g. strontiobarite (BaSrSO4) (Al-
Masri and Aba., 2005; Rosenberg et al., 2014; Zhang et al., 2014).
Naturally occuring radioactive material (NORM) is one of the
regulated risks that have to be accounted for in some jurisdictions,
such as the North Seawhere the total discharge is monitored. There
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aremany local and international regulations regarding onshore and
offshore oil field emissions including; OSPAR (Oslo and Paris)
Commission for EU (European Union) member states, DEFRA (UK
Department for Environment, Food and Rural Affairs), the UK
Environmental Agency (EA) and the UK Oil and Gas Authority
(OGA), which oversees industry compliance with European Union
(EU) regulations. However, the International Atomic Energy Agency
(IAEA) in agreement with the International Commission on
Radiological Protection (ICRP) and European Commission, explicitly
define NORM as any natural radioactive material containing ra-
dionuclides in the uranium and thorium decay series with an ac-
tivity concentration above 1 Bq g�1 (IAEA, 2004; ICRP, 2007;
European Commision, 2014). To further predict the environmental
fate of radium from produced waters it is critical to gain an un-
derstanding of radionuclide behaviour during the particle forma-
tion processes and nature of the material which forms upon
discharge of producedwater into themarine environment. This will
help to underpin assessments of the environmental risk and fate of
radium in these marine systems.

Oil and gas reservoirs in the subsurface typically also contain
formationwater. Formationwater is transported to the surfacewith
crude oil, natural gas, and sometimes sea water, during extraction
as a complex mixture (Hunt, 1979; Holdway, 2002; Jerez Vegueria
et al., 2002). This mixture subsequently undergoes industrial sep-
aration that leads to the creation of produced water, the largest
waste effluent stream in the petroleum industry (Grung et al.,
2009). The chemical and physical compositions of produced wa-
ters differ due to factors such as differing reservoir geology and the
stage of oil and gas production. Produced waters are comprised of
dissolved cations (Naþ, Kþ, Ca2þ, Mg2þ, Ba2þ, Sr2þ), anions (SO4

2�,
Cl�, HCO3

�, CO3
2�), and dissolved gases. The concentration of salts

varies from a fewmg L�1 up to�300,000mg L�1 (Jacobs et al., 1992;
Røe Utvik, 1999; Fakhru’l-Razi et al., 2009; Zhang et al., 2014).
Isotopes of radium (224Ra, 226Ra and 228Ra) and lead (210Pb) are also
present in produced waters due to leaching of primordial radio-
nuclides (uranium and thorium) from the reservoir rock, which
leads to their mobilisation to porewaters and resulting detection at
a range of offshore installations around theworld (Doyi et al., 2016).
The naturally occurring radioactive nuclides of primary concern in
oil and gas production are 226Ra (half-life 1600 years) and 228Ra
(half-life 5.8 years). These decay into various radioactive progeny,
before becoming stable lead. 226Ra belongs to the 238U decay series
and 228Ra to the 232 Th day series (IOGP, 2016). The level of NORM
accumulation in oil and gas waste can vary substantially from one
facility to another depending on reservoirs source geology and
operational conditions and will also change over the lifetime of an
oil producing well (IOGP, 2016).

As a result of temperature and pressure conditions altering
during oil and gas extraction, carbonate and sulphate scales may
deposit on the inside surfaces of production equipment. Scale for-
mation can also occur during the injection of seawater to maintain
reservoir pressure in the formation (Todd and Yuan, 1990; Yuan
et al., 1994; Al-Masri and Aba., 2005; Badr et al., 2008; Garner
et al., 2015). The tendency of radium to incorporate into insoluble
barium and strontium sulphate mineral phases via co-precipitation
results in the formation of NORM. This NORM forms as RaxBa1-xSO4

(radiobarite) and/or BaxSryRazSO4 (radiostrontiobarite) due to the
similar ionic radii of key ions (Ba: 1.61 Å, Ra: 1.7 Å, and Sr: 1.44 Å) in
solution (Garner et al., 2015; Doyi et al., 2016). The dominant for-
mation mechanism of these radium-containing scales is the mixing
of chemically incompatible waters and establishment of supersat-
urated solutions during oil extraction operations where fluids,
primarily seawater, interact with produced water and precipitation
occurs. When sea water containing high sulphate (SO4

2�) is mixed
with produced water with low sulphate and high divalent cation
2

concentrations alongside radium and radium series radionuclides,
precipitation of radium-containing sulphate particles follows, and
water with lower radioactivity (compared to the initial water) is
subsequently produced (Candeias et al., 2014). Permitted discharge
of produced water effluent to the marine environment therefore
may drive the precipitation of sulphate particles, via the mixing of
incompatible waters. This may lead to the uptake of radium into
sulphate particles and/or the sequestration of radium via adsorp-
tion to existing particulates in the water column and/or sediment
(Neff, 2002; Fakhru’l-Razi et al., 2009; Grung et al., 2009). There is
uncertainty about the nature of these interactions and the specia-
tion of radium during mixing of these waters. Understanding the
speciation and fate of radium during operational discharges of
production waters from the offshore oil and gas industry into the
marine environment is essential in underpinning predictions of the
fate of 226Ra in these systems and further defining its overall
environmental impact. Radium scavenging mechanisms such as
adsorption, precipitation, and aqueous dispersion are fundamental
processes affecting the mobility and fate of radium. Overall, it is
expected that the formation of inorganic micro-particulate radio-
strontiobarite (RaBaSrSO4) ternary phases during production wa-
ter/seawater mixing, via the mechanism of co-precipitation is a
major pathway controlling 226Ra fate in these systems, but there is a
paucity of direct experimental evidence for this process (Gafvert
et al., 2007).

Studies show the activity of radium discharged from production
sites can be significant, with levels up to 1200 Bq L�1 reported
across different installations (IOGP, 2016). Dowdall and Lepland.
(2012) reported that discharges from Norwegian sites are typi-
cally of the order of 306e480 � 109 Bq y�1 with an average radium
activity concentration of 3.3 Bq L�1. Eriksen et al. (2006) showed
that the concentration of 226Ra discharged from North Sea plat-
forms is up to 21 Bq L�1 and is consistent with American platforms
where 37 Bq L�1 have been recorded (Eriksen et al., 2006; Olsvik
et al., 2012; Bakke et al., 2013; Pardue and Guo, 1998). Jerez
Vegueria et al. (2002) showed offshore discharges from platforms
in Brazil are on the order of 2e30 m3 d�1 with a varying 226Ra
concentration between 0.012 and 6 Bq L�1 (Jerez Vegueria et al.,
2002). These studies illustrate discharge volumes and levels of
activity vary considerably globally. Background radium concentra-
tions within surrounding seawaters are typically around three or-
ders of magnitude lower than those in produced waters (e.g.
0.01e0.03 Bq L�1) (Jerez Vegueria et al., 2002; Gafvert et al., 2007;
Dowdall and Lepland., 2012). This suggests that discharge of pro-
duced waters provides a significant point source for radium.

In terms of dilution and dispersion, research by Jerez Vegueria
et al. (2002) revealed the lack of significant radium contamina-
tion within sediment or seawater samples around platforms as a
result of dispersive effects by currents (Jerez Vegueria et al., 2002).
In contrast, possible accumulation of radiobarite has been identi-
fied in other studies, inferring that under certain conditions,
discharge of effluents may result in radiobarite precipitation and
subsequent sedimentation. For example, Pardue and Guo. (1998)
identified contaminated oilfield sediment samples contained barite
from bulk analysis, and demonstrated correlations between radium
and barite suggesting radium solubility was most likely controlled
by its co-precipitation with barite. However, to date, NORM parti-
cles have not been extracted and directly characterised to provide
evidence of radiobarite in either experimental or field-based
studies (Pardue and Guo., 1998). Indeed, variable findings from
different study sites suggests that the setting and physicochemical
characteristics (e.g. water depth, salinity, current flow and miner-
alogical distribution) of the receiving environments is key to con-
trolling the mechanisms of radium interactions in estuarine and
marine settings (Landa and Reid, 1983; Pardue and Guo., 1998;



Fig. 1. Schematic showing sample (AeE) locations relative to the discharge outfall (red
marker), recorded radioactivty (Bq g�1) and current flow direction. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Gafvert et al., 2007; Van Sice et al., 2018; McDevitt et al., 2019).
The co-precipitation of radium in barite has been studied

experimentally in relation to produced water discharges and in
uraniummining (Doerner and Hoskins., 1925; Gordon and Rowley.,
1957; Bene�s et al., 1981; Fedorak et al., 1986; Jerez Vegueria et al.,
2002; Rosenberg et al., 2011(b), 2014; Zhang et al., 2014). Results
show that radium removal via co-precipitation into binary (Ra-
BaSO4 or Ra-SrSO4) or ternary phases (Ra-BaSrSO4) is controlled by
the ionic strength of the solution and the nucleation kinetics of the
barite-containing particles (Rosenberg et al., 2011a, 2011b). The
distribution coefficient has been widely adopted to empirically
describe radium co-precipitation in barite using the radium and
barium concentration ratios in the aqueous and solid phases. This is
known as the concentration-based effective partition coefficient
(Equation 1).

K 0
D;barite ¼

ðdRa=dBasolidÞ
ð½Ra�=½Ba�solutionÞ

Equation 1: Concentration-based effective partition coefficient
(K’D); [Ra/Ba] represents the aqueous concentration of the element,
and dRa/Basolid represents the concentration of the element in the
solid (e.g. Ra or Ba) (Rosenberg et al., 2014).

Experimental partition coefficients reported in simple systems
range between 1.07 and 1.54 in dilute solutions (ionic strength:
0 M) and up to 7.49 (ionic strength: 3 M) (Rosenberg et al., 2014;
Zhang et al., 2014). To date work on the co-precipitation of radium
during barium uptake has been based on simple synthetic solutions
rather than field samples or full-component brines. This means that
the formation process, composition (e.g. Rasolid concentration) and
morphology of the barite NORM which is produced during
discharge to the marine environment is poorly constrained under
field relevant environmental conditions.

In this study, firstly we explored the uptake and fate of radium in
sediment samples obtained from a field site where produced wa-
ters are discharged into the marine environment. The bulk field
sediment samples were assessed using gamma spectroscopy, X-ray
diffraction (XRD), and X-ray fluorescence (XRF). In addition, heavy
liquid extractions were used to separate radiobarite particles from
marine sediments, and to further characterise their bulk chemistry,
morphology/particle size (scanning electron microscopy, SEM) and
radioactivity (autoradiography). Secondly, we extend these obser-
vations to experimental systems where both synthetic (full-
component) and field derived produced waters were mixed with
synthetic and field derived seawaters to further quantify the for-
mation process of radiobarite particles inmarine discharge relevant
environmental conditions. By combining field and laboratory-
based observations we were able to further define the fate of
radium (226Ra) within produced water when discharged into the
marine environment. To the best of our knowledge this is the first
paper to extract, assess and fully characterise the precipitate which
forms from the discharge of produced water to seawater using both
natural and synthetic waters providing a better understanding of
the mechanism of formation and helping to predict the fate of
radium (226Ra) in these systems.

2. Materials and methods

2.1. The study area and experimental method

2.1.1. Marine sediment
Marine sediment samples were collected in April 2017 close to a

near-shore produced water discharge point. A total of 5 samples (A
- E) were taken at different distances from the outfall (20e250 m)
(Fig.1). Seabed sediment (10e15 cm)was collected using a Day grab
3

(0.1 m2) and were placed in sterile bags in an ice box to maintain
the redox conditions during transport. Samples were stored at 4 �C
and prior to characterisation, they were homogenised and dried.

2.1.2. Produced water and seawater mixing experiments
Produced water from an active oil field in the North Sea and

seawater from Formby Beach in Merseyside, UK were obtained
using acid washed and rinsed Nalgene carboys and stored at 4 �C
prior to use. These locations are in the same global region. Synthetic
North Sea seawater and produced water compositions were also
made up (Table 2) (Todd and Yuan, 1992). Both field and synthetic
seawaters and produced waters were mixed in large scale (4.5 L)
precipitation experiments in a 9:1 ratio to mimic the discharge of
produced water into a large body of seawater. They were then
stirred (180 rpm) for 24 h prior to further analysis. This was fol-
lowed by filtration (�0.22 mm PES filter) and drying (40 �C ± 0.5 �C)
to harvest the resultant precipitates for characterisation. Modelling
with PHREEQC 3.3.9 using the S.I.T. database coupled to
geochemical data for the seawaters and produced waters was used
to calculate the saturation index of the solid phase (e.g. barite) for
these experimental systems.

2.1.3. Radium uptake experiments
A synthetic produced water stock solution (Table 2) was spiked

with 226Ra (100 Bq mL�1 from a 10 kBq pH 3 HCl stock) and the pH
was readjusted with dilute KOH solution. Small scale (1.5 mL)
synthetic seawater and spiked synthetic produced water
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experiments were conducted by mixing the solution in a 9:1
seawater to produced water ratio. The samples were continuously
mixed (180 rpm) for 7 h with periodic sampling and samples were
run in series to allow sacrificial sampling. At each time point,
samples were centrifuged at 14800 rpm for 5 min and aqueous
radium concentrations were determined by adding 1 mL of the
centrifuged solution to 10 mL of scintillation cocktail (Ultima Gold)
in a sealed tube and stored in the dark prior to analysis. Samples
were then analysed in a Quantalus scintillation counter (Perki-
nElmer) after 1 month dark storage to allow short-lived radon
progeny to equilibrate (Siddeeg et al., 2015). Parallel, inactive ex-
periments were run to allow cation and anion analysis using
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES, PerkinElmer Optima 5300 DV) and Ion Chromatography (IC,
Dionex ICS 5000).

2.2. Analytical methods

2.2.1. Solid phase characterisation
XRD (Bruker D8 Advance diffractometer) and XRF (PANalytical

Axios) were used to determine the bulk mineralogical and chemical
compositions of inactive precipitates and sediment samples. The
sediment was dried in an oven (40 �C ± 0.5 �C), disaggregated using
a pestle and mortar and homogenised in an agate ball mill to a fine
consistency for XRD and XRF analysis. The organic matter content
of the sediments was estimated from loss on ignition at
110e1000 �C for 2 h (Table S1) (Siddeeg et al., 2015). Sediment
samples were also dried at (50 �C ± 0.5 �C) to calculate the moisture
content and dry sediment weight (Table S1). Fourier-transform
infrared spectroscopy (PerkinElmer Spotlight 400 FTIR imaging
system Universal ATR) was used to characterise the inactive pre-
cipitate obtained from parallel inactive mixing experiments. Bru-
nauer- Emmett e Teller (BET) surface area analysis of the inactive
precipitates was also performed (Micromeritics Gemini V Surface
Area Analyser 2365). The molar stoichiometry of the strontiobarite
precipitates formed from larger mixing experiments (4.5 L seawa-
ters: 0.5 L produced waters) was determined by dissolution into pH
13 EDTA to dissolve barite and the Sr and Ba concentrations were
then measured using ICP-AES (Averyt et al., 2003). A FEI QUANTA
650 FEG ESEM (Field Emission Gun, Environmental Scanning
Electron Microscope) equipped with Bruker Quantaz Energy
Dispersive Spectroscopy system with an XFlash detector was used
for imaging and analysis of the chemical composition of both
inactive precipitates and particles separated from sediments sam-
ples using heavy liquid extraction. The backscattered electron (BSE)
detector was used to image the samples and allow atomic number
contrast analysis. EDS was used to assess the chemistry of the
samples. The speciation of strontium associated with barite was
further analysed via X-ray absorption spectroscopy (XAS). A sample
(approximately 2 wt % Sr) was mounted in a cryo vial and analysed
at Diamond Light Source, Harwell, UK on beam-line B18. Sr K-edge
spectra were collected in transmission mode at 77 K. Background
subtraction and improvement of signal to noise ratio of the data
was obtained by averaging multiple scans for the sample using the
Demeter software package Athena and Artemis, FEFF6 (Ravel and
Newville., 2005).

2.2.2. Radiometric analysis
Radium activities in the sediments and produced waters were

measured using gamma spectroscopy (Ge(Li) Canberra) with a high
purity germanium detector (HPGe). To avoid the escape of radon
gas, the samples were sealed in a double propylene container and
put aside for 1 month to reach secular equilibrium. The counting
equipment was calibrated using matrix-matched standards spiked
with certified standard solutions of 226Ra. A226Ra labelled sediment
4

standard (200 Bq in 50 g) for gamma spectroscopy counting was
prepared as permethod of Siddeeg et al. (2015). For producedwater
measurements standards were made by adding aqueous 226Ra
spike to synthetic produced water (2500 Bq in 500 mL) in a poly-
propylene container and sealing for one month prior to analysis.
The samples were counted for 24 h (sediment) or 7 days (produced
water) and the radium activities were calculated from measure-
ments of the 214Bi and 214Pb daughter products and comparing
these to known standards (Siddeeg et al., 2015). Errors were
calculated using the standard deviation and error propagation
(Table S2) (Siddeeg et al., 2015).

2.2.3. Heavy liquid extraction
Oven dried sediments were disaggregated and sieved to <

215 mm. Heavy liquid (di-iodomethane; 3.3 g cm�3) was then used
to separate the barite-containing (4.5 g cm�3) dense fraction of the
sediment. An accurately weighed, sieved solid sample between 10
and 20 g was added to a separating funnel containing 80 mL heavy
liquid and left to separate for 10 min. Both the dense fraction
(>3.3 g cm�3) and light fraction (<3.3 g cm�3) were then separated
and filtered. Both fractions were then rinsed with deionised water,
then acetone, and dried. The samples were then examined under a
light microscope and white barite like particles were handpicked
for further SEM analysis.

2.2.4. Autoradiography
Autoradiography was used to determine the spatial distribution

of radioactivity in selected samples from the field study site.
Handpicked barite like samples were placed on a storage phosphor
screen (BAS-IP SR, super resolution: G.E Healthcare) in a dark
cupboard for 4 weeks. The plate was then imaged using a Typhoon
9410 variable mode imager where the screenwas then scanned and
imaged using a HeNe laser (633 nm) with a pixel size resolution of
10e25 mm. The extent of darkening recorded is quantitatively
proportional to the activity on the sample surface (Zeissler et al.,
2001).

3. Results & discussion

3.1. Formation of radiobarite precipitate upon discharge of
produced water to a marine system: field study

3.1.1. Characteristics of marine sediment samples
The bulk mineralogical composition of the five sediment sam-

ples were dominated by silicate minerals such as quartz (SiO2),
mica (muscovite; KAl3Si3O10(OH)2), feldspar (albite; NaAlSi3O8),
and chlorite (clinochlore; (Mg,Fe,Al)3(Al,Si)4O10(OH)8). All samples
contained carbonate minerals (aragonite and calcite; CaCO3) and
halite (NaCl). Three samples contained kaolinite (Al4(SiO10)(OH)8),
ankerite (Ca(Fe,Mg,Mn)(CO3)2), or microcline (KAlSi3O8) (Table 1).
The compositions of the sediments as measured by XRF are shown
in Tables S3e4. The concentrations of Ba and Sr in the sediment are
summarised in Table 1.

The 226Ra content of the samples ranged from background levels
(0.04e0.06 Bq g�1) to 0.32 Bq g�1. Here there was a spatial trend
with samples west of the discharge outfall (A e C; Table 1) that are
near background, and samples east of the outfall (D and E; Table 1)
that are elevated above background (0.1 and 0.3 Bq g�1). Interest-
ingly, the elevated Ra concentrationwas well correlatedwith the Ba
concentration in sample D (Table 1) as supported by further char-
acterisation (see below). This confirms co-enrichment of Ra within
Ba bearing sediments presumptively due to Ra incorporation into
barite (Jerez Vegueria et al., 2002; Rosenberg et al., 2014; Zhang
et al., 2014; Garner et al., 2015). The variation in spatial distribu-
tion of radium is presumably due to current dispersion effects as



Table 1
Mineralogical, radiological and chemical characteristics of the sediment samples (A-E) collected from the disacharge outfall. W ¼ west from outfall, E ¼ east from outfall.
Typical error for XRF analysis are ± 5%.

Sediment Sample Mineralogy Chemical
Composition

Radioactivity

Sr (ppm) Ba (ppm) 226Ra (Bq g�1)

A: 250 m W Quartz, Muscovite, Albite, Clinochlore, Calcite, Aragonite, Halite 870 241 0.045 ± 0.004
B: 100 m W Quartz, Analcime, Muscovite, Albite, Microline, Clinochlore, Kaolinite Calcite, Aragonite, Ankerite, Halite 558 370 0.06 ± 0.01
C: 20 m W Quartz, Muscovite, Albite, Clinochlore, Calcite, Aragonite, Halite 375 310 0.05 ± 0.01
D: 100 m E Quartz, Muscovite, Albite, Microline, Clinochlore, Kaolinite, Calcite, Aragonite, Halite 552 1180 0.32 ± 0.05
E: 250 m E Quartz, Muscovite, Albite, Microline, Clinochlore, Kaolinite Calcite, Aragonite, Ankerite, Halite 252 345 1.11 ± 0.01
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there is a north-east flow direction at the site indicating deposition
of Ba and Ra in the sediment with enrichment to the east (Fig. 1).
The lack of correlation between the Ra and Ba concentrations in
sample E in comparison to sample D is presumably due to a pro-
portion of radium that may not co-precipitate with barite once
discharged, instead adsorbing to sediment and particulates down
current of the wastewater discharge due to tidal flow effects (Landa
and Reid., 1983; Van Sice et al., 2018; McDevitt et al., 2019). As
discussed above, samples A e C are at background Ra concentra-
tions (0.01e0.05 Bq g�1) found within marine sediments (Landa
and Reid, 1983; Jerez Vegueria et al., 2002; Hosseini et al., 2010;
Dowdall and Lepland, 2012; Environment Agency, 2015). The Ba
and Sr levels are also relatively low compared to D but similar to E
(approximately 300 ppm) which again are background concentra-
tions in marine sediments (Stevenson et al., 1995; Jerez Vegueria
et al., 2002). Interestingly, Sr levels in sample A were higher than
expected presumably due to higher proportions of diagenetic
minerals (i.e. carbonates and clays) (Schlanger,1988). For samples D
and somewhat E the Ra levels are elevated compared to back-
ground and this coincides with higher Ba levels in the sample and/
or tidal flow effects (Table 1). This suggests sample D has techno-
logically enhanced levels of Ra that is co-associated with barite in
the sediment with a small radiological enhancement in the vicinity
due to possible adsorption of Ra to the surface of sediments, pre-
sumably due to the produced water discharge.

Further analysis of the mineralogy of the sediment was per-
formed to explore the relationship between Ra and Ba observed at
bulk levels. Here, heavy liquid separation allowed isolation of the
dense mineral fraction in sample D. The isolated grains
(>3.3 g cm�3) were typically 240e430 mm irregular aggregates,
which consisted of individual equant particles � 2 mm in size
(Fig. 2). EDS spectra and elemental mapping showed that the par-
ticles were rich in Ba, Sr, and S consistent with strontiobarite
compositions. In addition, certain areas were abundant in Al, Ca,
and Si, presumably due to the presence of silicate particles, for
example clays (Fig. 2).

Select isolated agglomerates of strontiobarite were analysed
using autoradiography where it was clear that the particles con-
tained measurable radioactivity most likely corresponding to
radium (226Ra) and consistent with the gamma spectroscopy data
for bulk sediment samples (Table 1,Fig. 2 and S1-2). Overall, these
results indicate that marine sediment samples east of the discharge
outfall contained enhanced levels of Ba and Ra as a result of radi-
ostrontiobarite co-precipitation and deposition.

The sediments that contained elevated levels of radium (226Ra)
also showed evidence of microbially-mediated reducing conditions
at the collection sites (Fig. 3, Folk, 2005). EDS spectra on bulk
samples (i.e. sample D) highlighted the presence of particles that
were rich in Fe and S, which is indicative of pyrite (FeS2), Ba and Sr
indicative of strontiobarite, and Al, Mg and Si indicative of silicate
particles (Fig. 3b). The size of the pyrite grains (<10 mm) and
morphology (framboidal) indicates this pyrite has formed in mildly
5

sub-oxic to sulfidic waters (Roychoudhury et al., 2003).
Roychoudhury et al. (2003) and Proske et al. (2015) have shown
that the formation of framboidal pyrite in marine sediments is due
to the redox conditions below the sediment-water interface, where
microbial activity results in the consumption of organic matter
during sulphate-reduction and the formation of framboidal pyrite
(Fig. 3). This suggests a robust microbial community and highly
reducing environment as expected in near-shore marine sediments
(Roychoudhury et al., 2003; Folk, 2005; Proske et al., 2015).

Interestingly, this indicates that sulphate-reduction is occurring
within the sediment inwhich barite is deposited. Microbial induced
sulphate-reduction causes a decrease in sulphate which may
induce barite dissolution as shown from previous studies (Pardue
and Guo., 1998; VanLoon, 2000; Phillips et al., 2001; Keith-Roach,
2002; Ouyang et al., 2017). Bioreduction processes stimulated in
natural sediment systems including Fe(III)-reduction and sulphate-
reduction, have been suggested as possible mechanisms for
remobilisation and increased solubility of radium from radiobarite.
(Fedorak et al., 1986; Pardue and Guo., 1998; Phillips et al., 2001).
Whilst there have been studies on terrestrial discharges of radium
in engineered and natural settings (Bolze et al., 1974; Fedorak et al.,
1986; Baldi et al., 1996; Phillips et al., 2001; Wilkins et al., 2007;
Lupt�akov�a et al., 2015; Ouyang et al., 2017), there are limited studies
that focus upon marine discharges of oil produced water (Pardue
and Guo, 1998). This suggests that the long-term environmental
fate of radiobarite as biological processes and reducing conditions
develop merits further investigation.
3.2. Strontiobarite formation during field and synthetic seawater
and produced water mixing: morphology and composition

3.2.1. Field mixing experiments
To further investigate strontiobarite precipitation, produced

water mixing experiments were conducted using the field pro-
duced water sample and representative seawater sampled from the
near-shore (Table 2). Gamma spectroscopy analysis of the field
produced water indicated non-detectable radium. Produced water
and seawater were mixed in a 1:9 ratio which resulted in the for-
mation of a white precipitate. After separation, SEM analysis
revealed mineral grains with an equant morphology (Fig. 4a).

EDX analysis showed that the composition of the precipitate
was consistent with strontiobarite (Fig. 4b). Here, particle size
distribution determined by SEMwas between 1 and 6 mm, typical of
natural barite found in sediment (Phillips et al., 2001; Gonneea and
Paytan., 2006). Aqueous analysis of the experimental solutions
before and after mixing, showed the composition of the precipitate
was (Ba73$1Sr26$3SO4) (Table S5), which is consistent with stron-
tiobarite (Todd and Yuan, 1990, 1992). Further analysis of the
composition of the precipitate using XRD and EDTA dissolutionwas
not possible as the mass of the precipitate produced was very small
(see below). Other minor phases such as sodium chloride (NaCl)
and magnesium sulphate (MgSO4) were also identified in the SEM.
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Overall, mixing of field production water and seawater produced
strontiobarite particles 1e6 mm in diameter. These were consistent
with the individual strontiobarite particles separated from the field
sediment samples using heavy liquid extraction (Fig. 2).

3.2.2. Synthetic mixing experiments
As well as the field production water and seawater sample

experiment, we also performed mixing experiments with synthetic
production water and seawater (Table 2) to further validate our
results, methodology and approach, and to obtain enough precip-
itate for additional characterisation.

The synthetic produced waters and seawaters contained Ba and
Sr at concentrations representative of those found in field brines
from the North Sea (Mitchell et al., 1980; Yuan et al., 1994; Røe
Utvik, 1999). After separation of the precipitate following the
mixing of the waters (1 : 9 ratio), SEM analysis revealed mineral
grains that exhibited an equant morphology (Fig. 5a). Here, the
particle size distribution was between 1 and 5 mm. The mass of
precipitate produced in these experiments was analysed using XRD
confirming the precipitate was strontiobarite (Fig. S3). EDTA
dissolution experiments further confirmed the composition of the
precipitate to be Ba76$4Sr23$8SO4 and consistent with that obtained
from solution analysis before and after mixing (Ba75$7Sr24$3SO4)
(Table S5). Furthermore, EDX confirmed the precipitates contained
Sr and Ba in similar ratios to the sediment samples and the field
produced water and seawater mixing experiments. EDX analysis
also indicated minor amounts of calcite were present in the sample
(Fig. 5b). FTIR analysis of the precipitate showed intense peaks at
1084 cm�1 (with a distinct shoulder at 988 cm�1) corresponding to
the sulphur-oxygen (SeO) stretch and at 609 cm�1 (with a shoulder
at 639 cm�1) corresponding to the bending motion of the sulphur-
oxygen bondwithin sulphate characteristic of barite (Fig. S4) (Adler
and Kerr., 1965; Ramaswamy et al., 2010). Finally, the best fit to the
Sr EXAFS data was consistent with Sr substituted within the
structure of barite (Fig. S5). The coordination numbers and inter-
atomic distances for Sr closely reflected the expected local envi-
ronment of Ba2þ in pure barite (Fig. S5). The distance of the first
SreO1 shell (2.63 Å) in the sample was shorter than the BaeO1

(2.81 Å) distance in barite, consistent with the larger size of the
Ba2þ (1.68 Å) ion compared to Sr2þ (1.48 Å) (Tokunaga et al., 2018).
This confirms in these laboratory experiments, Sr2þ precipitates
with barite and substitutes for Ba2þ into the crystal structure via co-
precipitation consistent with past work (Hedstr€om et al., 2013;
Tokunaga et al., 2018).

Despite minor differences in the composition of the synthetic
waters used in the experiments compared to the field waters, the
composition and phase produced was consistent with the radio-
strontiobarite extracted from marine sediment samples and field
mixing experiments. Small differences in the crystal morphology
and particle size across the different mixing experiments (e.g.
rosette, equant), and other minor phases identified, maybe due to
variations in the concentration of scaling ions (e.g. Sr2þ and Ba2þ)
present in the produced waters and seawaters, and their resultant
supersaturation in solution. This is shown by the saturation indices
(SI) of mineral phases calculated via geochemical speciation
modelling (PHREEQC) (Table 2). Overall this shows that the pre-
cipitate that forms from the synthetic fluids used to mimic the
product produced in the field closely resembles those formed from
field fluids, and matches chemically and morphologically to those
found in field sediment. This laboratory based synthetic method
Fig. 2. (AeB), BSE images and elemental maps of the radiostrontiobarite particles extracted
covered in (B); (CeF), corresponding elemental maps (Ba, S, Si and Sr respectively); (G), EDS s
(H), EDS spectra representative of the clay rich areas (dark regions) via point analysis (H);
toradiograph. (For interpretation of the references to colour in this figure legend, the reade

7

can therefore be used to explore the uptake of Ra, and formation of
the precipitate formed in the field in a marine setting (see section
3.3).

3.3. Radium uptake during strontiobarite (BaeSreSO4) formation

3.3.1. Synthetic seawater and produced water mixing
After confirmation that strontiobarite, with similar character-

istics to those found in the field samples precipitated upon mixing
of synthetic production waters and seawaters, further experiments
were undertaken to investigate Ra uptake during this process. Ex-
periments were performed to determine the distribution of Ra
between the solid and aqueous phases following formation of the
ternary phase (RaBaSrSO4). The Sr, Ba, and Ra concentrations in
solutionwith time are shown in Fig. 6a and b. After mixing, removal
of Ba and Ra from solution occurred rapidly, presumably due to
precipitation of radiostrontiobarite (Fig. 6a and b). This confirms
rapid barite precipitation kinetics controls the uptake of Ra in this
system. During the period of crystal growth (3e24 h) a portion of
Ra is likely incorporated into the structure of the carrier mineral
(i.e. barite) via direct substitution of Ra2þ for Ba2þ (Fig. 6a and b)
(Zhang et al., 2014). After this period (24e1000 h) the activities of
electrolytes and growth rate decreases (Fig. 6a and b) (Todd and
Yuan., 1990; Zhang et al., 2014). As shown in Fig. 6a and b, Ra
removal occurred coincident with Ba removal, and Sr removal
occurred at a slower rate compared to Ba or Ra (Vinograd et al.,
2018). Radium uptake increases over time, from 48% to 79% be-
tween 1 and 7 h, followed by a further increase up to 97% by 24 h.
Equilibrium was then established with a maximum Ra uptake of
97.5%. An effective partition coefficient (Kd’) for Ra2þ uptake into
barite of 1.14 ± 0.1 was calculated, which agrees with results re-
ported by other studies of 1.07e1.54 under similar ionic strengths
(NaCl concentration: 0e3 M) (Ceccarello et al., 2004; Rosenberg
et al., 2014; Zhang et al., 2014). Overall, this method effectively
mimics the formation of precipitate in field samples (Section 3.2),
and also produces uptake coefficients similar to those reported in
literature for simple systems (Rosenberg et al., 2014; Zhang et al.,
2014).

4. Conclusion and environmental implications

Elevated levels of 226Rawere identified in field marine sediment
samples (D and E) associated with radiostrontiobarite at sites
hundreds of metres downstream from the point of produced water
discharge. This suggested the produced water discharges may be
associated with detectable and tolerable levels of radiation below
IAEA threshold levels. Particles extracted from field marine sedi-
ments in this study show Ra is co-precipitated into strontiobarite.
The mechanism of strontiobarite formation was further demon-
strated from field and syntheticmixing experiments confirming the
formation process. Micro-particulate strontiobarite precipitates
with uniform composition, characteristic equant morphology, and
particle size (1e6 mm), were identified in field samples and under
different yet representative experimental regimes (e.g. field and
synthetic mixing experiments), rather than a combination of barite
and celestite.

This study of produced water discharges to the marine envi-
ronment shows a direct link between the morphology and
composition of the radiostrontiobarite precipitate extracted from
field marine sediment samples, and the mixing of full-component
from marine sediment using heavy liqud extraction. Yellow box in (A) highlights area
pectra representative of the strontiobarite grains (bright regions) via point analysis (G);
(I), stub sample containing radiostontiobarite particles and; J) the corresponding au-
r is referred to the Web version of this article.)



Fig. 3. (A) BSE image showing frambodial pyrtie crystals found in field sediment samples contaminatied with radiostrontiobarite and; (B) EDS spectra collected confirming the
identificaation of pyrite.

Table 2
Field and synthetic seawater and produced water compositions (Todd and Yuan, 1992). Ionic strength and saturation index (SI) of mixtures calculated using PHREEQC
modelling software with a 9:1 mixing ratio.

Ions Produced water e field (mg L�1) Seawater e field (mg L�1) Produced water e synthetic (mg L�1) Seawater e synthetic (mg L�1)

Ca 7860 ± 220 336 ± 8 2260 ± 41 420 ± 6
K 1840 ± 30 381 ± 61 380 ± 4 467 ± 4
Mg 4190 ± 100 972 ± 26 367 ± 9 1300 ± 18
Sr 323 ± 9 6 ± 1 537 ± 6 8 ± 0.1
Ba 13 ± 1 0.3 ± 0.3 209 ± 3 0
Na 80500 ± 1900 8290 ± 196 23900 ± 356 10100 ± 121
Cl 15700 ± 182 7690 ± 1710 50700 ± 68 19200 ± 268
SO4 278 ± 8 838 ± 228 0 2930 ± 23
HCO3 39 18 ± 0.5 0 111 ± 10
Initial pH 8.27 ± 0.13 8.13 ± 0.02 5.45 ± 0.08 8.12 ± 0.02
Initial Ionic Strength 2.69 M 0.41 M 1.38 M 0.62 M
Final Ionic Strength 0.64 M 0.69 M
SIBaSO4 1.22 2.94

Fig. 4. (A) BSE image showing strontiobarite crystals exhibiting tabular morphology with a particle size ranging from 2 to 6 mm from field mixing experiments with field pro-
ductions and seawater samples and; (B) EDS spectra representative of all grains.

F. Ahmad, K. Morris, G.T.W. Law et al. Chemosphere 273 (2021) 129550
synthetic and field produced waters and seawaters. Note that
despite the differences in composition of the synthetic and field
produced water (Table 2) the precipitated (radio)strontiobarite are
similar in composition and morphology. This indicates that the
formation of this phase is likely to be common to a broad range of
produced water discharge scenarios. This compares well with other
studies where related morphologies and compositions are seen for
similar systems (e.g. water flooding studies) producing strontio-
barite during the mixing of incompatible waters (Todd and Yuan.,
1990, 1992).

Insight into radium solid-solution chemistry and radio-
strontiobarite formation via this mechanism of mixing incompat-
ible waters, as a result of operational discharges, can help to predict
8

and model the fate and behaviour of 226Ra marine systems. Radium
uptake experiments show that a portion of radium (48e79%) is
incorporated into strontiobarite between 1 and 7 h and >97%
incorporation over 24 h, suggesting that on discharge some radium
may well be dispersed into solution dependent upon the charac-
teristics of the receiving environment. A value of 1.14 ± 0.1 was
calculated for the effective partition coefficient (Kd’) for Ra2þ

incorporation into strontiobarite, which is comparable to other
studies in this area investigating binary and ternary phases e.g. in
fracking systems (or other controlled studies) under controlled
conditions (Rosenberg et al., 2014; Zhang et al., 2014).

Results obtained in this study in respect to Ra uptake are
representative of a closed-system, whereas marine discharges in



Fig. 5. (A) BSE image showing the strontiobarite crystals exhibiting both tabular and rosette morphology with a particle size between 1 and 5 mm and; (B) EDS spectra repre-
sentative of all grains.

Fig. 6. A) Percentage uptake of Ba ( ) and Sr ( ) over time (1.5 mL small scale experiments); B) 226Ra uptake over time ( ) (1.5 mL small scale experiment; initial activity 13Bq
mL�1) and; C) sulphate uptake over time.
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reality occur in an open system. In an open system a significant
proportion of the Ra may not co-precipitate with the barite once
discharged and exist in the aqueous (as the mobile Ra2þ ion), or
sorbed phases (e.g. adsorbed to sediment particulates) (Landa and
Reid, 1983; Van Sice et al., 2018; McDevitt et al., 2019). The amount
of radium uptake into the strontiobarite phase can also vary with
mixing times, discharge rates and density of produced water so-
lutions; however, the exact nature of this relationship is not clear
from this study. Overall, we can confirm that in shallow water
9

environments, radiostrontiobarite co-precipitation and deposition
occurs due to the lack of dispersion and/or rapid deposition to the
sediment. This is in contrast to deep water environments where
production waters are discharged near/at surface and presumably
dispersion occurs, resulting in no clear radiological signature in
surrounding sediments and waters (Jerez Vegueria et al., 2002;
Eriksen et al., 2006; Gafvert et al., 2007; Olsvik et al., 2012). The
environmental setting of the receiving environment (e.g. shallow
marine or deep sea), its characteristics (e.g. fresh or salt water), and
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its corresponding tidal regimes are therefore fundamental factors
which need to be considered to better understand the attenuation,
impact and fate of radium in the water column. This is key as such
factors vary globally between installations as shown from other
studies (Landa and Reid., 1983; Pardue and Guo., 1998; Jerez
Vegueria et al., 2002; Van Sice et al., 2018; McDevitt et al., 2019).

Due to radiostrontiobarite particulates settling to the sea bed via
deposition into shallow water depths, further research into the
cumulative effect and fate of such solid phase in a marine envi-
ronment needs to be conducted to consider the long-term envi-
ronmental impact of radium in barite. The identification of pyrite as
a product of sulphate reduction in these near-shore sediments
suggests further studies to underpin assessments of the environ-
mental risk and fate of radium as biogeochemical conditions alter.
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