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Abstract: The Bunter Sandstone Formation is the intended storage formation for several commercial CO2 storage projects in
the UK Southern North Sea. Previous studies have highlighted the potential for regional pressure perturbations expected to
impact an area far beyond the storage sites where CO2will be contained by structural trapping. This study evaluates the potential
geomechanical impacts associated with widespread pressurization of saline aquifers, based on a coupled flow–geomechanical
modelling study. A published industrial-scale scenario is used as the basis for a reservoir simulation study, which envisages
storage of 232 Mt, divided between four sites over a period of 30 years. Several scenarios are considered, with the worst-case
scenario resulting in the greatest pressure increases selected for input into a geomechanical model. The results indicate that the
saline aquifer is expected to experience only very small strains and gentle uplift of the seabed as a consequence of the modelled
injection loads, with minimal risk to containment or other adverse impacts associated with rock failure. The large, well-
connected nature of the saline aquifer ameliorates the potentially negative impacts of excessive pressurization. The modelling
results suggest that the Bunter Sandstone Formation is an excellent prospect for commercial-scale storage of CO2 from a
geomechanical perspective.
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Large-scale CO2 storage in saline aquifers will be required to

achieve globally significant reductions in greenhouse gas emis-

sions through carbon capture and storage (CCS) (Ringrose et al.

2021). This is likely to involve developing multiple sites to

optimize the storage capacity of such formations. The Bunter

Sandstone Formation of the UK Southern North Sea (UK SNS)

stands as an exemplar of an extensive saline aquifer licensed for

storage of CO2 at multiple sites. The North Sea Transition

Authority (NSTA), the UK licensing authority for carbon storage,

have granted licences for several large anticlinal traps in the

northern part of the UK SNS (Gluyas and Bagudu 2020;

Hollinsworth et al. 2022, 2024). The region of principal interest

corresponds to the Silverpit Basin, a sub-basin of the UK SNS

(Fig. 1). While gas has been produced from a limited number of

Bunter Sandstone Formation structures in this region (Williams

et al. 2014), most of the storage licences target saline aquifer

storage prospects rather than depleted gas fields. This paper

presents a numerical flow and geomechanical modelling study to

evaluate the regional geomechanical impacts of a proposed multi-

site CO2 storage scheme.

The Bunter Sandstone Formation saline aquifer in the Silverpit

Basin is bounded by a series of major faults and salt structures

(Fig. 1). To date, seismic interpretation within the basin has not

identified any laterally extensive internal fault systems with

substantive offset that might form long-term barriers to flow in the

Bunter Sandstone Formation, with most faults restricted to local

structures (Hollinsworth et al. 2022; Abel et al. 2025; De Luca

et al. 2025). Pore pressure measurements also indicate that the

region is subject to a pressure regime distinct from adjacent sub-

basins (Abel et al. 2025; Williams 2025). This implies that the

Bunter Sandstone Formation of the Silverpit Basin can be

approximated by a closed compartment at internal pressure

equilibrium prior to CO2 injection (Abel et al. 2025). Modelling

of pressure depletion and recovery data from the Esmond gas field

supports this view, indicating good aquifer connectivity within the

Silverpit Basin over the gas production life cycle (Bentham et al.

2017).

The possibility of localized subseismic-scale temporary flow

barriers remains, however. Indeed, faults in the overburden above

the reservoir have been observed (BP 2021c), and operators have

developed a multi-well injection strategy based on their location to

mitigate the potential for on-structure compartmentalization (BP

2021c).

Several previous studies have investigated the potential pressure

response to injection in the Silverpit Basin region, suggesting that

large-scale injection of CO2 would result in elevated pore pressures

across the region (Smith et al. 2011; Noy et al. 2012; Agada et al.

2017; De Luca et al. 2025). These studies demonstrate that while the

CO2 is expected to be contained within the intended structural traps,

the pressure responsewould be felt far morewidely. The studies also

invoke the role of a seabed subcrop of the Bunter Sandstone

Formation in allowing pressure relief through the displacement of

brine to the water column. This subcrop occurs above a high-relief

salt dome where the Bunter Sandstone Formation has been uplifted

to the surface (location shown in Fig. 1). While uncertainty exists

relating to the connectivity between the subcrop and the proposed

injection sites, no significant barriers to flow have been identified to

date. The extent to which the subcrop will allow communication

between the saline aquifer fluids and the seawater column is also

uncertain (Noy et al. 2012).
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The issue of widely felt pressure increases in saline aquifers such

as the Bunter Sandstone Formation has been identified as a potential

challenge for multi-site CO2 storage development (Bump and

Hovorka 2024; Shoulders and Hodgkinson 2024). These challenges

are commonly discussed in the context of pressure budgets,

whereby pressure increases induced by one operation could

potentially reduce the operational window available to adjacent

projects. Bump and Hovorka (2023) also identified the risk of

displacing formation fluids towards potentially transmissive

features such as non-isolated wells and fracture systems, which

may lead to contamination of freshwater or marine environments.

The potential for inducing widespread geomechanical responses

is a further consideration that forms the focus of this study. Previous

studies have evaluated the geomechanical response of individual

Bunter Sandstone Formation structures for specific CO2 storage

development proposals (ETI 2016; National Grid 2016a; BP 2021a;

Gibson-Poole et al. 2024). These site-specific models are generally

concerned with whether the planned injection profiles can be

achieved without locally damaging the top seal and posing a risk to

CO2 containment. However, in an extensive hydraulically con-

nected saline aquifer formation, widespread changes to effective

stress conditions could also lead to the following:

• induced seismicity;

• reservoir dilation leading to surface deformation; and

• cumulative stress–strain responses resulting from storage at

multiple sites.

In addition to local effects, these processes could potentially

occur at considerable distance from the storage sites themselves.

While geomechanical effects remote from the storage site may

not necessarily pose a CO2 containment risk, they may have

implications for induced seismicity or the displacement of other

reservoir fluids such as highly saline or heavy metal enriched

brine. Consequently, there may be a need to consider monitoring

of pressure and/or strain more regionally beyond the storage sites.

The relative importance of these risks will increase as further CO2

storage developments seek to exploit the potential of saline

aquifer formations, leading to an increase in the number of

injection sites. Multi-site storage settings could potentially lead

to amplification of risks otherwise considered minor in terms of

likelihood and severity.

In this study, a regional geological model over the full extent of

the Silverpit Basin area (Fig. 1) is used as the basis for a coupled

flow and geomechanical modelling study to evaluate the impact of

industrial-scale CO2 injection at multiple sites. The modelled CO2

injection schedule is taken from a commercial scenario published

by a CO2 storage licensee active in the region; the Northern

Endurance Partnership (NEP) Path to 10 Mt Per Annum (Phase 2)

Scenario (BP 2022). This scenario comprises injection into four

different structural closures in the Silverpit Basin, with no

pressure relief wells. The aim of the modelling is to determine

what geomechanical impacts are likely to arise due to a credible

multi-site storage scheme in a large hydraulically connected

saline aquifer unit.

Fig. 1. Location map showing the model area within the Silverpit Basin. The model extent is shown by the yellow and orange shaded area broadly covering

the Silverpit Basin, which is thought to represent a single connected aquifer unit forming an isolated pressure compartment at Bunter Sandstone Formation

level. A seismic phase reversal polygon (PRP) appears to demarcate a zone of higher porosity and permeability (shaded dark orange) than the aquifer to the

north (shaded yellow). The location of the main Bunter Closures (BC) targeted for CO2 storage are indicated along with modelled injection wells. Source:

the bounding structures shown are after Abel et al. (2025); the Bunter Sandstone Formation extent and outline are taken from Cameron et al. (1992) and the

BC outlines are from CO2Stored (Bentham et al. 2014); the offshore quadrant, carbon storage licence and gas field outlines, as well as the coastline

linework, contains information provided by the North Sea Transition Authority and/or other third parties (https://opendata-nstauthority.hub.arcgis.com/

search?collection=Dataset).
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Geological setting

The study region forms part of the Southern Permian Basin, an east‒

west-striking depocentre extending across northern Europe from

eastern England to Poland and the Baltic States (Doornenbal and

Stevenson 2010). The stratigraphic and tectonic evolution of the

basin is outlined in Figure 2, although detailed accounts of the

geological evolution and exploration history are provided elsewhere

(Cameron et al. 1992; Underhill 2003; Doornenbal and Stevenson

2010). The basin has received renewed interest in recent years due to

its extensive energy transition opportunities (Doornenbal et al.

2022; Fyfe and Underhill 2023; Underhill et al. 2023). The Silverpit

Basin forms a sub-basin within the UK SNS portion of the basin,

which is bordered by the Dowsing Graben System to the west, the

North Dogger Fault Zone to the north, the Cleaver Bank High to the

east and the Outer Silverpit Fault Zone (Fig. 1). The combination of

these major structural lineaments isolates the Silverpit Basin from

the surrounding sub-basins (Abel et al. 2025). A further

combination of faults and salt-wall structures, known as the East

Silverpit Fault Zone, divides the main part of the Silverpit Basin

from its eastern extension that extends into the Netherlands sector

(Abel et al. 2025).

A thick cyclical sequence of carbonate–evaporite strata ascribed

to the Permian-aged Zechstein Group (Fig. 2) exerted a key control

on the subsequent structural evolution of the study region (Van

Hoorn 1987; Allen et al. 1994; Griffiths et al. 1995; Stewart and

Coward 1995; Brennan and Adam 2023; Brennan et al. 2023). The

impact of the Zechstein Group on the current configuration of the

study region is key to understanding the prospectivity of the Bunter

Sandstone Formation for CO2 storage (Fig. 3). After the Zechstein

Sea receded at the end of the Permian, c. 400 m of distal floodplain

and lacustrine mudstones of the Bunter Shale Formation were

deposited during the Early Triassic. The Bunter Shale is overlain by

the predominantly fluvial succession of the Bunter Sandstone

Formation, the saline aquifer of principal interest for CO2 storage in

the Silverpit Basin. Both units are components of the Bacton Group

(Fig. 2). Although the Bunter Sandstone Formation is 170 m thick

on average, its thickness is variable across the study area, and it is

progressively eroded beneath the Hardegsen Unconformity towards

the north of the study area. The Hardegsen Unconformity separates

the Bunter Sandstone Formation from the overlying top seals of the

Haisborough Group (Geluk and Röhling 1997). The Haisborough

Group predominantly comprises a sequence of red mudstones

interbedded with dolomite and anhydrite beds. It also contains

Fig. 2. (a) Tectonostratigraphic chart for the UK SNS. MMU: Mid Miocene Unconformity, BCU: Base Cretaceous Unconformity, BPU: Base Permian

Unconformity. (b) Stratigraphic detail for the Triassic indicating the stratigraphic variation overlying the Bunter Sandstone Formation. Source: (a) adapted

from Abel et al. (2025); the tectonic history was compiled from Glennie (1990), Doornenbal and Stevenson (2010) and Grant et al. (2019, 2020); (b) after

Johnson et al. (1994).
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several widespread halite members, the oldest of which, the Röt

Halite Member, is present across almost the entire extent of the

Silverpit Basin and forms a key component of the top seal for CO2

storage (Cameron et al. 1992; Heinemann et al. 2012; Morris et al.

2026). An intervening claystone unit informally known as the Röt

Clay separates the Bunter Sandstone Formation from the Röt Halite

Member (Furnival et al. 2014; Gibson-Poole et al. 2024) and is

laterally equivalent to the Solling Formation of the Netherlands

sector.

The topography generated by salt mobilization influenced the

lithology and thickness distributions of subsequent Jurassic strata,

which were deposited in marine conditions when continued rifting

combined with both regional thermal subsidence and eustatic sea-

level rise (Van Hoorn 1987; Cameron et al. 1992; Stewart and

Coward 1995; Doornenbal and Stevenson 2010). Cimmerian uplift

and erosion commenced during the Upper Jurassic, leading to

significant removal of Jurassic strata beneath the Base Cretaceous

Unconformity (Fig. 2). Rifting and halokinesis continued into the

Cretaceous when the Cromer Knoll and Chalk groups were

deposited in marine environments. Further halokinesis during the

Cenozoic continued to exert an important control on deposition

(Underhill 2009). The resulting anticlinal domes and elongate

structural accumulations form the dominant structural fabric of the

Triassic and subsequent strata within the Silverpit Basin, with

structural closures at the Bunter Sandstone Formation level forming

the principal CO2 storage play (Noy et al. 2012; Williams et al.

2013a, b, 2014; Hollinsworth et al. 2022).

The detailed sedimentology and diagenetic history of the Bunter

Sandstone Formation in the Silverpit Basin are discussed in detail

by Hossain et al. (2024) and Rushton et al. (2025). However, it is

pertinent to note that seismic reflections from the top Bunter

Sandstone Formation exhibit a distinct regionally extensive polarity

reversal, which is observed across the south of the study area

(Fig. 1). The resulting phase reversal polygon (PRP) is important

due to observed differences in porosity in wells either side of the

boundary (Furnival et al. 2014). This property variation is thought

to result from pervasive halite cementation in the upper part of the

Bunter Sandstone Formation to the north of the PRP (Blackbourn

and Robertson 2014; Furnival et al. 2014).

Modelled CO2 storage scenario

The CO2 injection schedule modelled in this study was based on the

Northern Endurance Partnership (Phase 2) Path to 10 Mt Per

Annum (BP 2022). This scenario represents a projected expansion

or build-out phase, following on from initial plans to store CO2 at

the Endurance storage site. A storage permit was granted for the

Endurance site in 2024, with construction anticipated to commence

in 2025. The scenario considers a total injected storage mass of

232 Mt, divided between four sites (Table 1): a nominal injection

rate of 1 Mt a−1 per well has been used in the simulations.

Static reservoir model

Structural model

A geological model covering the extent of the connected aquifer

volume within the Silverpit Basin (Fig. 1) was generated from

regional seismic interpretation and well data catalogues available to

the British Geological Survey. The available seismic database is

described by Abel et al. (2025). Seven seismic horizons were

interpreted on multiple 2D and 3D seismic surveys (see Abel et al.

2025 for more information) to allow depth conversion and

geomechanical modelling of the overburden and underburden

(Table 2). Two-way travel time data were gridded and depth-

converted using the velocity model parameters shown in Table 2.

The resulting depth surfaces were corrected to fit measured

formation tops in available wells using a high surface tension, to

avoid ‘bull’s eyes’ located on individual well locations.

For geomechanical modelling purposes, the entire overburden

succession to seabed, as well as the underlying surfaces, was

integrated into the model, although only the sequence between the

Zechstein Group and the Röt Halite Member (the Röt Clay, Bunter

Sandstone and Bunter Shale formations) was activated in the

dynamic flow simulations. Additional volumes were also appended

to the sides and underburden of the geomechanical model grid to

ensure that boundary stresses were equalized and to avoid grid

buckling. A similar process to that described by Olden et al. (2012)

was followed to construct the geomechanical model grid. These

additional volumes were not activated in the dynamic flow

simulations, which were truncated at the structural boundaries

surrounding the western and central extent of the Silverpit Basin

(Fig. 1). These structural boundaries are interpreted to form no-flow

boundaries to the hydraulic unit (Smith et al. 2011; Noy et al. 2012;

Abel et al. 2025).

A relatively coarse 400 × 400 m horizontal grid cell increment

was used as a compromise between the need to incorporate

Fig. 3. Cross-section through the geological model indicating the main stratigraphic subdivisions and their dominant lithologies. The line of section is

indicated in Figure 1.

Table 1. CO2 injection schedule for the Northern Endurance Partnership
(Phase 2) Path to 10 Mt Per Annum (BP 2022)

Date Injection rate (Mt a−1)

Endurance BC36 BC39 BC40

2026 4.00 0.00 0.00 0.00

2029 4.00 2.00 3.00 1.00

2051 0.00 0.00 0.00 0.00

BC refers to the Bunter Closure storage sites as defined in the UK’s online storage atlas,

CO2Stored (Bentham et al. 2014).
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increased vertical resolution and the need to maintain reasonable

simulation run times. The final model comprised 357 cells in the X

(I ) grid direction and 297 cells in the Y (J ) direction. The cell size in

the Z (K) direction was highly variable due to differences in

lithostratigraphic unit thicknesses and their variation across the

study region. Two grid versions were created with different vertical

scales within the Bunter Sandstone Formation interval: in the fine-

scale geological model, the Bunter Sandstone Formation interval

was divided into thin layers c. 2.5 m in size to capture small-scale

heterogeneities during petrophysical modelling. A coarse-scaled

grid with an average cell size of 7.5 m in the reservoir interval was

also generated so that the fine-scale model could be upscaled into a

grid containing a tractable number of cells for simulation purposes.

Because seismically resolvable faults within the Silverpit Basin

are highly localized, they are not expected to form significant

regional barriers to fluid migration because the pressure front will

eventually bypass the faulted section of reservoir. Subseismic-scale

faults and deformation bands are frequently observed in Permo-

Triassic outcrops onshore UK. Vosper et al. (2017) used an

upscaling approach to investigate the impact of deformation bands

in outcrop-scale fault zones on bulk formation permeability. The

strongest impact on the permeability tensor occurred perpendicular

to the deformation bands. Whilst subseismic-scale deformation

could have a significant impact on near-well-bore injectivity, in the

far-field formation fluids would be likely to be displaced along

preferential flow paths non-orthogonal to the pressure front. It is

envisaged this would result in a transient localized pressure increase

around the deformation bands but would not significantly impact

the propagation of the pressure front at a regional scale.

Consequently, a pragmatic decision was taken to exclude faults

from the model. This carries the benefit of simplifying the mesh

structure for the numerical modelling. However, a lack of faults is a

limitation of the model, and so the potential presence of faults was

considered during the analysis of the geomechanical modelling

results discussed later.

Petrophysical model

Rock property measurements for the Bunter Sandstone Formation

used to parameterize the reservoir model are summarized in Table 3.

The datawere compiled from an analysis of core plugmeasurements

from 23 wells located within the study region (Noy et al. 2012;

Furnival et al. 2014; Weatherford Laboratories 2015; National Grid

2016a). The data have been subdivided based on the well location

relative to the interpreted PRP (Fig. 1). Core plug samples from

within the PRP have higher porosity and permeability than samples

from wells to the north of the PRP.

A model of the effective porosity distribution for the Bunter

Sandstone Formation was computed by Gaussian random function

simulation using a spherical variogram with an anisotropy range of

1200 m along the major/minor axis and 12 m in the Z direction. The

horizontal permeability field was calculated from this porosity grid

using a bivariate distribution, obtained from log-linear cross-plots of

core plug porosity and horizontal permeability. The average

modelled horizontal permeability value of 295 mD calculated for

the Endurance storage site (Table 3) is slightly higher than the

average formation permeability of 270 mD, as measured in a well

test (National Grid 2016b). The mean modelled permeability of

55 mD outside the PRP is consistent with the bulk aquifer

permeability estimated from a study that history matched the

pressure recovery of a post-production well drilled in the Esmond

gas field (Bentham et al. 2017). It falls between the geometric mean

(42 mD) and median (72 mD) measured core plug permeability.

These values are consistent with the petrophysical analysis carried

Table 2. Reference velocity V0 and velocity gradient k parameters for the layer-cake velocity model used to depth convert the seismic travel-time surfaces

Top surface Base surface V0 (m s−1) k

0 m (MSL) Seabed 1480 0.000

Seabed Top Chalk Group 1788* 0.284*

Top Chalk Group Base Cretaceous Unconformity 2256 0.860

Base Cretaceous Unconformity Top Muschelkalk Halite Member 2735 0.239

Top Muschelkalk Halite Member Top Bunter Sandstone Formation 3046 0.374

Top Bunter Sandstone Formation Top Zechstein Formation 3269 0.316

Top Zechstein Formation Top Rotliegend Group 4577 0.000

MSL, mean sea level.

*Velocity values for the Tertiary sequence were taken from Pluymaekers et al. (2017).

Table 3. Rock properties for the Bunter Sandstone Formation obtained from
laboratory core plug measurements and petrophysical analysis

Property Outside

seismic PRP

Inside

seismic PRP

Core plug porosity

Minimum porosity (m3 m−3) 0.01 0.04

Maximum porosity (m3 m−3) 0.38 0.33

Arithmetic average porosity (m3 m−3) 0.19 0.22

Standard deviation porosity (m3 m−3) 0.07 0.05

Wireline log porosity

Arithmetic average total porosity (m3 m−3) 0.20 0.22

Arithmetic average effective porosity (m3 m−3) 0.16 0.20

Core plug permeability

Minimum KH (mD) 0.01 0.06

Maximum KH (mD) 8730.00 10 841.00

Arithmetic average KH (mD) 397.93 737.90

Geometric average KH (mD) 42.04 240.00

Harmonic average KH (mD) 0.68 8.70

Standard deviation KH (mD) 752.43 1211.10

KV/KH KV≈ 0.6KH KV≈ 0.6KH

Static reservoir model rock properties

Minimum effective porosity (m3 m−3) 0.005 0.02

Maximum effective porosity (m3 m−3) 0.30 0.30

Average effective porosity (m3 m−3) 0.153 0.20

Standard deviation effective porosity (m3 m−3) 0.06 0.04

Minimum KH (mD) 0.27 0.34

Maximum KH (mD) 790.00 3188.00

Average KH (mD) 55.00 295.00

Standard deviation KH (mD) 87.00 348.00

Reservoir net/gross (NTG) ratio 0.85 0.95

Pore compressibility (bar−1) 5.6 × 10−5 5.6 × 10−5

Thermal conductivity (W m−1 °C−1) 4.50 4.50

Specific heat capacity (J kg−1 °C−1) 1045.00 1045.00

Density (kg m−3) 2660 2660

The final reservoir model porosity and permeability fields were calculated using

Gaussian random function simulation. Thermal properties were taken from Hartmann

and Pechnig (2008) and Kleiner (2003).
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out by the current operators of the Endurance site (Gibson-Poole

et al. 2024), who derived average permeabilities of 298 mD inside

the Endurance storage site and 54 mD for the surrounding aquifer.

The ratio (KV/KH) of vertical (KV) to horizontal (KH) permeabil-

ity from core plug measurements is c. 0.6. However, well-test data

obtained by National Grid Carbon (Furnival et al. 2014; National

Grid 2016a) measured a KV/KH ratio of between 0.10 and 0.36 with

a vertical interference test and 0.04 using a drill stem test (DST). In

this study we use a base-case value for KV/KH of 0.1, with an upper

bound of 0.36 and a lower bound of 0.01, closer to the DST.

A constant net/gross (NTG) ratio of 0.95 has been used in the

reservoir model to represent the Bunter Sandstone Formation

interval inside the seismic PRP. This is comparable with the average

NTG calculated by Gibson-Poole et al. (2024) for the reservoir

interval at the Endurance site. A lower NTG of 0.85 has been

applied to the model outside this region, higher than the average

value of 0.7 calculated for the more localized region around

Endurance by Gibson-Poole et al. (2024).

The modelled top seal comprises an interbedded mudstone–

salt sequence, and the reservoir is underlain by a thick layer of

predominantly siltstone and mudstone (the Bunter Shale

Formation). Halite rock properties were taken from measure-

ments made on Messinian salt rocks by Samperi et al. (2020)

(Table 4). Mudstone layers in the model were assigned a constant

average porosity and permeability (Table 4), based on measure-

ments taken from samples of the Mercia Mudstone Group (MMG)

sediments onshore UK (Jin et al. 2010; Armitage et al. 2016;

Harrington et al. 2018). The MMG forms the onshore lateral

equivalent to the Haisborough Group in the UK SNS.

Permeabilities ranged from 2.1 × 10−3 to 8.5 × 10−6 mD, with

an arithmetic mean of 1.4 × 10−3 mD and a geometric mean of

3.6 × 10−4 mD. Sample porosities ranged between 0.05 and 0.22

porosity fraction. A porosity of 0.1, a KH of 5.0 × 10−3 mD and a

KV/KH ratio of 0.1 were used for the shale horizons, consistent

with Jin et al. (2010).

Multiphase fluid properties

Two sets of Bunter Sandstone Formation relative permeability

curves were used in this study, corresponding to the base case and

downside model scenarios published in key knowledge documents

from the NEP (BP 2021b). These follow a modified Corey power-

law model (Corey 1954; Brooks and Corey 1964) with the

parameters shown in Table 5. The Bunter Sandstone Formation

capillary pressure curve is based on a Skjaeveland et al. (2000)

model fit to laboratory measurements on core from the Endurance

site (National Grid 2016b). A single set of relative permeability and

capillary pressure curves was used to represent the top seal and

underburden sequence (Table 5). The curves were based on a

modified Corey power-law fitted to measurements from the Calmar

Shale (Bennion and Bachu 2006).

The range in pore compressibility represents a significant source

of uncertainty. Pore compressibility measurements on Bunter

Sandstone Formation samples gave a range between 1.65 × 10−5

and 4.5 × 10−5 bar−1 (Jin et al. 2010). A compilation of pore

compressibility measurements from oil and gas fields on the UK

Continental Shelf (UKCS) (Jin et al. 2010) gave a range between

4.0 × 10−5 and 15.0 × 10−5 bar−1, with a mean of 5.0 × 10−5 bar−1,

close to the value of 5.6 × 10−5 bar−1 predicted by the relationship

of Hall (1953) for a reservoir porosity of 0.18. Wiese et al. (2010)

used a value of 7.2 × 10−5 bar−1 in their simulations of CO2

injection at the Ketzin pilot site. Lower and upper bound values of

2.5 × 10−5 and 8.5 × 10−5 bar−1 are calculated based on correlations

published by Horne (1990) and Jalalh (2006a, b), respectively. As

the measured values show considerable spread, a pore compress-

ibility of 5.6 × 10−5 bar−1 is considered reasonable and is used here.

Mudstone layers representing the Röt Clay top seal and the

Bunter Shale Formation underburden sequence have also been

included in the model. These were assigned a pore compressibility

of 5.6 × 10−4 bar−1, comparable in magnitude to measurements

made on MMG samples by Jin et al. (2010) and Harrington et al.

(2018), who recorded a range of pore compressibility values

between 2.6 × 10−5 and 1.0 × 10−4 bar−1.

Halite layers were also included in thermal model runs to capture

the geomechanical effects of a low-temperature plume developed in

response to cold CO2 injection on halite stability. These layers were

assigned a pore compressibility of 5.6 × 10−18 bar−1. Robertson

et al. (1958) measured an average halite compressibility of 4.17 ×

10−18 bar−1 in a series of laboratory experiments.

The thermal conductivity and specific heat capacity assigned to

each modelled rock type are summarized in Tables 3 and 4. Salt

thermal properties were taken fromRobertson et al. (1958), Samperi

et al. (2020) and Raymond et al. (2022). Shale thermal properties

were based on a series of measurements made on samples of MMG

by Parkes et al. (2021). Bunter Sandstone Formation thermal

properties were taken from Kleiner (2003) and Hartmann and

Pechnig (2008).

Dynamic reservoir model

A series of flow simulations were conducted to test the effects of key

model uncertainties on the amount of CO2 stored and the resulting

pressure field (Table 6). The scenarios were designed to

progressively limit the CO2 storage capacity of the aquifer by

varying model parameters within realistic bounds. The total injected

mass of CO2 achieved in each simulation, together with the

maximum percentage of the fracture pressure reached in the

reservoir, are summarized in Table 7.

Multiphase fluid flow modelling was undertaken using the

PFLOTRAN-OGS open-source reservoir simulator package

(Hammond 2016; OpenGoSim 2021). PFLOTRAN-OGS has a
Table 4. Overburden and underburden rock properties used in the models

Property Salt Mudstone

Porosity (m3 m−3) 1.0 × 10−6 0.10

KH (mD) 5.0 × 10−5 0.005

KV (mD) 5.0 × 10−6 0.0005

Pore compressibility (bar−1) 5.6 × 10−18 5.6 × 10−4

Thermal conductivity (W m−1 °C−1) 5.40 2.50

Specific heat capacity (J kg−1 °C−1) 1200.00 913.00

Density (kg m−3) 2160.00 2456.00

Salt-rock porosity measurements were taken from Samperi et al. (2020). Mudstone

values are based on measurements made on samples of the Mercia Mudstone Group

(Armitage et al. 2016) and Solling Claystone (Spain and Conrad 1997). Salt thermal

properties were taken from Robertson et al. (1958), Samperi et al. (2020) and Raymond

et al. (2022). Shale thermal properties were taken from a series of measurements made

on samples of Mercia Mudstone Group rocks by Parkes et al. (2021).

Table 5. Modified Corey model parameters for the relative permeability
curves used in the simulations

NEP downside NEP base case Calmar Shale

Sbirr 0.25 0.20 0.26

Sc CO2
0.40 0.35 0.64

m 6.00 4.00 2.47

n 3.50 2.50 1.30

krmaxCO2 0.70 0.70 0.18

NEP scenarios after BP (2021b). Sbirr, irreducible bulk gas saturation; ScCO2
,

critical CO2 saturation; m and n, Corey exponents; krmaxCO2, Relative permeability

endpoint CO2.
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built-in two-phase (gas and water) model specifically adapted for

CO2 storage. This model allows the aqueous phase to contain

dissolved gas, and the gas phase to contain vaporized water. The

thermo-physical properties of the CO2 phase are computed

internally within the simulator, using the equation of state

developed by Span and Wagner (1996). The density, viscosity,

internal energy and enthalpy of pure water are taken from the

International Formulation Committee (IFC) steam tables (IFC

2010). The water density and viscosity are then corrected to account

for salinity using the correlations of Batzl and Wang (1992), whilst

the density correction necessary to account for a dissolved CO2

component uses the formulation proposed by Duan et al. (2008).

The amount of CO2 dissolved in the formation brine is calculated

using empirical formulations developed by Duan and Sun (2003).

All regional models were run in isothermal mode. The

temperature gradient established during equilibration was used to

calculate brine and gas fluid properties, and initial cell temperatures

were maintained throughout the simulation run. To evaluate the role

of thermal effects, a local simulation of CO2 injection into the

Endurance structure was also run using a refined grid in thermal

mode. In this case, the simulator solves for energy conservation, and

fluid properties are updated according to evolving cell temperatures.

The models were initialized using a hydrostatic pressure

gradient of 10.94 kPa m−1, a seabed temperature of 10.75°C and

a geothermal gradient of 34°C km−1. A linear salinity gradient

(equation 1) has been derived from measurements made at the

Endurance site, and wells in the Forbes, Esmond and Caister B gas

fields were used to establish hydrostatic equilibrium.

TDS ¼ 135:0Z þ 52589 (1)

where TDS are the total dissolved solids (mg kg−1) and Z is vertical

depth below seabed (m).

The geological model is thought to cover a single isolated

pressure compartment (Abel et al. 2025), so all boundaries of the

computational grid were assigned a no-flow condition. A series of

flux boundary conditions have been assigned to cells penetrated by

injection wells to achieve the target CO2 injection rates in Table 1.

Fracture pressures calculated at thewell perforations were used to set

bottomhole pressure (BHP) constraints on the CO2 injection rate in

scenarios 1‒10 (Table 6). A fracture pressure gradient of 16.8 MPa

km−1 was assumed based on fracture closure pressures estimated

from minifrac data for the Bunter Sandstone Formation at the

Endurance site (BP 2021a). In Scenario 11, the BHP constraint was

set to a nominal high value (60 MPa) to allow the full amount of

CO2 to be injected at each well location (effectively disabling the

BHP constraint). In this case, a maximum pressure of 47.4 MPa (an

overpressure of 11.5 MPa) occurred in the cells containing the

injection wells in Bunter Closure 39 (Fig. 1), where reservoir

permeability is reduced relative to the rest of the model.

The final scenario (Scenario 11) resulted in the maximum

observable pressure increase (Fig. 4) and the resulting pressure

field was output in 5 year time steps for input into the

geomechanical model described below. In Scenario 11, the

fracture pressure was exceeded at the shallow seabed outcrop

and in cells immediately surrounding the injection wells in Bunter

closures 39 and 40. Scenario 11 represents a conservative

downside case, in which horizontal permeability (KH) has been

set to 0.65KH in the base-case model to match the lower-bound

permeability derived from pressure recovery data from the Esmond

gas field (Bentham et al. 2017). The ratio of horizontal to vertical

permeability (KV/KH = 0.01) has been reduced by an order of

magnitude relative to the base case, and the NEP downside relative

permeability curves modelled. The seabed outcrop is shut in this

model, meaning no pressure relief. Finally, the BHP cutoff has

been set to a nominal high value to allow the full amount of CO2 to

be injected at each well location.

Geomechanical model

Across the simulated scenarios, the Scenario 11 run resulted in the

maximum modelled pressure increase (Fig. 4). Consequently, this

scenario was taken forward to the geomechanical model to evaluate

the geomechanical response corresponding to the worst-case

pressure response. The resulting pressure field was output in

5 year time steps for input into the geomechanical model.

Geomechanical modelling was undertaken using the Visage

simulator within the Petrel Reservoir Geomechanics workflow

(Schlumberger 2017). The pressure responses from the Scenario 11

simulation results were imported into Petrel as time-attributed grid

Table 6. Sensitivity analysis to test the effects of key simulation uncertainties
on the amount of stored CO2 and the pressure field

Simulation

scenario run

Description

1 Base case

2 Test effect of shutting the seabed outcrop

3 Test effect of impermeable top and base boundary

conditions

4 Test effect of impermeable top and base boundary

conditions, and shutting the seabed outcrop

5 Test effect of reducing KV/KH to 0.01 (0.04 DST) –

base case is 0.1

6 Test effect of increasing KV/KH to 0.36 (maximum

from VIT and core plug data) – base case is 0.1

7 KH = 0.65KH base case (to match lower-bound

permeability from the Esmond pressure recovery

model, see Bentham et al. 2017); KV/KH 0.1

8 KH = 0.65KH base case; KV/KH = 0.01

9 KH = 0.65KH base case; KV/KH 0.01; NEP downside

relative permeability curves

10 KH = 0.65KH base case; KV/KH 0.01; NEP downside

relative permeability curves; seabed outcrop shut off

from reservoir

11 As Scenario 10, with bottomhole pressure (BHP) set to

allow the full amount of CO2 to be injected at each

well location

Note that the CO2 injection rate is controlled by the BHP in simulations 1–10, with the

pressure threshold set to the Bunter Sandstone Formation fracture closure pressure at

the top of the well perforations.

DST, drill stem test; VIT, vertical interference test; KH, horizontal permeability; KV,

vertical permeability.

Table 7. Total injected mass of CO2 in each of the simulation runs expressed
as a percentage of the target injected mass of 232 Mt

Simulation

scenario run

Total injected

mass (Mt)

Percentage target

injected mass

Maximum percentage

of fracture pressure

1 230.28 99.26 84.27

2 230.28 99.26 120.00*

3 230.37 99.30 84.85

4 230.37 99.30 133.10*

5 229.58 98.96 86.84

6 230.53 99.37 82.91

7 224.18 96.63 90.74

8 214.15 92.30 91.94

9 178.72 77.03 88.78

10 178.68 77.01 95.86

11 232.00 100.00 116.0†

The maximum pressure reached in the simulation expressed as a percentage of the

fracture pressure is also shown for each scenario run.

*The fracture pressure is only exceeded at the shallow seabed outcrop (Fig. 1).
†
The fracture pressure is exceeded at the seabed outcrop and in the vicinity of the

injection wells.
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properties at 5 year intervals to enable one-way coupling with the

geomechanical modelling simulator. Saturation and temperature

effects were not considered in the regional model. However, results

from a site-scale non-isothermal simulation model based on the

Endurance site were later used to evaluate the potential extent of the

thermal stress response and its implications for regional geomecha-

nical responses.

The modelling process comprises the following steps:

• The model was initialized to calculate initial strains and

intra-grid stresses at the first-time step (pre-injection), using

a combination of pressure properties, boundary conditions

and elastic properties defined in the geomechanical model.

• One-way coupling, where pressure outputs from the

reservoir simulation were used to determine changes in

rock strain, displacement and stress at 5 year time steps,

using a linear elastic solver. Calculations on the mode of

rock failure were also made for each cell at each step.

Two-way coupling with permeability updating was not undertaken

due to a lack of input data relating porosity and permeability

changes to pore pressure. A previous modelling study of CO2

storage in an analogous setting suggested that the relatively benign

nature of the storage site meant that results differed marginally

between coupled models using generic rock mechanics data v. those

using laboratory-derived data (Olden et al. 2012). A carefully

designed experimental programme would be needed to enable fully

coupled flow–geomechanical modelling to support future expan-

sion of CO2 injection into the Silverpit Basin.

Rock mechanical properties

The rock mechanical properties were bulk attributed to each

stratigraphic unit in the model based on dominant lithology. As

shown in Table 8, five discrete lithology identifiers were described

in the model. Tertiary shale properties were assigned to all units

between the seabed and the top of the Chalk Group. Properties are

based on laboratory measurements taken from the Nordland Shale

Formation at the Sleipner CO2 storage site in the Norwegian North

Sea (Zweigel and Heill 2003; Harrington et al. 2007). Chalk

parameters were taken from the in-built geomechanical properties

reference library included within the Visage package.

Halite, claystone and sandstone properties were derived from

rock mechanical testing of Bunter Sandstone Formation, Röt Clay

and Röt Halite samples reported in storage site development reports

from the Endurance storage site (National Grid 2016a, b; BP

2021a). Although salt can exhibit both elastic and plastic behaviour,

the halite units were modelled using an equivalent elastic medium

approach, whereby Poisson’s ratio was set to ensure a near-

lithostatic stress state with low resulting shear stresses. The Young’s

modulus was then calculated from Poisson’s ratio and the measured

bulk modulus of c. 25 GPa (from logs). This approach ensures

consistency between the parameters in the stress–strain calculations

and is consistent with the modelling approach adopted by BP

(2021a). Bulk densities for claystone and halite were tuned to ensure

consistency between integrated log densities and modelled

densities, given the coarse nature of the overburden elements in

the 3D model. Biot’s coefficient was set to unity for all units to

maximize the impact of pressurization on the effective stress. This

can be considered a worst-case scenario, providing a valid end-

member approach for assessing the safety of a storage site in the

absence of a comprehensive laboratory characterization study of the

reservoir.

Fig. 4. Three-dimensional perspective view showing (a) the saturation

distribution, (b) the pressure change (in MPa) and (c) the percentage of

fracture pressure attained after 25 years of CO2 injection for Scenario 11

run (100% CO2 storage case in a lower quality Bunter Sandstone

Formation reservoir). Note that in (c), the ‘fracture pressure’ was

calculated using a gradient of 16.8 MPa km−1 based on fracture closure

pressures from the Bunter Sandstone Formation at the Endurance site.
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In situ stress conditions

The geomechanical model was initialized to match key in situ stress

observations, namely vertical stress and fracture closure pressure

measurements from the Endurance site (Fig. 5). The following

multistage process was used to generate optimized initialization

stress inputs for the geomechanical model:

(1) Vertical stress was generated by vertical integration of

formation bulk densities derived from the 3D geological

model.

(2) Lithology-specific stresses for the sandstone- and

claystone-dominated units were generated using

gradients to fit the fracture closure pressures from the

Bunter Sandstone Formation and Röt Clay. Lithostatic

stresses were assigned to the halite units.

(3) Six-component stress results were concatenated from the

lithology-dependent initialization runs to account for

lithology-dependent stress variations.

(4) Optimized stress initialization was generated from explicit

full-stress tensor inputs produced from the concatenated

initialization results produced in the previous step.

Stress is a six-component tensor that, at depth, can be

conveniently resolved into three principal components, one of

which is the vertical stress (Sv) while the other two are horizontal

and orthogonal to each other (Zoback et al. 2003). Vertical stresses

were obtained from integration of bulk density logs from both the

Endurance and BC36 sites. To generate the vertical stress input for

the initialization of the geomechanical model, overburden densities

were first assigned on a bulk basis to each stratigraphic unit based on

the average formation densities as per Table 8. The vertical stress

condition was then initialized by imposing boundary conditions to

the model. In this mode the vertical stress is calculated from the

integration of the density property from the 3D model and therefore

accounts for stratigraphic thickness variations across the model.

Overburden densities were carefully tuned to optimize the match

between the integrated density logs from both sites, and vertical

stress output from the model (Table 8). The magnitude of the

maximum and minimum horizontal stresses (SH max and Sh min,

respectively) are more difficult to obtain, but can be determined

from small-scale hydraulic fracture tests in wells. Accurate fracture

closure values were obtained for both the Bunter Sandstone

Formation and the Röt Clay from minifrac testing in the 42/25d-3

well during appraisal of the Endurance site (BP 2021a). These

provided the fracture pressure gradients for the sandstone and

claystone units (16.8 and 19.4 MPa km−1, respectively) that were

used to initialize stresses in the geomechanical model (Fig. 5). In

lieu of specific measurements, the lower sandstone stress gradients

were applied to the Tertiary shales and the Chalk Group. This

ensured an excellent match between the fracture pressure estimates

for the Endurance site and the Sh min magnitudes in the model.

As shown in Figure 5, the principal horizontal stress

components are both lower than the vertical stress, corresponding

Table 8. Rock mechanical properties used in the geomechanical modelling

Property Tertiary shale Chalk Claystone Halite Sandstone

Isotropic elastic properties

Young’s modulus (GPa) 1 7.5 13.8 0.75 14.5

Poisson’s ratio 0.17 0.2 0.24 0.495 0.25

Density (g cm−3) 2 2.4 2.6 2.17 2.31

Biot’s coefficient 1 1 1 1 1

Linear thermal expansion coefficient (LTEC) (1 × 10−5 °C−1) 1.3 1.3 1.4 4 1.2

Porosity 0.35 0.3 0.3 0 0.16

Mohr–Coulomb yield parameters

Uniaxial compressive strength (MPa) 6 25.5 34.8 - 39.0

Friction angle (°) 45 41 36 - 36

Dilation angle (°) 22.5 20 18 - 18

Tensile strength cutoff (MPa) 0.6 0.7 4.1 - 3.9

Young’s modulus and Poisson’s ratio were tested under drained conditions.

Fig. 5. Pressure and stress data from well

42/25d-3 at the Endurance storage site.

Pore pressure data are derived from the

modular formation dynamics tester

(MDT), while fracture pressure data

(average and range) are from the minifrac

data reported by BP (2021a). The vertical

stress was calculated by integration of the

bulk density log. Source: contains

information provided by the North Sea

Transition Authority and/or other third

parties (https://ndr.nstauthority.co.uk/).
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to a normal stress regime as indicated by Williams et al. (2014,

2015) and confirmed by analysis of data from Endurance (BP

2021b). The magnitude of SH max was calculated from stress ratios

based on analysis of sonic scanner logs reported by BP (2021b).

This analysis suggests a SH max/Sh min ratio of 1.05 in the Bunter

Sandstone Formation and 1.10 for the Röt Clay (Fig. 5).

Lithostatic (isotropic) stress was assumed for the halite units

(Röt Halite, Upper Röt Halite and Muschelkalk halite), where

Sh min = SH max = Sv.

For all non-halite units outside the extent of the reservoir flow

simulation model, pore pressure was set to a gradient of 11 MPa

km−1. For halite units, pore pressure was set to zero, such that one of

the terms in the effective stress calculation would be zero (given a

Biot’s coefficient of 1) and the halite would not contribute to the

effective stress calculation.

It is likely that the presence of thick Zechstein Group evaporite

sequences act to decouple the stress state in the supra-salt section

from the tectonic stresses prevalent in the basement rocks

(Williams et al. 2015). This notion is supported by the assessment

that normal stress conditions prevail at the Endurance storage site,

while strike-slip faulting conditions are suggested by the presence

of drilling-induced tensile fractures in deeper rocks beneath the

Zechstein Group evaporites. This has led to suggestions that whilst

there is a strong NW‒SE orientation of SH max in deeper strata,

horizontal stress orientations in the supra-salt succession might

potentially be more variable and relatable to local structures

(Williams et al. 2015). The only reliable estimate of the SH max

orientation from the supra-salt section at the Endurance site is

based on dispersion analysis of sonic scanner logs. Some minor

slowness anisotropy in the Bunter Sandstone Formation was

identified, with the fast shear azimuth, assumed to be represen-

tative of SH max, orientated between 92° and 105° (BP 2021a). This

orientation is displayed over the top reservoir map for the site in

Figure 6, which shows that it is approximately perpendicular to the

contours. It is unclear if the stress orientations elsewhere on the

structure will have a similar orientation, or if they will bear a

similar relationship to local dip. Owing to the lack of data, a

constant SH max of 148° is used for the geomechanical modelling,

equal to the average orientation of SH max calculated from borehole

breakouts in the UK SNS (after Williams et al. 2015). The

orientation of SH max is not expected to impact the geomechanical

modelling due to a lack of explicitly defined faults in the model,

and the relaxed nature of the stress conditions at the site.

Geomechanical results

Strain

Modelled strains throughout the injection period and at the cessation

of injection, when pressure was at its greatest, are very low, with

some negative (dilational) strains modelled in the Bunter Sandstone

Formation, Röt Clay and Bunter Shale and even lower positive

(contractional) strains in the overburden and underlying strata

(Fig. 7). While the dilational strains resulted directly from pressure

changes in the reservoir, the contractional strains result from the

consequent compressive stresses in the surrounding strata caused by

reservoir expansion. The magnitude of the dilational strains rarely

exceed −5 × 10−4 and contractional strains are limited to 1 × 10−4.

Note that contractional strains are signed positive and dilational

strains are negative in the Visage package. Contractional strains in

the Zechstein Group evaporites, particularly evident beneath BC39

and BC40, potentially acted to reduce strain transmission to the

overburden. The thinner Triassic halite layers of the Röt and

Muschelkalk members in the top seal experienced the greatest

contractional strains due to their mechanical weakness and ductile

behaviour.

Stress paths and failure

The most significant pressure changes are experienced in the vicinity

of the injection wells at each of the sites, with the highest pressure

changes observed at BC39, which is outside the seismic PRP where

reservoir porosity and permeability are reduced. Mohr circle and

stress path plots for modelled elements in the uppermost Bunter

Sandstone Formation at the Endurance site and BC39 are shown in

Figure 8. The plots indicate that the stress state does not exceed the

strength of the intact material at any point throughout the injection

period. The stress path for the Bunter Sandstone Formation follows an

approximately linear trajectory owing to the porous and relatively

permeable nature of the material. Within the Bunter Sandstone

Formation, the increase in pressure reduces the effective stress and

causes progressive displacement of the Mohr circle towards the

failure envelope and closer to failure. Simultaneously, however, the

coupled nature of pore pressure and stress (Hillis 2000) results in

poro-elastic effects that increase the horizontal stresses relative to the

vertical stress. Being in a normal stress state (where Sv > SH max >

Sh min), this results in a reduction in the differential stress and in the

size of theMohr circle. The stress path thereforemoves approximately

Fig. 6. Two-way travel time (TWT)

structure at the top Bunter Sandstone

Formation level at the Endurance structure.

Interpreted SH max orientation derived from

dispersion analysis of sonic scanner logs

from well 42/25d-3, shown by the rose

diagram at the well location. Source: after

BP (2021a); the seismic data were

provided by SLB.
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parallel relative to the failure envelope. For extensive reservoirs with

high width/height ratios, such as the Bunter Sandstone Formation,

this effect partially counteracts the impact of the effective stress

reduction, as recognized byWilliams et al. (2016). Consequently, the

stress state remains stable and failure is avoided, despite relatively

high elevated pore pressures (Pp) (Fig. 8). Stress path values (A =

ΔSh min/ΔPp) for both cases are indicative of stable conditions as they

are less than 0.67, which is the value at which production-induced

normal faultingwould be expected to occur for a typical coefficient of

friction of 0.6 (Chan and Zoback 2002). Elastic properties within the

model were bulk attributed due to the regional scale of the model.

Although variability in elastic properties would be expected to impact

the modelled stress paths, a Biot’ coefficient of unity means that the

sensitivity to elastic properties is secondary to the strong poro-elastic

effects. Analysis of the sensitivity to elastic properties is suggested for

future site-scale modelling activities.

In the injection scenario modelled, injection does not commence at

BC39 until 2029, so the significant initial effective stress reduction

between 2026 and 2031 reflects a sharp increase in pressure resulting

from the onset of injection to a relatively low-permeability aquifer (as

part of the closure lies in the zone of reduced permeability outside the

seismic PRP). Pressure subsequently increases at a lower rate once the

initial relative permeability constraints are overcome. The pressure

change observed prior to commencement of injection at BC39 is

Fig. 8. Mohr circle and mean stress ( p′)–deviatoric stress (q) path plots illustrating the evolution of stress in the uppermost Bunter Sandstone Formation

beneath the top seal at the locations of highest pressure increase at (a) the Endurance site and (b) at BC39. The solid red line delimits the failure envelope

for intact rock, whereas the broken red line passing through the origin defines the failure envelope for cohesionless fault materials. The tables show the

change in pressure at each time step relative to initial conditions. Stress path values are denoted by A and are less than 0.67, the value at which production-

induced normal faulting would be expected to occur.

Fig. 7. Vertical elastic strain distribution (dimensionless) along a cross-section through the geomechanical grid at cessation of CO2 injection in 2051. The

line of the cross-section is shown in Figure 1 and is consistent with the geological section shown in Figure 3. Note the non-linear colour scale to highlight

the very low positive (contractional) strains in the overburden and underlying strata.
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limited to c. 0.011 MPa, indicating that prior to injection at BC39 the

structure experiences minimal impact from the earlier onset of

injection at the Endurance site.

To account for the lack of explicitly represented faults in the

model, the plots in Figure 8 also show failure envelopes for a

cohesionless fault material. No failure would be expected, even

given this conservative assumption. This contrasts with earlier

estimates of fault-reactivation pressures derived from a static

analysis using regional pore pressure and stress gradients where

poro-elastic effects are neglected (Williams et al. 2014).

Vertical displacement

Maximum vertical displacement (uplift) is c. 0.12 m within the Röt

Halite Member above BC39, where the greatest displacement is

observed due to pressure build-up in the lower permeability

reservoir. This corresponds to a maximum uplift of the overlying

seabed of c. 0.09 m (Fig. 9). The modelled uplift at this site results

from increased dilational strains within the Bunter Sandstone

Formation associated with the lower porosity and permeability

outside the seismic PRP.

Figure 10 illustrates the spatial extent of the modelled surface

displacements in map view. Whilst spatially extensive, the

magnitude of uplift is relatively low and significant tilting of the

seabed does not occur. Whilst uplift is expected to be experienced

by any infrastructure attached to the seabed, the low magnitude of

the uplift suggests that adverse impacts on the stability of surface

structures, such as wind turbines, are likely to be negligible. One

interesting aspect of the spatial distribution of uplift is that the

underlying structural accumulations of the Bunter Sandstone

Formation are revealed from the displacement map, even in the

case of structural accumulations where CO2 is not injected. This

effect is likely to stem from the reduced overburden thickness above

the structural highs, reducing the effect of the contractional strains in

the overburden, which otherwise partially counter the positive

(upward) surface displacement caused by dilation of the Bunter

Sandstone Formation reservoir

Although of similar magnitude, modelled surface displacements

are slightly lower than those observed in published site-specific

modelling studies of the Endurance site and BC36 structures (ETI

2016; National Grid 2016a; BP 2021a). This is interpreted to result

from the larger hydraulically connected pore volume considered in

this work, which is based on a structural analysis of regional

pressure boundaries (Abel et al. 2025). The larger connected pore

volumes in our model enable further dissipation of the increased

pressures into the formation, somewhat limiting the localized

pressure increases proximal to the injection sites. This supports the

finding of Olden et al. (2012) that realistic and accurate pressure-

response prediction is the most important aspect in modelling

induced geomechanical responses in large saline aquifer storage

systems. Effective pressure dispersion in large, connected saline

aquifer formations essentially serves to ameliorate the potentially

negative geomechanical impacts at the injection sites.

Thermal stress effects

Piped CO2 is likely to arrive at the well perforations at a temperature

significantly below the ambient reservoir temperature. Injection of a

fluid that is cooler than the reservoir may induce thermal fracturing

of the reservoir. Fracturing of the top seal is also possible should the

temperature anomaly extend vertically into the overburden. A

refined reservoir model of the Bunter Sandstone Formation

formation and overlying cap rock locally covering the Endurance

site structure was built to assess the impact of reservoir cooling on

geomechanical stability. Reservoir properties were assigned as per

the regional model (Table 3), while overburden properties were

assigned the values shown in Table 4. Rock thermal properties were

assigned to each lithology, as summarized in Table 4.

For this non-isothermal test case, 4 Mt of CO2 per annum was

injected into the Endurance structure through four wells (Fig. 1).

The seabed temperature in this part of the UK SNS ranges from c. 4

to 15°C (ETI 2016; National Grid 2016a). Here, we model a

downside scenario in which the enthalpy of the injected CO2 is

calculated for a wellhead temperature and pressure of 4.3 MPa and

4.0°C, respectively, representing injection during a winter

minimum. The results show that the injected CO2 cools an area of

reservoir with a diameter of c. 825 m immediately surrounding the

injection wells (Fig. 11). The low-temperature plume also extends

into the overburden, to a height of c. 70 m, impacting the Röt Clay

and the overlying Röt Halite. The maximum observed temperature

drop at the well perforations is c. 50°C, reducing the reservoir

temperature to c. 8°C. Cooling of c. 15°C is observed in the Röt

Halite. These results are comparable with a modelled reservoir

temperature of 11°C published by BP (2021b) and of 15°C by

National Grid (2016a) immediately surrounding the injection well

perforations. The area influenced by the thermal plume is also

similar in extent to the results of McDermott et al. (2016), who

evaluated the thermal and mechanical stability of the Captain

Sandstone saline aquifer as an example of another potential shared

multi-user CO2 storage asset.

The non-isothermal pressure and temperature results were used as

input into a coupled geomechanical model simulation. The stress

initialization and coupled modelling procedures were similar to

those used for the isothermal regional model, albeit with a different

(site-scale) input grid, single-site injection scenario and inclusion of

thermal stress effects.

Cooling of the Bunter Sandstone Formation reservoir results in

contractional strains that are particularly prevalent within a c. 300 m

radius of the injection wells but which diminish rapidly with

distance from thewellbore thereafter (Fig. 11). Themagnitude of the

contractional strains was very low – of the same magnitude as the

dilational strains experienced in the isothermal models. Despite the

Fig. 9. Cross-section showing the vertical displacement in metres (linear solver) through the geomechanical grid at cessation of CO2 injection in 2051. The

depth is in kilometres. The line of the cross-section is shown in Figure 1 and is consistent with the geological section shown in Figure 3.
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modest temperature reductions (10‒20°C) in the overlying Röt

Halite, thermally induced strains are high due to the high linear

thermal expansion coefficient (LTEC) of the halite (Table 8). This

did not result in failure of the cap rock under modelled temperature

and pressure conditions; however, this effect was previously

identified as a potential risk by ETI (2016). Consequently, it was

recommended that CO2 be injected in the lower part of the Bunter

Sandstone Formation to minimize the cooling effect at the interface

between the reservoir and the top seal (ETI 2016). The wells are

located such that there is no constructive interference of thermal

plumes that could otherwise result in a cumulative bulk cooling

effect of the storage site or the cap rock. Outside of the c. 825 m

radius of influence, changes in stress and strain are sensitive to

pressure changes only.

Fig. 10. Map view showing the modelled surface displacements in relation to wind farm leases and carbon storage licences. Source: the carbon storage

licence linework contains information provided by the North Sea Transition Authority and/or other third parties (https://opendata-nstauthority.hub.arcgis.

com/search?collection=Dataset); the wind farm outlines contain data provided by The Crown Estate that is protected by copyright and database rights

(https://opendata-thecrownestate.opendata.arcgis.com/).

Fig. 11. (a) Temperature change (ΔT ), (b) vertical strain and (c) vertical displacement around one of the Endurance injection wells at the end of the

injection period in 2051.

13Regional geomechanical modelling – saline aquifers

Downloaded from https://www.lyellcollection.org by UK Research and Innovation (UKRI/BGS/BAS) on Sep 25, 2026

https://opendata-nstauthority.hub.arcgis.com/search?collection=Dataset
https://opendata-nstauthority.hub.arcgis.com/search?collection=Dataset
https://opendata-nstauthority.hub.arcgis.com/search?collection=Dataset
https://opendata-thecrownestate.opendata.arcgis.com/
https://opendata-thecrownestate.opendata.arcgis.com/


While failure is not experienced at any point in the model, the

stress path is clearly evolving towards the failure state (Fig. 12).

Consequently, shear failure might be anticipated if any critically

stressed faults or fractures are present given the proximity of the

stress state to the failure envelope at the end of injection period in

2051 (Fig. 12). Note that the lower ΔP values indicated in Figure 12

relative to Figure 8 arise from differences in the handling of

numerical aquifer volumes in the local model relative to the regional

model.

The net impact of the thermal contraction is that subsidence of the

order of c. 8 cm is expected to occur immediately above the

reservoir in the vicinity of the injection wells (Fig. 11). As a result,

the uplift at the seabed in the vicinity of the injection wells is likely

to be somewhat reduced relative to the isothermal case presented in

Figures 9 and 10. This may negate any potential impact of seabed

uplift on surface structures such as well platforms and injection

infrastructure directly above the injection point.

A detailed well injectivity and fracture modelling study was

conducted in support of the commercial appraisal process for the

Endurance storage site (BP 2021c). In contrast to the results reported

here, the BP (2021c) analysis suggested that thermally induced

fracturing of the Bunter Sandstone Formation would occur. Despite

this, none of the modelling cases presented indicated that induced

fractures would reach the top of the reservoir. The risk of vertical

fracture growth was therefore considered to be manageable, with a

low risk that CO2would move vertically along fractures to the top of

the reservoir (BP 2021c). Whilst thermal stress impacts are clearly

important in the context of CO2 storage in saline aquifers, impacts

are local in nature and, in the case of the Bunter Sandstone

Formation, associated CO2 containment risks can be managed

through effective well design and injection control.

Discussion

Boundary conditions

Based on the structural study of Abel et al. (2025), this study

considered the Silverpit Basin, bounded by the Dowsing Graben

System, North Dogger Fault Zone, Outer Silverpit Fault Zone and

the East Silverpit Fault Zone, to comprise a large, yet closed,

hydraulic volume. This is a key assumption in the model, as the

connected aquifer volume is very large, enabling effective

dissipation of pressure away from the injection sites and allowing

for a sustained injection schedule to be maintained. Although

pressure data collected during legacy exploration and appraisal

activities provide compelling evidence in support of this, Abel et al.

(2025) suggest that pressure communication across the East

Silverpit Fault Zone might be possible. Although this would

provide a further upside in terms of connected aquifer volume,

connection with the eastern portion of the basin could result in

displacement of brine across the international boundary and into the

Dutch sector. The potential for cross-border pressure perturbations

associated with CO2 storage in the Bunter Sandstone Formation has

previously been investigated by Hannis et al. (2013), and are likely

to require bilateral discussions between regulatory agencies.

Prior simulation studies (i.e. Noy et al. 2012) have considered the

impact of the seabed outcrop on pressure increases during CO2

storage in the Bunter Sandstone Formation. The outcrop is a key

feature, as it enables a degree of pressure alleviation through release

of brine to the water column, whereas the CO2 remains structurally

trapped within the closures. Along with the BHP constraints applied

to the injection wells, the outcrop provides mitigation against

unacceptable pressure increases in the model. While this effect is

enabled in most of the reservoir simulations presented, communi-

cation with the outcrop is deactivated in the scenario taken forward

in the geomechanical modelling. Despite the lack of pressure

alleviation via the outcrop, the full target mass was injected without

inducing any negative geomechanical impacts. This is enabled due

to the low height/width ratio (c. 0.00125) of the reservoir based on a

mean thickness of 168 m and cross-sectional length of 134 km.

During fluid injection, horizontal stresses increase due to subsurface

confinement, whereas the free Earth surface prevents significant

changes to the vertical stress. The consequence of the horizontal

stress change is that the stress path moves approximately parallel to

the failure envelope (Fig. 8). Under the modelling assumptions

presented, shear failure is unlikely to occur in the absence of a

critically stressed fault subjected to a very significant increase in

pore pressure. Failure of intact rock would be more likely to occur in

tensile mode; however, this would also require severe pore pressure

increase.

A major assumption underpinning the modelling is that the Bunter

Sandstone Formation within the Silverpit Basin is not internally

compartmentalized due either to structural or sedimentological

factors. If the reservoir is unexpectedly compartmentalized, pressure

might rapidly build-up more locally. The presence of any regionally

significant baffle to porewater redistribution could change the

geometry of the effective reservoir, potentially developing a thick,

localized, laterally restricted reservoir compartment. This would

reduce the impact of the change in horizontal stress magnitude

relative to the vertical stress during fluid injection. This risk would be

Fig. 12. Mohr circle and mean stress ( p′)–deviatoric stress (q) path plot illustrating the evolution of stress in the uppermost Bunter Sandstone Formation

beneath the top seal at the location of one of the Endurance injection wells in the non-isothermal reservoir simulation. The solid red line delimits the failure

envelope for intact rock, whereas the broken red line passing through the origin defines the failure envelope for cohesionless fault material. The table shows

the change in pressure and temperature at each time step relative to initial conditions.
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mitigated by careful siting of injection wells to avoid zones of

structural complexity, such as seismically resolvable faults.

The high NTG ratio and heavily reworked nature of the Bunter

Sandstone Formation sediments means that primary sedimentary

structures are poorly preserved (Gibson-Poole et al. 2024).

Reservoir properties are therefore likely to vary over short length

scales, and extensive permeability barriers are likely to be rare or

absent. Downhole pressure monitoring would also be expected to be

deployed during operation, enabling monitoring of pressure at the

injection wells and allowing injection rates to be carefully managed.

A requirement to reduce injection rates due to unanticipated

pressure build-up may necessitate modifications to the development

plan such that the required injection rates can be maintained.

Pressure data acquired during injection will also allow ground-

truthing of modelled pressure responses. The Snöhvit project is a

good example of a CO2 storage project that required a change of

injection strategy because of unanticipated pressure build-up during

injection, in that case resulting in a change in the injection interval

(Hansen et al. 2013; Grude et al. 2014).

Another aspect of relevance to boundary conditions is the

inclusion of overlying and underlying shale horizons (Röt Clay and

Bunter Shale Formation) in the simulation model, rather than

treating these as non-net inactive cells. Noy et al. (2012) showed

that even very low top seal permeabilities can result in significantly

reduced pressure footprints in the Bunter Sandstone Formation by

enabling dissipation of brine into the surrounding rocks. Given the

thin nature of the Röt Clay, its contribution to the pressure response

is likely to be small; however, the underlying Bunter Shale

Formation is far thicker. Although the pressure increase modelled in

the Bunter Shale Formation is relatively low, the overall effect is to

reduce the magnitude of the pressure increase in the reservoir. This

has previously been shown in other saline aquifer CO2 injection

simulation models (i.e. McDermott et al. 2016).

Monitoring implications

Pre-injection geomechanical models form part of the appraisal

process for CO2 storage projects, helping to inform operational

limits and monitoring plan development. Models are frequently

subject to multiple uncertainties due to the relative scarcity of data

relating to in situ stress and mechanical input parameters. This

uncertainty can be particularly prevalent in saline aquifer storage

settings. Monitoring throughout the project life cycle should

provide observational data that can be used to validate and

iteratively update pre-injection models. The application of monitor-

ing data in CO2 storage projects has provided valuable information

relating to the performance of several commercial-scale CO2 storage

developments worldwide (Verdon et al. 2013; Goertz-Allmann

et al. 2024).

Reservoir pressure and temperature can be effectively monitored

both during and following the injection phase by instrumenting

injection and monitoring wells with downhole gauges. Given the

extensive nature of the pressure footprint, which is likely to extend

beyond the storage licences, it would also be useful to monitor

pressure in the far field. This would allow detection of any

geomechanical impacts, whilst also enabling validation of numer-

ical simulation models. However, the benefits would need to be

balanced against the considerable cost of drilling additional

monitoring wells. Alternatively, where multiple CO2 storage

projects are operating concurrently, the overall aquifer pressure

responses might be better understood through data sharing

arrangements. Other monitoring methods that may provide some

insight into the regional pressure and associated geomechanical

responses include time-lapse seismic methods, from which stress

and strain changes in the subsurface can be determined. In principle,

these surveys could be conducted in 1D, 2D or 3D modes using

discrete or permanent arrays. However, the time-lapse changes

associated with the very small strains computed in this study are

likely to fall well below the noise threshold of conventional seismic

survey technology available for offshore settings. Permanent

reservoir monitoring (PRM) systems may be capable of resolving

these very small strains; however, such systems would most likely

be deployed locally to the injection sites where saturation changes

dominate the time-lapse seismic response.

One deformation aspect that can potentially be monitored

effectively is the surface elevation change resulting from uplift

induced by dilational strains resulting from pressurization of the

aquifer. Interferometric synthetic aperture radar (InSAR) was used

successfully at the In Salah storage operation in Algeria (Vasco et al.

2008; Onuma and Ohkawa 2009). Surface displacements of the

order of 1‒2 cm were observed as a consequence of pressure

increases of up to 12 MPa (Verdon et al. 2013). The onshore,

isolated desert conditions provided ideal conditions for InSAR and

contributed to the success of geodetic monitoring at In Salah,

although use of InSAR methods would be particularly challenging

in offshore storage settings such as the Bunter Sandstone Formation.

Tiltmeters and/or global positioning systems (GPSs) attached either

to the seabed or to structures anchored to the seabed, may provide

sufficient information to detect surface elevation changes.

Tiltmeters can also be implemented in boreholes (Gebauer et al.

2007). High-resolution bathymetric surveys or submersible pressure

transducers might also possibly be of service in detecting subtle

changes to seabed elevation changes. It is worth noting that natural

changes to seafloor conditions over the injection period, such as the

migration of sand bars, could result in far more substantive changes

relative to the modest uplift effects indicated by the geomechanical

model, potentially posing a challenge for seabed monitoring

deployments.

Advancements in fibre-optic sensing have led to consideration of

both surface and downhole fibres in CO2 storage monitoring

schemes (Furre et al. 2020; Pevzner et al. 2021; Tsuji et al. 2021).

Fibre-optic sensing can be used to monitor CO2 storage operations

in several ways, including distributed temperature sensing (DTS),

distributed acoustic/strain sensing (DSS/DAS) and seismic

imaging, in addition to detection of microseismic events. Whereas

pressure and temperature can only be inferred from DAS data using

a combination of quantitative and qualitative interpretation, DSS/

DAS systems provide an almost direct measurement of the strain

affecting the fibre-optic cable. DSS/DAS technologies therefore

show promising potential for monitoring the geomechanical

response of the subsurface to CO2 injection in real time, enabling

verification of predictive geomechanical models. The significant

volumes of data that would be generated pose a significant

challenge, particularly in the case of continuous real-time monitor-

ing. Planned field deployments in offshore storage settings (i.e.

Furre et al. 2020) will provide insights into the practicality of

exploiting DSS/DAS systems for the monitoring of CO2 storage in

offshore saline aquifers such as the Bunter Sandstone Formation.

Downhole fibres deployed in injection wells or in dedicated

monitoring wells may be required to monitor very small strains as

modelled in this study.

Microseismic monitoring has proven to be valuable in monitoring

deformation associated with fluid injection projects, including CO2

storage operations (Verdon et al. 2013; Dando et al. 2021).

Permanent passive seismic monitoring systems, whether using

seismometers or fibre-optic systems, may be useful in detecting

microseismicity associated with fault reactivation. The study area in

the Silverpit Basin is bounded on all sides by major fault zones,

therefore, in principle, there may be a concern that the far-field

pressure response could result in felt seismicity at these structurally

complex zones. It is important to note, however, that the magnitude

of the pressure increase at the model boundaries simulated in this
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study are well below the threshold required to induce shear failure at

the faulted boundaries. Likewise, localized crestal faulting over

shallow structural accumulations will be more prone to reactivation

relative to those at the injection sites because of the convergence of

the hydrostatic and fracture pressure gradients towards the surface.

Again, failure does not occur anywhere in the model under the

current modelling assumptions. This is notable given that the

geomechanical model was implemented using the simulation results

that gave rise to the greatest increases in pore pressure. Regional

seismicity therefore is not anticipated to result from deployment of

the modelled injection schedule in the Bunter Sandstone Formation,

although there may be a requirement for microseismic monitoring

close to the injection sites.

Conclusions

• Coupled flow–geomechanical modelling indicates that,

under the modelled loads, increasing reservoir pressure

will generate only minor uplift and some minor elastic strain

with no shear or tensile failure of the reservoir, top seal or

overburden. Even under a conservative case with failure

envelopes representative of optimally orientated, cohesion-

less materials, no failure is observed in either the Bunter

Sandstone Formation or its top seals. This picture might

change if unexpected compartmentalization of the saline

aquifer leads to a smaller hydraulic unit volume.

• Following injection, it will be important to revisit pre-

injection geomechanical models once additional informa-

tion is acquired from monitoring datasets. For example,

microseismic studies have identified seismicity along

previously unidentified faults at other large-scale fluid

injection projects.

• Although the thermal model did not result in failure, it

suggests that thermally enhanced fracturing of the cap rock

and potential for fault/fracture reactivation presents the

greatest geomechanical containment risk.

• This risk is mitigated by the presence of a thick top seal

succession and the creep potential of the Röt Halite.

Operational factors such as careful siting of the injection

location deeper in the reservoir and heating of the CO2

stream can further mitigate the thermal fracture risk.

• Under current modelling assumptions the multi-store

injection scenario considered in this study is feasible

without inducing significant strain or failure in the Bunter

Sandstone Formation or its top seal formations. Owing to the

size of the connected aquifer volume, this conclusion is true

even under conservative flow modelling assumptions.

• Dilation of the Bunter Sandstone Formation results in only

modest uplift of the seabed (of the order of c. 10 cm),

concentrated at the injection sites where pressure increases are

greatest. Regionally, a small amount of uplift occurs over a

wide area and is elevated above the salt-cored structural

closures.

• The finding that the Bunter Sandstone Formation can

accommodate injection of a significant volume of CO2

without resulting in any negative geomechanical impacts

confirms the results of published industry modelling studies.

From a geomechanical perspective, the Bunter Sandstone

Formation appears to be an excellent prospect for commer-

cial-scale storage of CO2.
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