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The environmental impact potential arising from the possible disposal of hypersaline brines into the ocean as part
of reservoir pressure management for Carbon Capture and Storage is assessed using sophisticated high-resolution
hydrodynamic models for the first time, investigating several industry guided scenarios. Although the charac-
teristics of some brines in their undiluted form would have a high environmental impact potential, we find that
dispersion in a hydrodynamically active region like the North Sea acts to dilute disposed brine rapidly, even in a
worst case approach, such that the potential impact footprint (area exposed to environmentally damaging
salinity or temperature) is small, measured in 10’s of meters depending on the release scenario and site specific
data such as the hypersaline water contaminants along with in-situ conditions such as currents and mixing. The
method of brine disposal has a significant influence on dispersal, such that brines released nearer the sea surface
disperse more rapidly, compared with release at the seabed. Hence consideration of brine release height is

recommended to further limit impact potential.

1. Introduction

Carbon Capture and Storage (CCS) is a necessary technique to miti-
gate the threat to the global climate from fossil fuel and other industrial
sources of anthropogenic carbon dioxide (CO3) emissions (Pachauri
et al., 2014), along with the need to continue relying on fossil fuels to
meet the continued primary energy consumption by human populations
for the short to medium term (Raupach et al., 2007). Emissions have
rapidly increased since the industrial revolution and although they are
beginning to level off, they have yet to start reducing (Friedlingstein
et al., 2020). In the International Energy Agency’s scenarios, CCS is
required to provide at least a 14% reduction in CO» emissions by 2060
compared to 2014 levels (IEA, 2017), contributing to an 80 - 95%
reduction in anthropogenic CO5 emissions by 2050 (Metz and Inter-
governmental Panel on Climate Change, 2005; Pachauri et al., 2014).
CCS involves capturing CO2 from point source emitters, compressing,
and burying the compressed CO, in geological formations. Utilising
depleted oil and gas reservoirs or saline aquifers (Metz and Intergov-
ernmental Panel on Climate Change, 2005) deep below the seabed has
been actively pursued since 1996, albeit in a small scale, driven in part
by carbon taxes (Edenhofer and Intergovernmental Panel on Climate
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Change, 2014; Sumner et al., 2009). However, to have any meaningful
impact on climate change mitigation, investment in CCS needs to be
scaled up by orders of magnitude (Zapantis et al., 2019).

Pressure management of reservoirs used for carbon dioxide storage
may be a key component of maintaining caprock and reservoir integrity
of the storage complex (Buscheck et al., 2016) and thereby storage ca-
pacity. Where storage utilizes saline aquifers, pressure management may
potentially require production of reservoir brines and their dispersion in
over-lying seawater or re-injection to a secondary storage facility as
shown in Fig. 1. Whilst the characteristics of these brines vary greatly,
some may be hypersaline (exceeding 200 PSU), hot (exceeding 50 °C),
anoxic and / or with elevated levels of contaminants such as heavy
metals (Fouillac et al., 2009). In their undiluted form, such brines have
the potential to be detrimental to ecosystems. However, dispersion and
dilution in well mixed shelf sea environments act to reduce this impact
potential.

In marine systems away from estuaries salinity varies between
approximately 33 PSU (in polar regions with ice melt) (Barry and
Hall-McKim, 2018) to 39 PSU (enclosed basins such as the Mediterra-
nean) (Techtmann et al., 2015). Species tend to be adapted to either
brackish or oceanic conditions with only highly specialized communities
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able to tolerate metahaline (>45 PSU) systems (Remaili et al., 2018).
Marine temperature varies between —2.0 °C (Polar) to 30 °C (tropical)
(Sumich and Morrissey, 2004), although site specific ranges tend to be
less than 10 °C at the seabed and most species are adapted to regional
temperature ranges. Above 35 °C enzyme function becomes sub-optimal
and rapidly declines as temperature increases (Corporation, 1972).
There is a growing trend of de-oxygenation globally, driven by eutrophic
conditions or changes in mixing imposed by climate warming (Wakelin
etal., 2020). In general, shelf seas have oxygen levels in excess of 7 mg/1,
but sporadic anoxia is frequently recorded (<4.7 mg/1) (Topcu and
Brockmann, 2015). Assessing impact potential on a given ecosystem,
species or individual is however complex. Stress responses and thresh-
olds are species and life-stage specific, depend on exposure time and can
be greatly exacerbated if multiple stressors are present. Many species are
able to tolerate infrequent short-lived exposures to restricted numbers of
stressors (Smyth and Elliott, 2016), especially if well nourished, how-
ever constant exposure to fluctuating stressors can be particularly
compromising.

With the intention of assessing the impacts of large-scale disposal of
produced reservoir brines into the marine environment using a nested
suite of hydrodynamic models, our key question is: Is the natural mixing
in marine systems along with induced mixing from the high-density
release sufficient to disperse and dilute these brines below ecological
impact thresholds? We consider different brine release rates and modes,
focusing on the upper estimates of release rates within a tidally influ-
enced marine settings typical of the North Sea but analogous to global
shelf sea systems.

Hypersaline hydrodynamic studies have been conducted in high
salinity lakes (Abbaspour et al., 2012; Ali Bek AbdelRhman and Cowles,
2018; Chamanmotlagh and Safaie, 2021; Dabestani et al., 2020; Ibrahim
et al., 2020) and in respect to releases from desalination plants (Hodges,
2010; Ibrahim et al., 2020; Palomar and Losada, 2011). Here, similar
modelling approaches are used to develop a first order understanding of
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plume behaviour as a precursor to recommending an observational
strategy to deliver a site-specific evaluation. The hydrodynamic model
FVCOM used in this study has been validated for hypersaline mixing in a
number of studies (Abbaspour et al., 2012; Ali Bek AbdelRhman and
Cowles, 2018; Chamanmotlagh and Safaie, 2021; Dabestani et al., 2020;
Ibrahim et al., 2020), giving reassurances to the efficacy of the model
outputs.

2. Methodology
2.1. Model set-up

In this study we use a very high-resolution hydrodynamic model
system, utilising the Unstructured Grid, Finite-Volume Coastal Ocean
Model (FVCOM) (Chen et al., 2007), to assess the dispersion of hyper-
saline brines in the natural environment. FVCOM is an
unstructured-grid, coastal hydrodynamic circulation model, with the
atmospheric weather forcing through the free surface. The primitive 3D
equations of continuity, momentum, energy and tracers are solved to
simulate the multiscale dynamics of the hydrodynamic turbulent flows.
This model system allows for very high resolution in the vicinity of the
release point, such that the dynamics and dispersion of plumes can be
modelled in detail. Lower resolution towards the model domain
boundaries restricts computational cost but maintains the ability of the
model system to accurately simulate the primary physical mixing pro-
cess acting on shelf seas. The model system has been adapted to enable
the simulation of sea surface, mid-depth, and seabed hypersaline brine
releases, at multiple points. Detailed bathymetry as shown in Fig. 2,
enables the assessment of any impact seabed morphology may have on
dispersal or retention of brines. We have chosen the domain as one
where CCS storage in saline aquifers has been identified as plausible
(Pale Blu Dot 2016).

Fig. 1. Schematic of the threat from reservoir pressure build-up, with the potential of faults fractures and CO, leakage (top); and a suggested solution to manage

reservoir pressures (bottom).
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Fig. 2. Schematic of the model nesting scheme, clockwise from top left; wide area model domain suppling boundary forcing; intermediate domain showing regional
bathymetry features; release simulation domain; applied high resolution bathymetry showing sand waves; ultra-high resolution model centre with metre

scale resolution.
2.2. Release scenarios

We assess the spread, dilution, and persistence of a number of real-
istic brine release scenarios, in terms of salinity and temperature, and
further calculate dilution factors to enable the estimation of other
chemical characteristics of the produced water such as oxygen levels and
contaminants. Based on these results we estimate the impact potential
from a range of scenarios and dispersion methods, including a combi-
nation of seabed, mid-depth, and sea surface discharges, across different
seasons each with specific mixing characteristics.

Release scenarios are difficult to estimate a-priori, and brine char-
acteristics are highly variable. We have taken a worst-case scenario
approach here based on commercially sensitive supporting data in order
to place upper constraints on impact potential. We have assumed a brine
concentration of 258 PSU at 56 °C and a maximum discharge rate of 9.29
Mt/a (equivalent of 160,000 barrels of freshwater a day by volume) via
managed extraction. Further we assume that seabed production would
be mediated via a number of brine extraction wells (e.g. four) spaced at
some distance, which initial model experiments indicated do not
interact. Therefore, a seabed discharge of 40,000 barrels per day is
simulated. In order to test the effect of discharge at both the mid-depth
and the sea surface, we assume a single emitter of 160,000 barrels of
brine per day.

We further investigate smaller discharge rates approximating to an
unmanaged seep scenario via an outcrop of the aquifer bearing strata,
again some distance away from the other releases. Here we presume a
total of 20,000 barrels per day as either a single source or as 10 diffuse
sources of 2000 barrels per day. Mass equivalents are given in Table 1. In
addition, a no-release baseline scenario is used for comparison.

Table 1
Release scenarios.
Scenario Release Rate Release Rate Salinity Temp Release mode
Mt/a barrels/day PSU °C
1 2.32 40,000 258 56 Seabed
2 9.29 160,000 Surface
3 9.29 160,000 Mid-Depth
4 1.16 20,000 Seabed
5 10 x 0.116 10 x 2000 Seabed

2.3. UK coastal model

The UK coastal shelf model (Fig. 2. top left) is utilised to set up the
model domain and boundary forcing (Scottish Shelf Model, shelf wide
domain, version 2.01, (De Dominicis et al., 2018)), forced by realistic
tidal, current, thermal and wind driven mixing, with boundary condi-
tions supplied by reanalysis simulations of the wider area. The ba-
thymetry is set by data from the European Marine Observation and Data
Network (EMODnet) and the North-West Shelf Operational Oceano-
graphic System (NOOS), the latter, for the North Sea east of 0° E, are
interpolated onto the model mesh. The model has 20 equal vertical
levels of terrain following sigma coordinates, each representing 5% of
the water column depth. Forcing data including temperature, salinity
and currents are defined at the model open boundaries, based on a
year-long climatology representing average conditions between 1990 —
2014. Depth-resolved temperature, salinity and non-tidal current inputs
are generated from the Atlantic Margin Model (Edwards et al., 2012;
O’Dea et al., 2012) interpolated onto the FVCOM vertical mesh at the
open boundary nodes. The tidal components (currents and elevation)
have been generated from the TPXO global ocean tidal model (Egbert
and Erofeeva, 2002), with eight primary (M2, S2, N2, K2, K1, O1, P1,
Q1), two long period (Mf, Mm) and 3 non-linear (M4, MS4, MN4) har-
monic constituents from a single year interpolated onto the FVCOM
mesh at each of the open boundary nodes. Surface forcing (wind,
heating, precipitation) is derived from ECMWF ERA-Interim model
configured for the UK shelf (Dee et al., 2011). River freshwater data is
sourced from Grid 2 Grid (1962-2011) obtained from the Centre of
Ecology (CEH) (Bell et al., 2007; Cole and Moore, 2009). The hydro-
dynamics are run for a full year, with outputs recorded at the boundaries
of the smaller domains in Fig. 2, providing the nested forcing data.

2.3.1. Local domain

The nested domains used for the release scenarios are bespoke to this
study, with inputs for the nested domain taken directly from the larger
domain to again represent present-day climatology. The model resolu-
tion varies from 2.5 km at the boundaries to 5 m at the centre, with 20
equal layer depths as sigma coordinates. The computational time step is
0.15 s, and the output frequencies are hourly over a single year. The first
6 months are treated as spin up to allow the background hydrodynamic
properties to reach a quasi-steady-state (Isik, 2013). The mesh size at the
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release site is approximately 5 m, giving an area of 25 m?, and with a
height of 2.5 m, giving the initial receiving volume of 62.5 m3. Hence
there is an immediate dilution of the brine properties within the model.
In reality there would be a gradient from the undiluted brine properties
at the injection pipeline terminus to the values reported here, a few
metres distant.

The horizontal currents in the nested region will greatly affect the
plume concentration and dispersion rate. Higher currents will spread the
plume over a larger area, but at the same time provide greater mixing,
giving lower concentrations. Estimates of impact are therefore presented
at periods of maximum and minimum currents. The seabed, mid-depth,
and surface mean daily currents, along with seawater temperature
fluctuations from a physics only simulation can be seen in Fig. 3. The
differences in daily mean currents at the release location and outcrop are
found to be negligible. Given the plume will impact mostly on the seabed
due to high density waters, the maximum daily mean current experi-
enced on the seabed is on the 18th of September, and minimum daily
mean current experienced on the seabed is on the 12th August. Detailed
results for these dates are analysed here to enable the assessment of
currents on the plume dynamics.

2.4. Impact metrics

For the purposes of this study a set of stringent impact thresholds
were identified:

e Salinity: A salinity greater than 36.75 PSU, or a or a 5% increase
over regional mean salinity is used as a conservative toxicological
threshold, based on guidelines related to the permitting of Seawater
Reverse Osmosis (desalination) plants (de-la-Ossa-Carretero et al.,
2016; Frank et al., 2017; Lykkebo Petersen et al., 2019;
Sanchez-Lizaso et al., 2008).

Temperature: In terms of temperature, the largest short-term
changes in ambient temperature occur over the thermocline, the
vertical structure imposed by surface heating, and lie in the range of
2-5 °C, which are routinely tolerated by diurnally migrating species.
We have considered an increase of 5 °C over background as a lower
threshold for response.
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e Contaminants: Specific thresholds would depend on contaminant
concentration within the brine in combination with the relevant
Predicted No Effect Concentration (PNEC — the concentration at
which the contaminant is considered benign). We report on a range
of dilution factors up to 5000 fold, equivalent to a salinity of 0.045
PSU above background. This would be sufficient to reduce for
example a hypothetical extreme contaminant concentration of
~25 mg/1 to a hypothetical PNEC of 5.0 pg/l as an extreme worst-
case scenario.

e Oxygen: With respect to oxygen, the European Union Water
Framework Directive (WFD) defines high water quality as greater
than 7 mg/1, above 4.7 mg/1 as good, above 2 mg/1 as moderate with
severe hypoxia below 2 mg/1 for near shore waters. OSPAR define
6.0 mg/1 as a the upper threshold for hypoxia in shelf waters. (Queste
et al., 2013). Presuming completely anoxic brine and a mean
seawater oxygen concentration of 7 mg/l, 6.0 mg/l equates to a
dilution factor of 7 and 2 mg/1 to a dilution factor of 1.4.

From this, it is clear that a contaminant related threshold would
likely be the first threshold to be breached.

3. Results

We find that the natural mixing processes dominated by tidal flow, in
addition to entrainment from the negatively buoyant hypersaline
plumes, generally disperse hypersaline plumes rapidly. Even at this
relatively shallow North Sea depth of ~ 50 m any potential impacts in
the water column are well constrained, in the order of 10’s — 100’s of
meters in any direction depending on disposal scenario (Figs. 4-7), with
the vertical position of the plume dependant on the release scenario and
tidal current strength, and with seabed impacts presented in Table 2.

As the plume oscillates in space, driven by the tidal cycle (Figs. 5 and
6), a fluctuating signal is detected at any given point. Therefore, the
results are further analysed by an integration of the area impacted over a
24 h period. Snapshots of the periods of maximum and minimum cur-
rents (on the 18th September and 12th August respectively), are ana-
lysed to enable the assessment of hydrodynamic variability on the
plume. Elevated temperatures as a result of disposal are highly localised

Temperature

10 T

—=—Seabed
Mid-Depth
—=—Surface

Degrees Celcius
)

7.5 : ‘
24/06 22/07 19/08 16/09 14/10 11/11 09/12
Date (Day/Month)

Fig. 3. Physical properties predicted at the seabed (red), mid-depth (green) and surface (purple). The daily mean horizontal currents with solid lines showing the
mean horizontal current at each depth over the 6-month period (left). The daily mean temperature (right). The position of the maximum seabed currents (orange
vertical line - 18th of September) and minimum seabed currents (blue vertical line - 12th of August) are highlighted on both.
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Fig. 4. Seabed (top 4) / Surface releases (bottom 4): Top-down view of the salinity plume (in PSU), showing the maximum values through the vertical layers and
horizontal grid over a 24 h period during highest daily average currents — 18th September (odd rows) and the lowest daily average currents — 12th August (even
rows); Green illustrates a critical distance within which contaminants in the plume could potentially have an impact (5000 fold dilution), and pink shows the critical
distance under which the salinity could potentially have an impact (5% increase over mean). Full view of plume (left), localised to 150 m in each direction (right).

and limited to less than 5 °C within the model when analysed in the
smallest 5 x 5 m grid. Similarly, oxygen depletion is highly localised,
with no thresholds exceeded beyond this scale. This means that values
between the source concentrations and these thresholds are predicted to
only occur within less than 5 m from the source whilst being heavily
diluted.

3.1. Seabed release (40,000 barrels/day)

For the seabed releases, the horizontal areas that breech the worst

case contaminant related threshold (1:5000 dilution) through the tidal
cycle in the water column are shown in the top four images in Fig. 4
(green outline) and a 3D representation of the plume shown in Fig. 5.
The contaminants can be seen to impact a distance up to 500 m away
from the source, impacting an area on the seabed of up to 0.58 km? over
the major tidal cycle as shown in Table 2. The salinity threshold is
breeched at distances up to 100 m from the source, and beyond the
initial source the temperature change dilutes to within natural vari-
ability very quickly and is considered too small to have any impact. No
significant accumulation of hypersaline waters is predicted within the
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Fig. 5. 3D representation of the seabed release scenario (40,000 barrels/day), with a 2D slice to show changes away from the plume, comparing the plume on the
18th September (left), and the lowest daily currents on the 12th August (right). 3D regions indicate contaminants exceeding the dilution factor threshold of 5000,
with the colour for the 3D and 2D slice showing the predicted salinity (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.).

sand wave troughs.

3.2. Sea surface release (160,000 barrels/day)

For the surface release, the horizontal areas that breech the
contaminant threshold through the tidal cycle in the water column are
shown in the bottom four images in Fig. 4, and a 3D representation of the
plume shown in Fig. 6, with no significant accumulation of hypersaline
waters within the sand wave troughs. The contaminants can be seen to
impact a distance less than 50 m away from the source, in an area on the

seabed of up to 1.6 x 10~3 km? over the major tidal cycle as shown in
Table 2. The salinity threshold is breeched only at distances less than 20
m from the source. As the previous case, the impact of the temperature
change is too small to have any impact.

3.3. Mid-Depth release (160,000 barrels/day)

For the mid-depth release, the contaminants impact a distance less
than 125 m away from the source in the water column, and can be seen
to impact an area on the seabed of up to 1.9 x 10~2 km? over the major
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Fig. 6. 3D representation of the sea surface release scenario (160,000 barrels/day), showing the plume at 3 h periods in various positions over the tidal cycle during
the highest daily average currents on the 18th September (top 4), and the lowest daily currents on the 12th August (bottom 4). Regions coloured indicate con-

taminants exceeding the dilution factor threshold of 5000, with the colour showing the predicted salinity (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).

tidal cycle as shown in Table 2. The salinity threshold is breeched only at
distances less than 20 m from the source. As these findings lie between
the two extreme cases above, illustrations for this case are not presented.
Like the previous cases, the impact of the temperature change is too
small to have any impact.

3.4. Outcrop (20,000 barrels/day)

3.4.1. Outcrop single point seep

As before, the horizontal areas that are impacted by contaminant
related impact through the tidal cycle in the water column are shown in
the top 4 images in Fig. 7. The contaminant threshold breeches occur at
distances less than 500 m away from the source, in an area on the seabed
of up to 0.72 km? over the major tidal cycle as shown in Table 2. The
salinity threshold breech occurs at distances less than 20 m from the
source. As the previous cases, the impact of the temperature change is
considered too small to cause an impact.

3.4.2. Outcrop multiple point seep

The horizontal areas that breech the salinity and contaminant
thresholds through the tidal cycle in the water column are shown in the
bottom 4 images in Fig. 7. It can be seen that the salinity threshold
cannot be detected (within the 5.0 m resolution of the model), and the
contaminants threshold breech is confined to a distance less than 20 m
from the source, impacting an area on the seabed of up to 8.6 x 1073
km? over the major tidal cycle as shown in Table 2. As the previous

cases, the impact of the temperature change is too small to have any
noticeable impact.

4. Discussion

In this study we have deliberately taken a worst-case scenario
approach, by simulating the upper end of the scenario space, coupled
with very stringent thresholds of potential impact, with a relatively low
depth North Sea release. The findings are summarised in Fig. 8 for
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Fig. 7. Single outcrop flow (top 4) / Multiple outcrop flow (bottom 4): Top-down view of the salinity plume (in PSU), showing the maximum values through the
vertical layers and horizontal grid over a 24 h period during highest daily average currents — 18th September (odd rows) and the lowest daily average currents — 12th
August (even rows); Green shows the critical distance under which contaminants in the plume could potentially have an impact, and pink shows the critical distance
under which the salinity could potentially have an impact. Full view of plume (left), localised to 300 m in each direction (right) (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.).

threshold exceeding areas on the seabed in terms of the worst case
contaminates (1:5000 dilution threshold). Areas range up to 0.6 km? for
a single seabed release point, in comparison with up to 1.9 x 102 and
1.6 x 107> m? in the larger mid-depth and surface single releases
respectively. In terms of the outcrop, a threshold exceeding area of up to
0.72 km? from a single seep is predicted. If this rate is spread over more
points, the potentially impacted area drops to a maximum of 8.6 x 1073
km?. Thermal impacts have been shown to be less than 3 °C in all cases
and therefore negligible, and saline impacts occur over smaller

distances/areas than the contaminants.

The largest potential impact is predicted from the seabed release,
with a mean impacted seabed area of 0.25 km? for a single 40,000
barrel/day release. However, assuming four release points were to be
considered together giving the same release rate as the surface release,
this area would be 4 times larger, with a potential maximum seabed
impact area of ~2.3 km?.

The major finding is that when comparing the seabed release above
(at 40,000 barrel/day) with mid-depth or surface releases (at 160,000
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Table 2

Summary of predicted impacts on the seabed.

Scenario  Release Release Maximum Max Salinity =~ Max Temp
Rate mode Impact Deviation** Deviation**
(barrels/ Area* (m?)  (PSU) (°0
day)

1 40,000 Seabed 5.8 x 10° 13.96 2.95

2 160,000 Surface 1.6 x 10° 1.29 0.29

3 160,000 Mid- 1.9 x 10* 2.49 0.54

Depth

4 20,000 Seabed 7.2 x 10° 9.79 2.08

5 10 x Seabed 8.6 x 10° 1.85 0.40
2000

*based on a 5000-fold dilution, **mean values across 5 x 5 m grid cells.

barrel/day), the mean affected areas in the water column are reduced to
1.2 x 103 km? and 4.3 x 10~ km? respectively. This means that even
with the four times greater release rate, the average impacted area in the
water column is ~20 times less at the mid-depth release, and ~600
times less at the surface release. This large effect is due to larger currents
higher in the water column (shown in Fig. 3) and the mixing experienced
during the vertical drop (shown in Fig. 6 when comparing the high tidal
current and low tidal current plumes) dispersing and diluting the hy-
persaline waters more rapidly. With the release over a water column of
only 50 m depth, this dilution has the potential to increase further in
deeper water columns.

As shown in Fig. 6 any impact from sea surface releases is minimal,
and only detectable on the seabed during low tidal currents, remaining
within 10-15 m of the source before being diluted through the hori-
zontal tidal flows beyond detection. Mixing due to the vertical drop from
high density hypersaline waters has a large role to play, with the impact
found to be in a similar order to that of the mean water current. When
the tidal currents are low, the dense hypersaline waters dominate the
flow, allowing the impacts to reach the seafloor providing a vertical
plume. However, in strong tides, these currents dominate over the high-
density hypersaline waters providing a horizontal plume as can be seen

Maximum Impact Area on The Seabed
T T T T

International Journal of Greenhouse Gas Control 114 (2022) 103559

in Fig. 6.

Another impact of the tidal currents is the effect on stratification
from the seabed release. Fig. 5 (top) shows that during high tidal cur-
rents the salinity away from the plume remains at background values.
However, Fig. 5 (bottom) shows that during low tidal currents, slight
stratification is noticed around the leakage region with salinity increases
of up to 0.025 beyond background values reaching up to 20 m height
from the seabed. Therefore, in locations where the tidal currents are low
this may be a potential concern and further simulations would be
required to investigate specific locations.

The impacts higher in the water column away from the seabed in the
sea surface and mid-depth releases are less of a concern, measuring in
the order of 10 s of meters, with the large currents most species would
pass by in a matter of seconds to a minute reducing exposure. Whereas
on the seabed, many species: organisms, plants and habitats are
immobile or restricted increasing their impact risk. With the choice of
location of release, a baseline study would be recommended to assess the
biodiversity and vulnerability of in situ fauna.

Comparing the mean daily currents and the impacted area, generally
a bigger impact area can be seen with the lower daily mean currents
when comparing Fig. 8 with in Fig. 3, this is because of the mixing and
dispersion at the higher currents. To summarise the results, the largest
plumes from each the worst-case scenarios are shown overlaid in Fig. 9.

In terms of the outcrop scenario, there is no control over how many
seep points may occur, if any, or what area they might cover. But the
analysis shows that the impacted area is greatly reduced as the number
of seep points increases.

Of necessity we have made several assumptions in this work. For
example, the release configurations tested are rudimentary and may be
nuanced in practice by number of injection points, pipeline diameter or
inducing rapid flow to enhance mixing, all with some effect on cost.. We
have assumed likely maximum discharge rates and used an extreme
assumption of contaminant concentration. Any reduction of these values
would significantly decrease the potentially impacted area. The model
presented here is able to resolve horizontally to a 5 m scale at the release
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Fig. 8. The maximum impacted area on the seabed from every 24 h over a 6-month period (markers), with the mean for the 6 months period (solid lines). Each case
is shown, along with reference sizes of a UK parking space, FA standard football pitch, and the land area of LAX airport, for comparison. The position of the maximum
seabed currents (orange vertical line - 18th September) and minimum seabed currents (blue vertical line - 12th of August) are highlighted. Note the vertical log-
arithmic scale (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 9. The top-down view of the salinity plume (in PSU), showing the maximum values through the vertical layers and horizontal grid, giving the impact region
from the largest plume in each scenario from the results showing: The seabed release (red), surface release (blue), mid-depth release (yellow) and the outcrop plume
(pink). The 10 outcrop plumes aren’t large enough to be visualised. A FA standard football pitch (UK) has been included in the top corner to give a physical idea of
scale (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

epicentre, with the extreme gradients from discharge point over the first
five metres unresolved. However, as the purpose of this work was to
assess regional impact potential. Impacts on the scale of a few square
metres are generally considered negligible, especially once assessed
against existing anthropogenic impacts on the marine environment.

5. Conclusions

Rather than an environmental impact assessment per se, with this
work we attempt to establish bounds on the environmental impact po-
tential that may arise from reservoir pressure management in-
terventions. In relatively shallow well mixed environments natural
mixing processes, dominated by tidal flow, disperse hypersaline plumes
rapidly. For all the scenarios tested here the impact potential with
respect to elevated temperature or hypoxia is highly localised and un-
likely to be consequential for the environment. Plumes of elevated
salinity are restricted to length scales of 10-100 s of meters for the
scenarios tested with no significant accumulation within the sand wave
troughs.

There is a clear affect arising from the mode of release, with disposal
at the mid-depth and sea surface leading to far quicker dispersion and
smaller seabed footprints due to dilution in the vertical drop. Further the
area impacted is reduced as the number of release points increases.
Contaminants hypothetically requiring dilutions of order 10° pose the
largest impact concern. Contaminants can also accumulate within sed-
iments and biota which requires further consideration. In operational
reality, production of waters may be at lower rates and impact areas
relatively reduced. Specific outcomes would be affected by in-situ
mixing at the time of release and as such these model predictions pro-
vide estimates of impact scale rather than absolute predictions.

The dispersal rate and ultimate impact scale of brine disposal will be
dependent on the degree of hydrodynamic mixing particular to the given
site. These results suggest that direct disposal of brines into seawater will
have a limited salinity or temperature impact in regions such as the
North Sea that experience strong tidal forcing and are generally well
mixed. The footprint of contaminants is the largest impact prediction,
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suggesting that these concentrations may be the controlling factor from
an ecosystem point of view. However, the results may not extrapolate to
sites where mixing is limited.

The impacts would depend on what contaminants, nutrients and
concentrations of gasses were present in the surrounding and hypersa-
line waters, along with what marine species are present in the vicinity of
the release. These are unknowns in this preliminary stage of the inves-
tigation until reservoir samples and a good baseline study are analysed
prior to any release taking place. The results presented here however
provide an indication of the distances that could be impacted before the
concentration is diluted by 5000 times that of the source concentration.

Three recommendations follow from this study

e The mode of release (seabed, mid-depth, and surface) has a signifi-
cant impact on dispersion. Higher release points could be considered
as these minimise the dilution length scales.

If disposal of hypersaline brines is enacted; monitoring may be
effectively achieved by using standard temperature-salinity sensors
deployed on the sea floor, coupled with knowledge of contaminant
concentrations to verify the dilution factor. This would allow
monitoring of both seabed water releases and high salinity surface
releases. The recommended positioning is at a distance of 5 - 50 m
laterally from the discharge point, aligned with the dominant tidal
axis based on the findings in a relatively shallow North Sea scenario
(50 m depth). Sampling should cover at least one tidal cycle and
ideally also sample a spring-neap cycle. Model results suggest that
after a few days disposal the plume has reached a quasi-steady state.
Periodic resampling (every few months) is recommended for added
assurance.

Further work addressing different releases including different depths
and lower salinity brines, where the effects may remain in the upper
water column, and varied contaminant concentrations based on
measured in-situ data, may be beneficial. In particular this study
does not consider specific ecological vulnerabilities nor the potential
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for long term accumulation of contaminants in the sediments or food
chain. Such studies would be recommended.
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