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Subsurface CO2 storage is considered a key element of reducing anthropogenic emissions in virtually all scenarios compatible with limiting global warming to 1.5°C. The Utsira-Skade Aquifer (Utsira, Eir and Skade Formations), northern North Sea, has been identified as a suitable reservoir. Although the overall storage capacity of the full aquifer has been estimated based on regional data, it is lacking an integrated assessment of containment and internal heterogeneity, to identify optimal areas for injection and for calculation of site-specific storage capacities. A high-resolution, broadband 3D seismic reflection dataset, full waveform inverted velocity data and 102 exploration wells are utilised to provide a catalogue of CO2 storage prospects in the northern Utsira-Skade Aquifer. This is achieved through: 1) definition of the aquifer’s spatial limits; 2) calculation of porosity distribution; 3) assessment of the extent, geomorphology, thickness variability, and containment confidence (CC) of mudstones; and 4) mapping of closures through fill-to-spill simulations. CO2 storage capacity was calculated for the prospects using two approaches; using the full reservoir thickness (FRT) beneath the closures and using only the thickness from the closure top to the spill point (TSP), i.e., within structural traps. Porosity ranges from 29 to 39% across the aquifer and is higher in the Utsira and Eir Fms. relative to the underlying Skade Fm. The mudstone separating the Skade and Eir/Utsira Fm. has a thickness > 50 m, and is a potential barrier for CO2. Other intra-aquifer mudstones were mainly interpreted to act as baffles to flow. Structural traps at the top Utsira and Skade Fms. yield fifteen prospects, with criteria of > 700 m depth and FRT storage capacity of > 5 Mt CO2. They have a combined storage capacity of 330 Mt CO2 (FRT) or 196 Mt CO2 (TSP). Five prospects have a positive CC score (total capacity: 54 Mt CO2 FRT or 39 Mt CO2 TSP). Additional storage capacity could be achieved through more detailed analysis of the seal to upgrade the CC scores, or through use of a network of the mapped closures with a fill-to-spill approach, utilising more of the aquifer.
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INTRODUCTION
Carbon capture and storage (CCS) is now considered a necessity, not an option, for reaching net-zero greenhouse gas emissions by 2050 (Stark & Thompson, 2019). One of the key subsurface challenges for upscaling CO2 storage is to identify, characterise and de-risk potential CO2 storage sites. The North Sea is considered the most promising potential CO2 storage hub for European industries due to the vast amount of geological pore space, subsurface data, knowledge and infrastructure already in place. Preliminary studies have shown that the Norwegian sector of the North Sea has up to 70 Gt storage capacity (Halland et al., 2011); much greater than the modelled 52–298 Mt CO2 to be stored annually for the whole of Europe by 2050 (European Commission, 2018). Two thirds of the 70 Gt proposed storage capacity lie in deep saline aquifers, while the other third is in depleted hydrocarbon fields (Halland et al., 2011). Detailed characterisation of saline aquifers is required to identify the most economically-viable and geologically-secure potential CO2 storage sites (Ringrose et al., 2021). Such analyses should assess three elements: 1) CO2 containment, through assessment of seal integrity, seal bypass systems and overburden migration paths (e.g., Lloyd et al., 2021; Wu et al., 2021); 2) CO2 capacity, including identification of structural traps and reservoir heterogeneities (this study); and 3) injectivity, assessing the well design/placement, potential flow and trapping style of the CO2 plume within the reservoir through dynamic modelling.
One of the most promising aquifers in the Norwegian North Sea is the Utsira-Skade Aquifer, which consists of three major Neogene clastic formations; the Skade, Eir and Utsira Formations (Figure 1). Disparities and inaccuracies in the biostratigraphic analyses and age interpretations through time have led to inconsistencies in bounding definitions in well completion reports, regional seismic mapping and stratigraphic nomenclature (Eidvin et al., 2013, 2014; De Schepper & Mangerud, 2017) (Figure 2). There have been several attempts to quantify the CO2 storage capacity of the Utsira Fm. (Holloway, 1996; Bøe et al., 2002; Chadwick et al., 2008; Lindeberg et al., 2009; Thibeau & Mucha 2011; Gasda et al., 2017; Thibeau et al., 2018), which give a large range of capacities from 0.3 to 60 Gt CO2 (Thibeau et al., 2018). Few studies have included the Skade Fm. into the capacity estimations, either as a sector model (Pham et al., 2013a), or the full Utsira-Skade Aquifer (Halland et al., 2011). The internal architecture of the aquifer, including intra-aquifer mudstones and associated closures is understudied. Such features may act as barriers that provide secure traps, or baffles that affect CO2 injectivity and reduce CO2 mobility in the short term. Slowed migration of CO2 is desirable as it may lead to additional dissolution and geochemical trapping (Johnson et al., 2001). At the Sleipner injection site (utilising the Utsira Fm.), intra-aquifer mudstones did not slow migration to the extent that was expected, as CO2 was detected at the top seal just 3 years after injection began (Cavanagh & Haszeldine, 2014). This demonstrates the importance of undertaking a thorough assessment of intra-reservoir architecture to understand potential flow dynamics.
[image: Figure 1]FIGURE 1 | Study area with wells and data extent. (A) Context of the study area in the North Sea with aquifer formation extent maps (Eidvin et al., 2013), structural elements (modified from Færseth, 1996) and the location of the Sleipner injection site. Satellite imagery from the World Imagery layer of ArcMap online. Bathymetry from EMODnet Bathymetry Consortium (2018). (B) Utsira Fm. outline (Eidvin et al., 2013) with seismic dataset extent (yellow) and Northern Lights CO2 storage licence (red). Black dots show wells used in this study, with the named wells presented in this paper. Oil and gas fields in the region are also indicated. ESB = East Shetland Basin; TS = Tampen Spur region.
[image: Figure 2]FIGURE 2 | Studied stratigraphy. (A) Chronostratigraphy of the late Cenozoic stratigraphy across the North Viking Graben (NVG). Spatial extent is from the East Shetland Platform in the southwest to the Sunnfjord Canyon (SC) in the northeast. Modified from Rundberg and Eidvin (2005), with alternate ages presented by De Schepper and Mangerud (2017). (B) Fence diagram of the stratigraphy highlighting the regional variability in thickness, internal character and spatial extent of the Utsira-Skade Aquifer. Line locations are shown in Figure 1. URU = Upper Regional Unconformity.
Here, through analysis of high-quality 3D seismic reflection data, Full Waveform Inverted velocity data and 102 exploration wells, we provide a catalogue of CO2 storage prospects in the Utsira-Skade Aquifer above the North Viking Graben (NVG). The objectives are to: 1) define the vertical and lateral extent of the aquifer; 2) calculate the porosity distribution across the aquifer sandstones, through application of a well data-derived function to the velocity cube; 3) identify and assess the spatial extent, geomorphology, thickness variability, and containment confidence of mudstones within the Utsira-Skade Aquifer; 4) identify structural closures within the aquifer; and 5) calculate the storage capacity of the identified prospects. We consider containment of the identified prospects through application of the containment confidence map from Lloyd et al. (2021) for the Utsira Fm. and apply the methodology to the Skade reservoir-seal pair in this study. Finally, we discuss the way forward for detailed appraisal of the prospects.
GEOLOGICAL SETTING
The structural configuration of the Norwegian sector of the North Sea basin comprises several Mesozoic structural highs and grabens. These are the result of two phases of rifting and post-rifting subsidence, in the Permo-Triassic and Late Jurassic to Early Cretaceous (Ziegler, 1990; Rundberg, 1989; Faleide et al., 2002; Fossen et al., 2010). The grabens were filled with > 2,000 m of mainly mudstone, interspersed with sandstones (Rundberg 1989; Den Hartog Jager et al., 1993; Jordt et al., 1995, 2000; Martinsen et al., 1999; Huuse & Mickelson 2004; Anell et al., 2012; Goledowski et al., 2012).
There were three major phases of sand influx into the Norwegian North Sea basin from the Oligocene to Pliocene (Eidvin et al., 2013, 2014) or Pleistocene (De Schepper & Mangerud, 2017) (Figure 2). The first sand influx was in the Oligocene, where gravity flows sourced from the East Shetland Platform (ESP) deposited unnamed sandstones in two regions; the southern Tampen Spur and in the Frigg Field area, which pinch out to the east (Rundberg, 1989; Rundberg & Eidvin 2005; Gregersen & Johannessen, 2007; Eidvin et al., 2013, 2014). Meanwhile, sands sourced from the Nordfjord/Sognefjord area were deposited into the eastern part of the basin (Rundberg & Eidvin, 2005; Eidvin et al., 2013, 2014).
The second sand influx (early Miocene) was sourced from the ESP and deposited across both the North and South Viking Grabens (NVG and SVG). Sediment was transported via turbidity currents and is preserved largely as amalgamated sandstones and thin mudstones (Skade Formation, Figures 1, 2) (Rundberg & Eidvin 2005; Eidvin & Rundberg 2007). Time-equivalent mudstones were deposited in the central and northern parts of the basin, beyond where the Skade Fm pinches out (Rundberg & Eidvin, 2005). Deposition of the Skade Fm. was influenced by Oligocene-Miocene mounding over large, localised areas of the NVG, caused by a combination of differential compaction, slab sliding and sand remobilisation, due to silica diagenesis and dewatering in surrounding mudstones (Løseth et al., 2003, 2013; Davies et al., 2006; Eidvin et al., 2014; Hermanrud et al., 2019). The Top Hordaland Group Unconformity (THGU) overlies the Skade Fm., representing up to 15 Ma time gap (Isaksen & Tonstad 1989; Galloway et al., 1993; Martinsen et al., 1999; Galloway, 2002; Rundberg & Eidvin 2005; Løseth et al., 2013).
The third phase of sandstone deposition was generally confined to the Middle Miocene to Pliocene (Rundberg & Eidvin, 2005; Eidvin et al., 2013, 2014), but has recently been extended to the Pleistocene (De Schepper & Mangerud, 2017) (Figure 2). In this phase, sandstone was first deposited in the NVG area, as a series of clinoforms prograding from the ESP, with time-equivalent mudstone deposition in the SVG. The sandstones comprise the Eir Fm. (informal) (Eidvin et al., 2013, 2014). Following this, the northern North Sea formed a narrow seaway (450 km long, 90 km wide) connecting the Møre Basin in the southern-most Norwegian Sea with the central North Sea. The strait received large volumes of sandstone in both the NVG and SVG areas, forming the Utsira Fm. (Rundberg & Eidvin 2005; Eidvin et al., 2013, 2014). Localised deposition of sandstones sourced from the Sognefjord area form a predominantly Pliocene-age sub-unit of the Utsira Fm. (Utsira Fm. East; Figures 1, 2; Batchelor et al., 2017; Løseth et al., 2020). In the Tampen Spur region, the Utsira Fm. is glauconite-rich (Glauconitic Utsira Mb.; Figure 1; Eidvin et al., 2013; De Schepper & Mangerud, 2017). Both the Eir and Utsira Fms. comprise shelfal sands deposited by mass transport flows, separated by thin (<10 m) mudstones (Isaksen & Tonstad 1989; Rundberg 1989; Martinsen et al., 1999; Galloway 2002; Chadwick et al., 2004; Rundberg & Eidvin, 2005; Eidvin et al., 2013, 2014). These were deposited in different parts of the basin over time and the various depositional phases are interpreted to possibly correlate to global glacio-eustatic sea-level oscillations (De Schepper & Mangerud, 2017). The sandstones of the Skade, Eir and Utsira Fms. are thought to act as a single aquifer system, connected up-dip on the ESP at the transition to the time-equivalent Hutton Sands in the UK (Figure 2; Halland et al., 2011; Eidvin et al., 2013).
The Naust Fm. overlies the Utsira Fm. (Eidvin et al., 2013; Ottesen et al., 2014; 2018; Batchelor et al., 2017; Løseth et al., 2020). It comprises east- and west-prograding clinoforms; fluvio-deltaic sandstones from the ESP (Upper Pliocene Sand; Figure 2) and mud- and occasionally sand-prone glaciomarine diamicton, as well as glaciofluvial deposits from the Norwegian margin (Ottesen et al., 2012, 2018; Eidvin et al., 2013; Batchelor et al., 2017; Løseth et al., 2020). The Naust Fm. is intersected by a regional unconformity, the Upper Regional Unconformity (URU), which removed the topsets of many of the clinoforms (Ottesen et al., 2014; Lloyd et al., 2021). Above the URU, the Naust Fm. deposition and reworking was influenced by successive late Quaternary glaciations (Stewart et al., 2013; Ottesen et al., 2014).
STUDY AREA AND DATASET
This study focuses on the northern Utsira-Skade Aquifer from 30 km south of 60°N to 62°N (Figure 1). Complete 3D seismic coverage of the area is achieved using the 35,400 km2 3D BroadSeis™ seismic reflection survey of the NVG, acquired, processed and provided by CGG.
The BroadSeis™ seismic reflection data, originally recorded in the time-domain (two-way-travel time, TWT) have been converted to depth using advanced full-waveform inversion (FWI) that iteratively estimates the subsurface velocity field, including absorption effects caused by shallow features (Hayes et al., 2018). We use the FWI velocity cube, calibrated with wells, to estimate the sandstone porosity distribution across the aquifer (Section 4.2). The depth-converted seismic data have a measured dominant wavelength of ca. 20 m, providing a vertical resolution of ca. 5 m (λ/4) and limit of detectability of ca. 0.7 m (λ/30) within the studied interval. The FWI velocity cube has a vertical resolution of ca. 20 m, which is estimated from the voxel size of the cube. The sub-sampled line spacing is 37.5 m for both in- and cross-line directions, which is greater than the migrated Fresnel zone and thus is the main limitation in horizontal resolution. Seismic data are presented here with ca. 20x vertical exaggeration and as zero phase with the American polarity convention, whereby a downwards increase in acoustic impedance is represented by a positive reflection and the peak is shaded with blue.
The full-stack volume was cropped to focus on the aquifer and allow easier manipulation of the data (Figure 1). The stratigraphic interval of interest (Skade, Eir & Utsira Fms.) extends down to ca. 1,600 m, but deeper structural features such as the Tampen Spur (TS), NVG and the ESP are used as spatial reference points (Figure 1). The first CO2 storage exploration licence in the Norwegian North Sea, awarded for the Northern Lights Project (Exploitation Licence 001, EL001), is located within the limits of the seismic survey and is also used as a reference point (Figure 1). Future upscaling of the Northern Lights Project will likely result in further licensing around the vicinity of EL001, thus increasing the viability of proximal storage sites, which warrant characterisation.
This study also benefits from open-access data (Norwegian Petroleum Directorate) from 102 exploration wells that penetrate the Utsira-Skade Aquifer. Most of the wells are clustered around prolific hydrocarbon provinces (Tampen Spur region) or plays (e.g., tilted Jurassic fault blocks). 83 of the studied wells have a full lithological column interpreted from petrophysical logs and well completion reports, provided by TGS with their Facies Map Browser (FMB) tool, which is described in Lloyd et al. (2021).
METHODOLOGY
Workflow Overview
To characterise the Utsira-Skade Aquifer for CO2 storage, a workflow was adopted that could be applied to any aquifer to assess the: 1) stratigraphic boundaries of the aquifer; 2) sandstone porosity distribution; 3) intra-aquifer mudstone geometry and character; and 4) structural closures, CO2 migration paths and prospect storage capacities (Figure 3A).
[image: Figure 3]FIGURE 3 | Regional storage assessment workflows. (A) Full workflow to characterise the storage potential of an aquifer. This study utilises four datasets and analyses them with the aim to produce a catalogue of potential CO2 storage sites. Each column represents processes/data required for a single step, but the processes within each step can be performed in any order. *Containment confidence map summarises the results of the seal and overburden analysis; the separate workflow is provided in Lloyd et al. (2021). (B) Storage capacity estimation parameters. Porosity is taken from the apex of a structural trap, approximating to the average. Two volumes are considered for storage capacity of a prospect: 1) the structural trap (top to spill point, TSP); 2) the full reservoir thickness (FRT) below the closure. Different storage efficiencies are used for each. N:G is taken from the equivalent stratigraphic level from the nearest appropriate well.
The bounding aquifer surfaces were defined using published seismic cross-sections (Eidvin & Rundberg, 2001; Rundberg & Eidvin, 2005; Gregersen & Johannessen, 2007; Eidvin et al., 2013; Løseth et al., 2013; Ottesen et al., 2014), maps (Chadwick et al., 2002; Halland et al., 2011; Eidvin et al., 2013), well formation tops (NPD), well correlations and interpretation of the seismic reflection data (Petrel™ software). Some disparities in formation boundaries between publications and well reports were apparent, and in those cases, the most recent definitions of the formations are used (Halland et al., 2011; Eidvin et al., 2013).
Lithology interpretations for each exploration well were extracted from the TGS FMB tool. Lithologies were simplified into three groups (“sandstone,” “mudstone” and “other”) to allow for easier comparison and correlation between wells and to highlight potential reservoir (sandstone) and sealing (mudstone) stratigraphy. For example, silty sandstones and muddy sandstones are classified as “sandstones”, and claystones, siltstones, and sandy siltstones are classified as “mudstones”. To increase the spatial distribution of the lithology data, additional wells were manually interpreted using petrophysical logs and well completion reports. The manually interpreted wells tended to have poorer quality data, or an incomplete set of petrophysical logs in the studied interval.
Manual seismic interpretation of intra-aquifer surfaces, representing intra-reservoir mudstone layers, was augmented with semi-automated horizon tracing to interpret as many wavelets in the studied interval as possible (Paleoscan™; summarised by Daynac et al., 2016). Auto-generated interpretations were repeatedly quality-checked using cross-section validation and were modified where necessary to ensure geological accuracy. Seismic volume attributes were extracted onto the resultant surfaces to assess and highlight geological and geomorphological features. Spectral decomposition was performed using frequencies of 17 (red), 24 (blue) and 38 (green) cycles per km (c/km), which cover the frequency spectrum (GeoTeric™ software).
Sandstone Porosity Distribution
Several studies have investigated the relationship between acoustic velocity and porosity (e.g., Eberhart-Phillips et al., 1989; Lee, 2003). Petrophysical logs and lithological interpretations were used in conjunction with the FWI seismic velocity cube to create a 3D porosity volume of the Utsira-Skade Aquifer sandstones (Figure 4). This approach allows for porosity estimations in areas with limited well data.
[image: Figure 4]FIGURE 4 | Relationship of sandstone porosity vs sandstone velocity. (A) Wells used to calculate the velocity-porosity function, their correlation coefficient (R) and the required caliper cut-off. (B) Cross-plot of the 11 wells that did not require any modification of the data (no cut-offs). (C) Cross-plot of the six wells that required caliper log cut-offs due to caving. (D) Both sets of wells from “(B)” and “(C)” combined with a linear line of best fit. (E) Example log for well 30/11-3 showing the workflow (left to right). Ei = gamma ray (GR) and caliper (CALI) log, Eii = lithology log, Eiii = density (RHOB) log, Eiv = sonic (DT) log, Ev = full porosity log, Evi = velocity log, Evii = sandstone porosity log, Eviii = sandstone porosity log with caliper cut-off. The caliper log in Ei shows that the top section of the aquifer has caved in sections, resulting in porosity values that reach 70–80% (Ev), and therefore these values have been removed (Eviii). Logging was performed in a 14.75 inch pilot hole down to 625 m, and a 12.25 inch pilot hole down to 1,097 m.
We defined a function that relates velocity to porosity of sandstones using density and sonic logs from the interval of interest. Of the 102 studied wells, only 20 contained both logs sampling the whole aquifer (Figure 4A), and 17 of those were usable in terms of log quality and well location. Porosity is calculated from the density logs (Equation 1; Figure 4Ev), and velocity calculated from the sonic logs (Equation 2; Figure 4Evi). Calculation of porosity using the neutron logs corresponded well with porosity from the density logs in the nine wells in which it was recorded (R = 0.97).
[image: image]
where: Ø = sandstone porosity; ρb = formation bulk density (log value); and ρf = density of the fluid saturating the rock immediately surrounding the borehole (g/cm3) – in this case saline water, 1.1 g/cm3; ρma = matrix density (g/cm3) – we used 2.65 g/cm3, which is typical for clean sandstones. We acknowledge that there are uncertainties in glauconitic areas (Rundberg & Eidvin, 2005), which could range in density from 2.40 to 2.95 g/cm3 (Patchett et al., 1993). Since 2.65 g/cm3 sits within this range, we deem it a suitable average across the range of sandstones present.
[image: image]
where: v = sandstone velocity (m/s); DT = sonic log value (µsec/ft); 304,800 = multiplier for conversion from µsec/ft to m/s.
The non-sandstone datapoints were removed using the lithology column to give a well log of porosities for the sandstones (Figure 4Evii). The intra-formation mudstones were excluded as they are predominantly below the resolution of the velocity cube (20 m). If they are included, the well porosity values are <1% higher, and as their volumetric proportion relative to sandstones is low, their contribution to the porosity cube is minimal. For seven of the studied wells, the caliper readings were out-of-gauge through some sections, primarily indicating caving of the formation related to the low consolidation of the Utsira and Skade Fm. sandstones (Figure 4Ei, blue curve). This creates spurious readings in the logs, particularly the density log (ca. 1.35 g/cm3; implying a very low density sandstone). If such data are applied to the porosity calculation (Equation 1), anomalously high porosity values are calculated (Figure 4Ev). Therefore, we used a caliper cut-off to remove all the data affected by the changing borehole size (Figure 4Eviii).
Sandstone porosity and velocity (ø and v) were cross-plotted on a well-by-well basis for the wells without (Figure 4B) and with caliper log cut-offs (Figure 4C), and a linear function defining the relationship between them (and a correlation coefficient) was calculated. Overall, there is a negative linear association between the two parameters, with porosity decreasing with increasing velocity (Figures 4B–D). The correlation coefficient (R) ranges from 0.015 to −0.84, with two wells displaying very weak to no correlation (R = 0 to −0.19), two wells showing weak correlation (R = −0.2 to −0.39), eight wells showing a moderate correlation (R = −0.4 to −0.59), four wells showing a strong correlation (R = −0.6 to −0.79) and one well showing a very strong correlation (R = −0.8 to −1) (Figure 4A). Hence, >75% of wells show a moderate to very strong correlation between porosity and velocity. There is a higher correlation coefficient between the wells with the applied caliper cut-off (R = −0.44, Figure 4C) than those without (R = −0.35, Figure 4B). Combining the data from all 17 wells gives the functional relationship of porosity and velocity well data (Equation 3), which has a moderate correlation coefficient of −0.41 (Figure 4D).
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Equation 3 has been applied to the FWI seismic velocity cube, converting it to a porosity cube (calibrated to sandstones), which is used to assess porosity distribution across the aquifer. Any velocity artifacts in the FWI cube will be included in the porosity cube. The function shows a large range in velocity (∼600 m/s) compared to porosity (∼10%), which subdues small velocity changes when converting to a porosity cube. The low number of input wells, the range of correlation coefficients and the overall moderate correlation of the two variables implies uncertainty in the porosity cube.
Structural Trapping Analysis
To map structural closures and the potential migration paths from the top of each formation we used Permedia™’s fill-and-spill workflow. For this, source points are manually selected for fluid entering the system (potential CO2 injection points). The up-dip fluid migration is simulated beneath a sealing surface until it is trapped in a structural closure, or it reaches the boundary of the map. Random source points (n = 800) were selected to highlight the potential migration routes and structural closures in each of the formations. This method only considers structural gradients to determine fill-and-spill. It does not consider physical and chemical processes that act over different timescales, and their impact on fluid migration and trapping. We used this process to highlight the 100 closures with the largest volumes at the top surface of each formation. Care was taken not to include structural closures caused by seismic artifacts. These can include velocity pull-ups, horizon mis-picks or onlaps onto underlying mounds, the latter of which are prevalent in this study. The authenticity of each individual closure was validated using seismic cross-sections.
To quantitatively assess the storage potential of the prospects, we used the equation for effective storage capacity (Equation 4). For each prospect, we assessed the storage capacity within the structural trap (top to the spill point of the closure, “TSP”; Figure 3B) and for the full reservoir thickness immediately below the closure (“FRT”; Figure 3B):
[image: image]
where: GRV = Gross Rock Volume (MM Sm3); N:G = Sandstone net-to-gross; CO2 density in the reservoir = 500 kg/Sm3 at 800 m depth (International Energy Agency, 2008; Halland et al., 2011); SE = Storage Efficiency (fraction of the reservoir pore space that can be filled by CO2; Chadwick et al., 2008). Porosity was taken from the closure apex as a single value from the porosity cube for both storage capacity calculations, as there is low vertical porosity variability within each formation and it approximates to the average. N:G is taken from the equivalent stratigraphic interval in the most appropriate nearby well (Figure 3B). The Storage Efficiency parameter is not an intrinsic property of the reservoir, and therefore it is likely the greatest uncertainty in the capacity calculations. For the FRT, storage efficiency estimates for aquifers (total pore volume) typically range from 2 to 8% (May et al., 2005), but can be >10% (Bachu, 2015). We use a central value of 5%, based on data from the Sleipner injection site (in 2013) (Thibeau et al., 2018). The Sleipner site does not have a distinct closure at the top of the reservoir and the full aquifer thickness is used for storage. For the TSP cases, there is a greater reliance on structural trapping due to the defined structural closure (rather than other physical and chemical trapping), and limitation of lateral migration of the plume. Therefore, a greater proportion of the GRV can be assumed to trap CO2 in an open system. Natural gas storage facilities that use structural traps have (TSP) storage efficiency values that range between 3 and 40% (Larsen et al., 2007; Vangkilde-Pedersen et al., 2009). The range is high due to its dependency on properties such as trap geometry (Gorecki et al., 2009) and reservoir character (Okwen et al., 2014). We use a central SE value of 20% for TSP capacity calculations. There is high uncertainty in the SE values, but by calculating both TSP and FRT capacities, we capture a range of outcomes for storage capacity. A wider uncertainty range could be achieved through ensemble modelling.
Containment Confidence Assessment
Containment Confidence (CC) refers to the perceived confidence that CO2 will remain secure and not migrate out of the reservoir, for example through seal bypass systems. CC can be mapped across a region according to elements defined in a matrix and can be considered the inverse of leakage risk. Lloyd et al. (2021) present this approach and apply it to the Utsira Fm, the results of which are used here. If it is plausible that an intra-aquifer mudstone would act as a barrier to migration, then the containment confidence of that mudstone should be evaluated. We apply the same methodology used in the CC assessment of the Utsira Fm., but adapt the matrix (Figure 14 in Lloyd et al., 2021) to only incorporate the elements important for containment to the Skade Fm. We retain the same requirements as for the Utsira Fm., such as a 50 m minimum seal thickness (Halland et al., 2011) and the same relative scoring of the main elements in the matrix (seal interval sandstones, sandstone connectivity etc), and their individual components (e.g., proven, probable and possible sandstone). As the “Overburden Interval” is incorporated into the Utsira Fm. assessment (Lloyd et al., 2021), this aspect is not required of the deeper intra-aquifer reservoirs, so the focus for CC assessment for those is on the “Seal Interval” only (overlying 50 m).
RESULTS
Utsira-Skade Aquifer Boundaries
The aquifer is bound by the Top Utsira Fm. surface (top aquifer) and the base Skade Fm. surface (base aquifer), which transitions to the base Eir and Utsira Fm. in the east (Figures 2, 5). The Skade, Eir and Utsira Fms. are laterally-equivalent to the UK Hutton Sand in the west, on the ESP (Figure 2). Beneath the Skade Fm., Oligocene sandstones in the west (also part of the Hutton Sands) are interbedded and often in contact with the Skade Fm. sandstones, making it difficult to pinpoint the Skade Fm. basal boundary. Above the Utsira Fm., there are additional sandstones around the ESP and in the Tampen Spur region. These are separated from the Utsira Fm. by a mudstone of variable thickness across most of the area, however they are connected in localised areas (Lloyd et al., 2021). Underlying and overlying connected sandstones could add to the gross rock volume of the aquifer, but are omitted from our capacity analysis.
[image: Figure 5]FIGURE 5 | Seismic dip-section and interpretation for the stratigraphic sub-divisions of the Utsira-Skade Aquifer. The dip section trends from the East Shetland Platform (ESP) in the southwest to the Norwegian Margin in the northeast. Additional sandstone bodies above and below the aquifer are also shown (“Upper Pliocene Sandstone” and “Unnamed sandstone”). Line location is on Figure 1. TU.1 = Top Utsira 1; TU.2 = Top Utsira 2; TS = Top Skade Fm.; BS = Base Skade Fm.
Aquifer Basal Surface
The base of the aquifer is time transgressive across the study area, formed by the base Skade Fm. in the west and the younger base Eir Fm. and base Utsira Fm. towards the east, respectively (Figures 5, 6A). The base Skade Fm. is deepest in the south, forming an irregular, undulating surface caused by mounding of the underlying stratigraphy (Figure 6A; Blocks 25/3, 30/8, 30/9, 30/11 & 30/12). These mounds are likely formed by the intrusion of underlying sand injectites, jacking-up the overlying mudstone-dominated stratigraphy at the palaeo-seafloor. In some cases, the sand intrusions may also have reached the palaeo-seafloor, depositing as extrudites (Løseth et al., 2013). Here, the stratigraphy of the Skade Fm. contains a series of sandstones with thinly bedded mudstones, which onlap and drape over the mounds (Figure 7A). The base Skade Fm. is sometimes difficult to follow because it is unresolved in the seismic profiles or it is not represented by a single reflection across the study area. Differentiating between extruded sandstones and basin floor fans is a challenge (Rundberg & Eidvin, 2016).
[image: Figure 6]FIGURE 6 | Depth maps of the Utsira-Skade Aquifer bounding surfaces. (A) Base aquifer depth map comprising the base Skade Fm. (west of the red line) and base Eir/Utsira Fm. (east of the red line). (B) Top aquifer depth map of the Utsira Fm. and Top Utsira 2 (light blue polygon) where the main Top Utsira surface has pinched out. 700 and 800 m depth contours are shown. SC = Sunnfjord Channel. Colour bars adapted from Crameri (2021).
[image: Figure 7]FIGURE 7 | Seismic cross-sections showing the Utsira-Skade aquifer bounding surfaces and major intra-aquifer surfaces. (A) Seismic dip section highlighting the mounding of the base aquifer surface and the Skade pinch-out zone. (B) Seismic dip section highlighting the onlapping of the Skade Fm. against the western margin of the mounds, and the possible mudstone on the eastern margin of the mounds, as shown in well 30/6-11. Erosive channels in the top Eir Fm. reflection are also shown by the reduction in amplitude. (C) Seismic strike section highlighting the lateral pinch-out and onlaps of the distal Skade Fm. mudstones. Above the mounds only the Eir and Utsira Fms. are present. Section also demonstrates synforms in the aquifer above mounds and antiforms above depressions between mounds. (D) Seismic strike section highlighting the relationship between the top Utsira Fm. surfaces and the underlying mounds. Wells show simplified sandstone (yellow) and mudstone (grey) lithologies. Line locations shown in Figure 6. TU.1 = Top Utsira 1; TU.2 = Top Utsira 2; TS = Top Skade Fm.; BE/U = Base Eir/Utsira Fm.; IS.1-7 = Intra-skade Fm. BS = Base Skade Fm.
Towards the east, away from the ESP, the Skade Fm. pinches out at different stratigraphic levels, representing variable travel distances of the different clastic pulses into the basin (Figure 7A). Wells in this region show no major sandstones in the Skade Fm. interval (Wells in Block 30/6 and Quadrant 31). The sandstones pinch out without any clear change in seismic character, until the reflections become polygonally-faulted, likely representing a predominantly mudstone succession (Lonergan et al., 1998; Huuse et al., 2004) (Figures 7A,B). The transition zone between the thick sandstones of the Skade Fm. in the east and the polygonally-faulted mudstones (with minor sandstones) towards the west is termed the “Skade pinch-out zone” (Figures 6A, 7A). Beyond this zone, the base Eir/Utsira Fm. becomes the base aquifer surface (Figure 7). The minimum thickness of the aquifer is recorded in the Skade pinch-out zone (from the base Eir Fm.), where the Skade Fm. is characterised by thin sandstone beds with thick intervening mudstones (Figure 7A).
The base Skade Fm. in the area north of Block 30/4 is 200–300 m shallower than its southern counterpart (Figure 6A). Here, the full stratigraphic thickness of the Skade Fm. onlaps the southern side of the mounds (>50 m tall) in the area (Figure 7B). It is unproven whether the Skade Fm. is present on the northern side of the mounds, as there are no wells that penetrate this stratigraphy, but this area is considered part of the Skade pinch-out zone based on the seismic response. The high amplitude soft response at the Skade Fm. top with low amplitude internal reflections are observed similarly to the western mound margin, and therefore sandstones could be inferred in this area (Figure 7B). The seismic response changes to moderate amplitude reflections further eastwards into the basin, which represents mudstone-dominated stratigraphy, proven by the nearby well (well NO 30/6-11; Figure 7B). In the depressions between the mounds, the Skade Fm. reflections can be traced and appear to extend further east into the basin within the Skade pinch-out zone (Figures 6A, 7B,C).
Where the base Utsira Fm. forms the base aquifer, the boundary with the underlying strata is mostly represented by a high amplitude, hard, continuous reflection, which represents the downwards transition from sandstone to mudstone (Figure 7). However, in some places interbedded sandstones make the basal reflection more challenging to pick (e.g., well NO 30/6-11, Figure 7B). This laterally extensive, relatively flat surface is disturbed by mounds (formed due to underlying sand intrusions) at the eastern margin (Figure 6A; Blocks 31/1, 31/4 & 31/7) and in the north (Figure 6A; Blocks 34/12 and 35/10). The mounds are clustered, with the Utsira Fm. seismic reflections dipping down onto and onlapping the mounds (Figures 7B,D). The mounds on the eastern margin (Figure 6A; Blocks 31/4 & 31/7) are elongated and trend north-south. Wells NO 31/1-1 and NO 31/5-6 show sandstone to the east of the mounds demonstrating the aquifer extending to these regions. There is no well data available to test whether these sandstones continue south into Block 31/8, but the high amplitude, soft seismic response at the top and high amplitude, hard response at the base, with lower amplitude internal reflections is comparable to that of the main Utsira Fm. on the western margin of the mounds, suggesting that the sandstones continue into this area.
Aquifer Top Surface
The Utsira Fm. overlies both the Skade and Eir Fms. across the aquifer and therefore the Top Utsira Fm. represents the top of the aquifer (Figure 6B). The presence of overlying sandstone bodies above the aquifer, especially at the break of slope on the ESP (the Upper Pliocene Sandstone; Figure 5) and in the Tampen Spur region, have resulted in variable Top Utsira Fm. definitions in well completion reports and publications (Gregersen & Johannessen, 2007; Eidvin, 2009; Eidvin et al., 2013). The top aquifer/Utsira Fm. bounding reflection is thus not continuous across the study area, as it is characterised by a series of submarine fans with low topographic relief. The challenge with the surface pick is particularly clear in the centre of the study area (Blocks 31/4, 31/7 & 31/10), where the reflection that represents the top of the aquifer in the west, pinches out towards the east (Figures 7A,D). Here, the top aquifer surface drops to the underlying soft reflection (Top Utsira 2, TU.2; Figures 6B, 7A), which represents the top of the sandstone. This reflection (TU.2) is an intra-aquifer surface in the west. Localised depressions in the top aquifer surface often correspond to underlying mound crests of the Oligocene strata (Figures 7A,B). Where the top aquifer surface onlaps the mounds (in the east and north), individual reflections maintain their depositional dip until they approach a mound, where they dip downwards towards the mound (Figures 7B,D).
Porosity Distribution
The well data-derived function for the sandstone porosity vs. velocity relationship (Equation 3, Section 4.2) was applied to the FWI seismic velocity cube to assess the distribution of sandstone porosity across the aquifer (Figure 8). The large difference in vertical resolution between the well log data (<1 m) and the FWI velocity cube (∼20 m), results in a loss of the finer detail available from the wells across the 3D space (Figure 8B). Across the aquifer, the average porosity was calculated and is mapped on Figure 8A, varying from 29 to 39%. The average porosity is highest towards the south and west, and generally decreases north- and eastwards from the ESP to the northern limit of the aquifer (Figure 9A). The lower porosities (∼29%) in the northern part of the aquifer (Blocks 34/9 & 34/12) may be the result of the distal position of the sandstones relative to the ESP sediment source, the deeper burial depth in this region, or porosity “bleeds” from the surrounding mudstones due to the low aquifer thickness (∼50 m) and low resolution (∼20 m). There are high porosities in the northeast in the “Utsira Formation East,” as the sediments are proximal to the Sognefjord source, rather than the ESP.
[image: Figure 8]FIGURE 8 | Porosity distribution across the Utsira-Skade aquifer. (A) Average porosity of the aquifer using the porosity cube. (B) Example well NO 30/6-20 highlighting the difference in resolution between the well data and the seismic data. (C) Cropped section of the top Eir Fm. porosity map, highlighting channels through variable porosity. Avg. = Average; SC = Sunnfjord Channel. Colour bar in “(A)” and “(C)” from Crameri (2021).
[image: Figure 9]FIGURE 9 | Vertical and lateral porosity variability within the aquifer. (A) Dip section of the lithologies (top panel) and porosity (bottom panel) showing the aquifer and internal formations. (B) Strike seismic section (top panel) and porosity (bottom panel) showing the aquifer and overlying/underlying stratigraphy. Line locations shown in Figure 8A. TU.1 = Top Utsira 1; TU.2 = Top Utsira 2; TS = Top Skade Fm.; BE/U = Base Eir/Utsira Fm.; BS = Base Skade Fm. Porosity colour bar from Crameri (2021).
Porosity of the Utsira/Eir Fm. (∼37%) is higher than that of the underlying Skade Fm. (∼33%) (Figure 9A). The Utsira Fm. at the Sleipner CO2 injection site has an average porosity of 35–36% (Zweigel et al., 2004; Singh et al., 2010), and modelled values of the Skade Fm. are averaged at 32% (Pham et al., 2013a); both within 1% of our calculated porosity values. The Utsira Fm between TU.1 and TU.2 has reduced porosity (34%) relative to the rest of the Utsira Fm (Figure 9A). There is a localised low porosity region in the south (Blocks 30/11 & 25/2), where average porosity drops by 2–3% around the ESP relative to the surrounding aquifer (Figures 9A, 10A). This is because the Utsira Fm. thins in this region (connecting to the ESP Upper Pliocene sands), resulting in greater influence from the lower porosity Skade Fm. on the average (Figure 9A).
[image: Figure 10]FIGURE 10 | Intra-aquifer mudstone distribution. (A) Aquifer net-to-gross (pie charts) and thickest mudstones (pie chart coloured perimeter) from well data, overlain onto the aquifer thickness map. The asymmetrical white shapes are where the aquifer thickness is below seismic resolution, either due to the reservoir being thin or absent, often associated with mounding. Colour bar from Crameri (2021). (B) Top Skade Fm. mudstone thickness in wells (well colour indicates thickness from logs) overlain onto the top Skade Fm. mudstone thickness map. (C) Top Eir Fm. mudstone thickness from well logs (well colour indicates thickness) overlain onto a spectral decomposition extraction from the top Eir Fm. map. The map highlights the yellow asymmetrical shapes representing the Top Eir Fm. closures that are cut by erosive channels.
Porosities from the cube were also extracted onto different intra-aquifer surfaces to assess lateral changes in porosity within individual layers (Figure 8C). Individual features are highlighted due to their different porosity to the surrounding area. These include pipe structures (Figure 9A) and channels (Figure 8C). These features are associated with high velocities, and thus produce low porosities through the calculation. Channels and their associated porosity changes are most apparent in the regions proximal to the sediment source, where the greatest range of grain size is assumed (Figure 8C).
Across-strike porosity variation is observed in the mounded areas (Figure 9B). In the Eir and Utsira Fms., porosities are highest in the centre of the antiforms (above depressions between mounds), reaching up to 39% porosity. This reduces along the antiform limbs to 37%, and drops in the synforms (above mounds) to 33–34% porosity (Figure 9B). In the Skade Fm., a less clear trend is observed, but porosities appear to be lower in the depressions between mounds (directly below the Eir/Utsira Fm. antiforms) and higher (<37%) above the mounds (directly below the Eir/Utsira synforms) (Figure 9B). We can only speculate on the cause of this porosity trend and the inverse relationship between the formations. The decreasing porosity trend in the depressions could be a depositional lithology effect whereby submarine systems routed around pre-existing or evolving mounds, preferentially depositing sand (lower porosity) in the depressions, whilst hemipelagic mud (higher porosity) accumulated at the mound tops. The mudstones are above the opal A/CT diagenetic transition and so preserve their high porosities (Wrona et al., 2017). The inverse porosity relationship in the Utsira Fm. is more difficult to explain since it is generally more homogenous lithologically, but could be related to compaction. Lateral compaction due to mass movements of the Hordaland (Hermanrud et al., 2019) may also have affected the porosity and warrants further study.
Intra-Aquifer Mudstones
Intra-aquifer impermeable layers, in the form of mudstones (or cemented sandstones), may affect the injectivity of a storage site through unexpected overpressure, and/or the migration and trapping of the CO2 plume. Here, we focus on the extent and thickness variability of the mudstones in the Utsira-Skade Aquifer, which have been identified from well data (Figure 10). Several seismically-resolvable and laterally-continuous mudstone layers have been mapped across the three formations (Figures 11, 12). A containment confidence assessment is performed to any mudstones that could seal CO2.
[image: Figure 11]FIGURE 11 | Intra-aquifer mudstone analysis. (A) Seismic strike section showing Skade Fm. closures and variability in top Skade Fm. mudstones. (B) Top Skade Fm. mudstone RMS variance extraction, highlighting the faults that extend through the full mudstone. The faults are primarily located at the crest of underlying mounds. (C) Seismic section of the faults at mound crests that extend through the thin Skade Fm. and overlying mudstone. Line location in “(B).” (D) Seismic section of faults in the thicker regions of the Skade Fm. where only a few faults at the mound crests extend through the Skade Fm. and overlying mudstone. Line location in Figure 10B. (E) Seismic strike section showing Utsira Fm. closures and variable top Eir Fm. reflection response due to channels shown in Figure 10C. (F) Seismic dip section showing closures in the northeastern area of the Utsira Fm. SC = TSP Storage Capacity. Prospect numbers refer to the 15 largest and most viable CO2 storage traps in Figure 14. Location of seismic lines and map shown in Figure 10. TU.1 = Top Utsira 1; TU.2 = Top Utsira 2; TE = Top Eir Fm.; TSM = Top Skade Fm. Mudstone; TS = Top Skade Fm.; IS1-7 = Intra-skade 1–7; BS = Base Skade Fm.
[image: Figure 12]FIGURE 12 | Intra-formation mudstone analysis. (A) Seismic dip section of the intra-Skade mudstones. The Liatårnet discovery and associated amplitude anomalies are shown. Dashed pink line is where the boundary between the Upper Pliocene sandstone and Utsira Fm. is inferred. (B) Seismic dip section showing Skade Fm. closures. (C) Intra-Skade 2 (IS.2) spectral decomposition map showing channels cross-cutting mounds (shown by contours). (D) Intra-Skade 3 (IS.3) spectral decomposition map showing channels migrating around mounds and cross-cutting each other. SC = TSP Storage Capacity. Prospect numbers refer to the 15 largest and most viable CO2 storage traps in Figure 14. Location of seismic lines and map shown in Figure 10. TU.1 = Top Utsira 1; TU.2 = Top Utsira 2; TE = Top Eir Fm.; BE/U = Base Eir/Utsira; TS = Top Skade Fm.; IS1-7 = Intra-skade 1–7; BS = Base Skade Fm.
Aquifer Thickness Variability and Formation-Bounding Mudstones
Considering the aquifer as a single unit, we identified the thickest intra-aquifer mudstone in each well, calculated the sandstone net-to-gross within the aquifer in that well, and overlaid the data onto a thickness map of the aquifer (Figure 10A). The aquifer is thickest in the central and southern regions where both Utsira and Skade Fms. are present, reaching > 500 m thickness. The thickest mudstones (50–80 m) and lowest aquifer sandstone net-to-gross are identified in the central Skade pinch-out zone (Figure 10A). The Skade Fm. in this zone is thin and overlain by a thick mudstone related to distal turbidite or pelagic/hemipelagic deposition. The top and base (base is the Top Skade Fm.) of this mudstone can be mapped across most of the Skade Fm., allowing a thickness map of the mudstone to be created, which corresponds well with the thickness data from wells (Figure 10B). To the west of the Skade pinch-out zone, this mudstone is < 50 m thick. In this central region of the Skade Fm., the mudstone is represented in areas by a single high amplitude reflection, and in others by a series of mostly high amplitude reflections (Figure 11A). This corresponds with the mounding of the underlying stratigraphy, where the Top Skade Fm. mudstones are thickest in the depressions, and thinnest above the mounds (Figure 10B). The seismic expression in the depressions is typically low amplitude homogenous reflectivity if it is mudstone, or a series of medium to high amplitude reflections reflecting interbedded mudstones and sandstones (Figure 11A). On the ESP, the Top Skade Fm. mudstone, represented by a single high amplitude seismic reflection, has been eroded in areas due to large canyons (Figures 5, 10B). The erosion caused by these canyons likely connect the Skade to Eir and Utsira Fms. sandstones (Figure 12A). In the central Skade pinch-out-zone, faults are observed above the mound crests extending through the whole Top Skade Fm. mudstone (Figures 11B,C). In the proximal area, there are only a few faults that extend through the Skade Fm, as the mounds are deeper and in some cases these also offset the Top Skade Fm. mudstones (Figure 11D). The Top Skade Fm. mudstone reaches > 50 m thick in areas of the Skade pinch-out zone, which is greater than the minimum advised seal thickness for CO2 storage (Halland et al., 2011). Therefore, although connected to the Eir and Utsira Fms. up-dip to form the aquifer, the Skade Fm. can be considered as a separate reservoir for CO2 storage, and requires a full containment confidence (CC) assessment (Section 5.3.3).
Beyond the Skade pinch-out zone, the aquifer is thickest in the central region (Blocks 30/6, 9 & 31/4, 31/7), and thins towards the north, east and south (Figure 10A). The aquifer is absent above the mounds, or the thickness is reduced to < 5 m (Figure 10A; white areas). The thickest mudstone recorded in this region is the Top Eir Fm. mudstone, which is < 10 m in wells (except NO 30/6-11, where it is 13 m; Figure 10A) and can be correlated across much of the central and southern aquifer (Figure 10C). The mudstone is thinnest where the Top Eir Fm. is at shallower depths, primarily in the south and close to the ESP. Extracting a frequency decomposition attribute onto this surface highlights multiple slope channels that appear to be amalgamated and erode the mudstone in the proximal area to the ESP (Figure 10C). The channels become less frequent and more isolated in the more distal regions. The northern and southern areas of the Top Eir Fm. mudstone are contrasting in terms of seismic character (Figure 10C). In the north, the high amplitude seismic reflection that represents the channel-cut mudstone layer sharply becomes lower amplitude, and shows a negligible impedance contrast with the overlying and underlying sandstones (Figure 11E). This suggests that these channels could be sand-filled. Towards the south, the channel-cut mudstone reflection maintains its high amplitude and acoustic impedance contrast, suggesting the channels in this area are mudstone-filled. This is supported by the lower frequency content of the southern channels relative to those in the north and the contrasting porosities highlighted in these channels (Figure 8C; although the porosity cube is not calibrated for mudstones). The thickness of the Top Eir Fm. mudstone, with a maximum thickness of 13 m from well data, is much lower than the minimum advised seal thickness for CO2 storage in the North Sea (Halland et al., 2011). Therefore, this mudstone is not considered an appropriate seal for CO2 storage and a CC matrix is not applied.
Intra-Formation Mudstones
In the Eir and Utsira Fms., mudstones are typically thin (<5 m), infrequent (typically 1–3 beds observed in each well), and owing to their thickness and low acoustic impedance contrast with surroundings, are not characterised by a substantial seismic amplitude response (Figures 11A, 12B). In the Skade Fm., mudstones are generally thicker and produce a more defined seismic response, allowing correlation between wells (Intra-Skade (IS) 1–7; Figures 12A,B). The Liatårnet oil discovery is beneath the thickest and deepest intra-Skade Fm. mudstone (∼20 m; NO 25/2-10S).
Spectral decomposition was performed on each of the intra-Skade mudstone surfaces (IS. 1–7) to highlight cross-cutting channels and their relationship to underlying mounds (Figures 12C,D). In the distal parts of the basin (to the east), the mudstones produce high amplitude seismic reflections. The deepest mudstones (IS. 5–7) either downlap onto the base Skade Fm., where they have reached their full extent into the basin (Figures 7A, 12A), or bend upwards at the mounds. Channels are not observed to extend this far into the basin at this time. The shallower mudstones (IS. 4–3) either onlap (Figure 12B) or drape over the mounds, where they lose their amplitude strength (Figures 7A, 12B). In some areas, channels appear to have been influenced by the mounds, observed to either have changed direction through deflection, or meandered around the mounds through diversion (Figure 12D). This implies that the mounds were either forming during deposition or creating topography on the basin floor that steered the channels. The shallowest mudstones (IS. 1–2) drape over the mounds and contain channels that appear to cross-cut the mounds (Figure 12C), implying that the accommodation between topographic highs was filled and mounds were immobile at this time.
Containment Confidence Assessment for the Skade Formation
The only intra-aquifer mudstone that reached the advised minimum thickness (50 m) for a seal for CO2 storage is the Top Skade Fm. mudstone. We apply the same common risk segment mapping methodology to the Skade Fm. as Lloyd et al. (2021) applied to the Utsira Fm., in order to assess containment confidence (CC). However, the CC matrix has been altered to remove “Overburden Interval” elements, which correspond to the stratigraphy above the 50 m “Seal Interval,” as these are already considered in the CC assessment for the Top Utsira Fm. In the Seal Interval, the “sandstone presence” matrix element (Lloyd et al., 2021) is replaced with “seal thickness,” because aquifer sandstones lie directly above the mudstones. Hence, where the seal is thin (<50 m), sandstones are inherently within the Seal Interval. As there are faults extending through the Top Skade Fm. mudstone, these are incorporated into the “sandstone connectivity” element in the matrix (Figure 13A). The presence of the shallower Eir and Utsira Fms. above the Skade Fm. could increase containment confidence, as they act as a buffer reservoirs for vertical migration out of the Skade Fm. However, they cannot be relied upon for long-term storage, as the Top Eir Fm is thin, and the CC score for the Utsira Fm. in the area directly above the Skade Fm. is entirely negative, due to the presence of several connected sandstones in the seal and overburden stratigraphy (Naust Fm.) (Lloyd et al., 2021).
[image: Figure 13]FIGURE 13 | Containment confidence (CC) analysis of the Skade Formation. (A) Containment confidence matrix with relative scoring for each of the elements assessed. Zero is assigned as “neutral” confidence, negative values are assigned when a component decreases confidence, and positive values are assigned when a component increases confidence of containment. The relative scoring reflects the CC elements from Lloyd et al. (2021) for the Utsira Fm. (B) Individual element maps of the applied CC matrix scheme “(A).” Sand connectivity refers to where there is connection of the Skade Fm. with the Eir or Utsira Fm. Faults are assumed to be open and therefore allow connectivity, and are assigned negative CC scores. (C) Summary CC map of the Skade Fm., which is the sum of the individual element maps “(B).” The map shows that the only positive CC scoring area is in the east, but it is locally negative due to faulting. Colour bar from Crameri (2021).
For “seal thickness” (Figures 13A,B), where the mudstone thickness drops below 50 m, sandstones (the basal Eir Fm.) are within the Seal Interval, the minimum seal thickness requirement is not met and a CC score of −7 is assigned. Where the mudstone is thick (20–49 m), but does not meet the advised minimum thickness, a CC score of −5 is assigned. Where the mudstones are > 50 m thick, a CC score of +5 is assigned (Figure 13). This resembles the CC scoring applied to the Seal Interval of the Utsira Fm., whereby “possible,” “probable” and “proven” sandstones were assigned increasingly negative CC scores and ‘probable and “proven” mudstones were assigned increasingly positive CC scores (Lloyd et al., 2021). Based on this, the only area of the Skade Fm. with a positive CC score is in the distal eastern region (Figure 13B).
For the second element in the matrix, “sandstone connectivity,” we assess for areas that could facilitate seal bypass through the mudstone, thereby connecting the Skade Fm. to the Eir and Utsira Fms. If connected, we assign the same CC score as a full connection (reservoir to seal to overburden) for the Utsira Fm. assessment (CC = −8, Figures 13, 14A in Lloyd et al., 2021). Connectivity is interpreted where the mudstone reflection is absent or dimmed relative to the surrounding, which primarily occurs due to erosion of the mudstones on or near the ESP, due to the canyons and slope channels. Faults are also observed to offset the mudstone and extend into the basal parts of the overlying aquifer (Figures 11B,C). There is no data constraint on the sealing potential of the faults, but to be conservative, we assume they are “open” faults and therefore connect the Skade and Eir Fms (CC = −8, Figure 13). For assessment of other aquifers, it could be an oversimplification to assume that the faults are open and this could lead to prospects being discounted. Membrane sealing or lithology juxtaposition across the fault conversely could lead to a fault seal. Here, no prospects were removed due to fault presence, since the only closure that was penetrated by a fault was already discounted due to low seal thickness. However, the feasibility of other aquifers could be highly dependent on a robust fault seal analysis (Wu et al., 2021).
We combine the two matrix elements (seal thickness and sandstone connectivity) into a Summary CC map (Figure 13C). The positively scoring areas (east), are only modified by sandstone connectivity due to the faults, which are primarily located in the northern area. Therefore, the central-eastern region of the Skade Fm. has the highest containment confidence of CO2. The western part of the Skade Fm has a negative CC score due to its low thickness and connectivity of sands (Figure 13C).
CO2 Migration and Trapping
CO2 can be immobilised via physical (structural/stratigraphic- and residual-) and chemical (dissolution- and mineral-) trapping, which have variable effectiveness over different timescales (Intergovernmental Panel on Climate Change et al., 2005). Here, we mainly consider physical trapping via structural closures; the dominant trapping mechanism 1–100 years after injection, after which other mechanisms become increasingly influential (Bachu et al., 2007). We mapped structural closures and CO2 migration paths at the top of the Skade and Utsira Fms. Structural closures have also been identified at the top of the Eir Fm. and in the intra-Skade mudstone layers, but their low thickness and intersection by sand-filled channels (Figure 10C), manifesting as potential seal bypass systems, potentially limits sealing capacity. Using Permedia™’s fill-and-spill workflow (Figure 14A), the 100 largest structural closures in each formation were highlighted (red outlined polygons; Figures 14B,C). The overall geometry of the aquifer suggests a preferential up-dip migration direction towards the west. This could be of concern due to: 1) migration of CO2 to shallower depths and thus towards conditions where CO2 would leave the supercritical phase, and 2) high possibility of seal bypass and migration out of the reservoir, due to several connected sandstones in the seal and overburden towards the west (Lloyd et al., 2021). As such, CO2 would likely be more secure in structural traps rather than through use of the full aquifer.
[image: Figure 14]FIGURE 14 | Fill-to-spill closure analysis. (A) Schematic diagram showing how the fluid migrates under the sealing surface (seal/top reservoir). (B) Closures and migration paths below the Top Utsira Fm. (C) Closures and migration paths below the Top Skade Fm. Red outlines are the 100 largest closures at the top of each formation. Grey shapes represent areas with no aquifer present, where thickness is zero, often over mounds. SC = Sunnfjord Channel; UPS = Upper Pliocene Sand.
Top Utsira Fm. Closures
Beneath the Top Utsira Fm., the major closures are in the central and northern parts of the aquifer (Figure 14B). The structure of the top and base-aquifer surfaces in this region appear to have an inverse relationship, whereby mounds in the base aquifer surface correspond to overlying synforms in the top aquifer surface and depressions in the base aquifer surface correspond to overlying antiforms in the top aquifer surface. As a result, there are features with convex tops that form structural traps between the mounds (Figures 11A,F). Dipping strata towards the mounds form the limbs of many of the closures (Figure 11F). In map view, the closures are primarily juxtaposed against the mounds (grey shapes; Figure 14B). It is postulated that deflation of the mounds led to localised subsidence and formation of the coeval synforms in the aquifer and shallower stratigraphy (Kennett & Jackson, 2008). This localised subsidence and downward rotation of the strata led to the formation of adjacent antiforms, which characterise the closures here highlighted for CO2 storage. An alternative explanation is differential compaction between the mounds and depressions.
Other closures at the Top Utsira Fm. formed at undulations in the top surface that appear to be unrelated to the mounds (Figures 11E,F). There are few closures in the west and no major closures in the northernmost part of the Utsira Fm. (Figure 14B). Apparent closures in the southwest are artifacts related to mapping, where the surface is cropped beneath the Upper Pliocene sandstone (Figures 12A, 14B). The potential migration paths flow towards the ESP for all formations, apart from the Utsira Formation East, where there is flow potential toward the Norwegian margin (Figure 14B).
Top Skade Fm. Closures
Beneath the Top Skade Fm., the largest closures appear to be clustered in two areas; in a source-proximal area on the ESP (Blocks 30/7, 30/10 and UK blocks), and in a source-distal area, in the eastern and southern (Blocks 30/8, 30/9, 30/11, 30/12, 25/2 and 25/3) parts of the formation (Figure 14C). Closures on the ESP are formed in-between large, adjacent canyons, where surrounding erosion has left behind structural highs. Due to their shallow depth (ca. 500 m), these have been discounted. In the east, several of the closures are artifacts caused by breakthrough of the mounds through the Top Skade Fm. surface (i.e., no Skade Fm. is present). Migration paths from the distal closures appear to flow westwards, towards the ESP. There are relatively few closures on the ESP upper-slope and in the northern part of the formation (Figure 14C).
DISCUSSION
Prospect Storage Capacities
We undertook detailed assessment of prospects using both the FRT and TSP for storage capacity calculations (Figure 3B). Fifteen prospects have a FRT storage capacity of > 5 Mt CO2 and apex depth > 700 m, and are detailed in the catalogue with their characteristics (apex depth, GRV, porosity, storage capacity, TSP:FRT volume percentage, number of well penetrations and containment confidence score) (Table 1).
TABLE 1 | Catalogue of CO2 storage prospects. Storage capacities are given for the full reservoir thickness (FRT) of the prospect (storage efficiency 5%) and from the top to the spill point (TSP) of the trap (storage efficiency 20%). The volume percentage of the TSP relative to the FRT of the prospect (TSP:FRT) is presented for reference. Only prospects with a FRT storage capacity > 5 Mt CO2 are included. Containment Confidence (CC) score is from Figure 13 for the Skade Fm. and Lloyd et al. (2021) (Figure 15 therein) for the Utsira Fm. The lowest CC score within a given closure is taken, e.g., a fault through a small part of the closure reduces the CC score of the whole closure. GRV = gross rock volume; SC = storage capacity; Well Pen. = number of well penetrations.
[image: Table 1]The prospects are numbered according to FRT storage capacity from largest (1) to smallest (15) across both formations; seven are within the Utsira Fm. and eight in the Skade Fm. (Table 1). The total storage capacity of the 15 prospects is 330 Mt CO2 (FRT) or 196 Mt CO2 (TSP). The FRT storage capacity is unevenly distributed between individual prospects; the fifth-largest with 50% capacity (32 Mt CO2), and the eleventh with ∼10% capacity (6 Mt CO2) of the largest prospect (61 Mt CO2). Differences between FRT and TSP storage capacities primarily depend upon the TSP:FRT volume percentage, i.e., the proportion of GRV that is within the structural trap, relative to the full reservoir thickness of the prospect (Table 1). For example, only 9% of the FRT GRV of Prospect 1 is within the structural trap (TSP), yielding approximately one-third of the storage capacity for the TSP (21 Mt CO2) relative to the FRT (61 Mt CO2), also due to the different storage efficiencies applied and minor differences in N:G. Although Prospect 1 has the largest FRT storage capacity, due to the thick reservoir beneath the spill point of the closure (61 Mt CO2 FRT; 21 Mt CO2 TSP), Prospect 3 has the largest structural trap and therefore greatest TSP storage capacity (45 Mt CO2 FRT; 40 Mt CO2 TSP).
It should be noted that this is not a full assessment of the storage capacity of the aquifer, as we refine capacity estimates to specific prospects. Site-specific storage capacities cannot be directly compared to existing full-aquifer storage capacity studies (Holloway, 1996; Bøe et al., 2002; Chadwick et al., 2008; Halland et al., 2011; Thibeau & Mucha 2011; Pham et al., 2013a; Gasda et al., 2017; Thibeau et al., 2018). We do not provide the storage capacity for areas of the aquifer outside of structural traps, even though they may have suitable properties for storage (positive CC and > 700 m depth). This is because we have not constrained the possible migration of CO2 outside of structural traps within the aquifer. Given the regional structural dip, it would likely migrate south-westwards towards unfavourable areas in terms of containment (sandstones in the seal and overburden; Lloyd et al., 2021). Modelling could help to constrain migration and allow inclusion of more of the aquifer through a fill-to-spill injection approach, which would increase the total GRV and the total storage capacity. Dynamic modelling in the southern Utsira Fm. (beyond the southern limit of this study), where 125 Mt CO2 was injected, found that CO2 will migrate up to 33 km from an injection point during a 5,000 year period, either becoming physically trapped or immobilised (Bergmo et al., 2009). However, the mineral trapping potential of the Utsira Fm. is considered to be limited, as reactive mineral phases are minor constituents of the formation (Johnson et al., 2004; Audigane et al., 2007; Thibeau et al., 2007; Pham et al., 2013b).
Catalogue of CO2 Storage Sites
Carbon Dioxide needs to be in a supercritical phase for subsurface storage, where the fluid has the viscosity of gas, but the density of a liquid (Span & Wagner, 1996). CO2 enters the supercritical phase at 31°C and 73.8 bar pressure (Span & Wagner, 1996). If CO2 is injected and stored at shallower depths, CO2 would be in gaseous phase, which would be less dense and require greater storage capacity (International Energy Agency, 2008). In the Norwegian North Sea, optimal conditions are expected at depths > 700–800 m below sea level (Halland et al., 2011; Pham et al., 2013a) and we used 700 m as the depth criteria in the prospect assessments (apex depth, Figure 15; Table 1). Considering the two formations deemed suitable for storage based on containment confidence analysis (Skade and Utsira Fms.), the specific areas most suitable for storage (and within which closures are mapped) are the northernmost part of the aquifer (Utsira Fm.) and the central part of the aquifer (eastern part of the Skade Fm.) (Figure 15).
[image: Figure 15]FIGURE 15 | Map of suitable areas for storage and prospects. Distribution of closures overlain onto porosity maps for (A) Utsira Fm. and (B) Skade Fm. Map includes all exploration wells, not just studied wells. Prospect numbers correspond to those listed in Table 1 (only those with a FRT capacity > 5 Mt CO2 are labelled). Porosity colour bar from Crameri (2021). SC = Sunnfjord Channel.
For a storage site to be suitable, it needs to have sufficient capacity (Section 6.1) and confidence in containment of CO2. In the catalogue (Table 1), we show the fifteen identified prospects with their associated Containment Confidence score (CC score), calculated in this study for the Skade Fm. (Figure 13) and from Lloyd et al. (2021) for the Utsira Fm. The elements considered towards the CC score for each formation differ depending on the geology of the seal (and overburden for the Utsira Fm) and the data available. The main uncertainties with the CC matrix are discussed in Lloyd et al. (2021). If only prospects in the positive CC scoring regions for both the Utsira Fm. and Skade Fm. are considered, then only five of the fifteen prospects can be used (four in the Utsira Fm. and one in the Skade Fm.). This reduces the total FRT storage capacity of the prospects from 330 to 54 Mt CO2 (196–39 Mt CO2 TSP), with 49 Mt CO2 (FRT) within the Utsira Fm. and only 5 Mt CO2 (FRT) in the Skade Fm. Many of the structural traps identified in the Skade Fm. are situated towards the west, where we have interpreted low (negative) containment confidence due to < 50 m seal thickness (Figures 13, 15B). Conversely, the structural traps towards the east (in the Skade pinch-out zone), where we interpreted high (positive) containment confidence (>50 m seal thickness), suffer from a low N:G, due to their more distal position relative to the sediment source. If a more optimistic seal thickness (thinner) requirement were to be used (perhaps constrained through seal integrity analyses), further of the Skade Fm. prospects could fall within a positive CC scoring area. These prospects also have a higher N:G (Table 1), hence the total storage capacity could be greatly improved through a greater understanding of the sealing potential of the mudstones. The number of well penetrations at each closure was also noted (Figure 15), as they may also compromise containment. The north-eastern area that is deemed suitable for storage within the Utsira Fm. (Figure 15) is relatively underexplored for hydrocarbons and has few well penetrations; none penetrating the identified prospects. However, the only prospect with a positive CC score in the Skade Fm. is situated close to producing fields (e.g., Oseberg) and has several (>2) well penetrations.
For the Utsira Fm., the most promising prospect, with zero well penetrations and a positive CC score is Prospect 5, with a storage capacity of 32 Mt CO2 (FRT) or 18 Mt CO2 (TSP) (Figure 15A; Table 1). There are three other prospects that satisfy these criteria: Prospects 11, 12 and 15. The largest prospects in terms of storage capacity across both formations (Prospects 1–4) account for 187 Mt CO2 (FRT) or 105 Mt CO2 (TSP) capacity, but have negative CC scores, due to their thin (<50 m) mudstone seals.
Comparing the prospects across the two formations, although they are at similar depths and the Utsira Fm. generally has higher average porosity than the Skade Fm., the prospects in the Skade Fm. have a higher average porosity (36%) than those in the Utsira Fm. (34%). This is likely due to the more distal position of the suitable part of the Utsira Fm. from the sediment source, where pore size is reduced from increased clay content and greater compaction (Yang & Aplin, 2004). The total storage capacity for identified prospects in the catalogue is 173 Mt CO2 (FRT) or 104 Mt CO2 (TSP) in the Utsira Fm., compared to 157 Mt CO2 (FRT) or 92 Mt CO2 (TSP) in the Skade Fm. (Table 1). There are no regions (at a suitable depth) where Utsira Fm. and Skade Fm. prospects are vertically-stacked and could be targeted with a single well. However, although not presented in Figure 15, smaller traps (<5 Mt CO2 FRT capacity; Figure 14) could be utilised through a lateral network with a single injector well and a “fill-to-spill” approach.
Intra-Formational Barriers or Baffles
In this study we have highlighted and assessed intra-formation mudstones, however we raise doubts over their ability to trap fluid primarily due to cross-cutting, possibly sand-filled channels, but also faulting, that could allow for seal bypass. Other seal bypass mechanisms that also need to be considered are demonstrated at other local sites. At the Sleipner injection site (Utsira Fm.), eight intra-formation mudstones were identified prior to CO2 injection (Chadwick et al., 2004). These internal baffles were expected to result in slower migration of the CO2 plume, through accumulation of fluid and eventual breaching of each baffle over time when the pore pressure exceeds the capillary entry pressure. However, after only 3 years of injection, CO2 was detected in the sandstones directly beneath the cap rock (Cavanagh & Haszeldine, 2014). The cause has been suggested to be sub-seismic features that allowed bypass of the mudstones such as microfractures, faults, sand injectites, carbonate cement dissolution, lateral discontinuities, chimney excavation, or erosive holes created by high-energy deposition (Zweigel et al., 2004; Hermanrud et al., 2009; 2010). Hydro-fracturing of thin shales caused by fluctuation of ice loads through the Quaternary glaciations has also been suggested (Cavanagh & Haszeldine, 2014); a mechanism that would affect all thin shales in this stratigraphic interval across the North Sea. Although these mudstones did not act as barriers to flow, each mudstone was found to hold some of the CO2 column beneath it, thereby reducing the lateral extent of the plume during injection (Chadwick et al., 2004; Cavanagh & Haszeldine, 2014). It is expected that by the end of injection, 40% of the CO2 will be residually-trapped (Hermanrud et al., 2009), with some of the CO2 draining to the top of the Utsira Fm., rendering the intra-formation mudstones less important with time (Chadwick et al., 2004).
Elsewhere, intra-formation mudstones have trapped fluids at the site of the recent Liatårnet oil discovery at the base of the Skade Fm. (Figure 11A). A Christmas tree-like structure is apparent, whereby a central pipe of low amplitude, chaotic reflections is flanked by a series of high amplitude limbs. The pipe is interpreted as a fluid migration chimney that breached the lower mudstones, and the high amplitudes are interpreted as small, leaked hydrocarbon accumulations that sit under each of several overlying mudstone layers. Further upward migration through overlying sandstones is possible, but not clear from the seismic data. There is also no indication for the timing of hydrocarbon “leakage,” and it can be inferred that either the rate of migration into the reservoir is greater than hydrocarbon leakage through the seal and overburden, or that the hydrocarbon leakage only breached the lower mudstones. Although there is some comparison to mudstone breaching at Sleipner, it is important to consider the difference between hydrocarbon migration over geological time and CO2 migration over decadal timescales. Nonetheless, despite the chimney, intra-formation mudstone layers are proven to ultimately trap fluid at Liatårnet, although other sealing lithologies may also contribute (e.g. cemented sandstones).
The Way Forward—Testing the Feasibility of CO2 Storage Sites
We have undertaken a detailed assessment of the northern Utsira-Skade Aquifer for CO2 storage, and identified several structural traps and potential prospects. In order for these to have a practical application, several further steps are required, including: 1) dynamic modelling of CO2 injection, to understand the role of other trapping mechanisms and migration to smaller closures, 2) geomechanical testing of the cap rock, to assess the seal integrity and possibly upgrade areas with low CC scores; and 3) pressure analysis through the aquifer. The data required for each of these could be collected through drilling of a CO2 storage exploration well. Independent CO2 storage wells are costly and uneconomic in the currently limited market. The only CO2 storage well to date on the Norwegian Continental Shelf (31/5-7 Eos) was drilled with significant government subsidy. However, the CO2 storage prospects identified here (along with other North Sea aquifers with CO2 storage potential), lie in a mature hydrocarbon province. Thus, the economics of a CO2 storage project could be improved through dual-objective wells, which target and test both CO2 storage and hydrocarbon prospects in the same well. Although the Utsira Fm. prospects are located towards the centre of the NVG, away from any existing fields, the prospects in the Skade Fm. are near the Oseberg Field, so could possibly be targeted through infrastructure-led exploration/near-field wells. Hydrocarbon demand is reducing, and exploration is expected to decline in the coming decades, as the energy industry transitions towards low carbon energy sources. We advocate that impending hydrocarbon wells on the NCS should be drilled with CO2 storage in mind through their data acquisition programmes. With more data, the characterisation of the potential aquifers will be improved and CO2 storage operations will be made safer. With a CO2 storage-focussed drilling programme on the NCS coupled with that for hydrocarbons, fewer independent CO2 storage exploration wells may ultimately be required. This incentive could prompt further investment in CO2 storage on the NCS and allow entry to smaller competitors. With several robust options for storage, the market will have greater opportunity to develop.
CONCLUSION
The Utsira-Skade Aquifer in the northern North Sea is already used for CO2 storage in its southern region at the Sleipner injection site. If CCS is upscaled for countries and businesses to reach their climate goals, additional storage sites will be required and the area bordering the first CO2 storage licence (our study area) on the NCS could be prospective. This study combined 3D regional seismic data, FWI velocity data and 102 exploration wells and analysed the CO2 storage potential of the northern Utsira-Skade Aquifer (Utsira, Skade and Eir Fms.), providing a catalogue of CO2 storage sites.
Intra-reservoir heterogeneities (average porosity and mudstone baffles and barriers) were assessed and mapped. Average porosity for the aquifer was calculated by applying a function derived from well data to the FWI velocity cube and ranges from 29 to 39% (37% for the Utsira/Eir Fms. and 33% for the Skade Fm.), generally decreasing away from the East Shetland Platform. The thickest mudstone (>50 m), interpreted to be a regional barrier, is located towards the centre of the aquifer, separating the Skade Fm. from the overlying Eir and Utsira Fms., and thins to the west. Several intra-formation mudstones were mapped, primarily in the Skade Fm., but are interpreted to be baffles (not barriers) to flow, due to their low thickness (<10 m). Structural closures were mapped at both the top aquifer (Utsira Fm.) and top Skade Fm. surfaces. CO2 storage capacity was calculated for the structural traps (top to spill point of the closures, TSP) using a storage efficiency of 20%, and for the full reservoir thickness (FRT) beneath the closures, using a storage efficiency of 5%. Moreover, spill-points of the closures were mapped locally and generally reveal possible fluid migration paths to the west. Finally, containment confidence (CC) of the prospects was integrated and used to discuss the suitability of the identified prospects for storage.
Structural closures at a depth > 700 m and with FRT storage capacity > 5 Mt CO2 are considered to be prospects and were assessed. A catalogue of fifteen prospects is presented for the northeastern Utsira Fm. and the central-eastern Skade Fm, with a combined storage capacity of 330 Mt CO2 (FRT) or 196 Mt CO2 (TSP). Of the fifteen prospects, only five have a positive CC score and they have a combined storage capacity of 54 Mt CO2 (FRT) or 39 Mt CO2 (TSP). The two prospects with the highest storage capacity in the Utsira Fm. have negative CC scores. The third-largest prospect has a positive CC score, zero well penetrations and a storage capacity of 32 Mt CO2 FRT or 18 Mt CO2 TSP. The CC score of the larger prospects could improve with more detailed understanding of the seal rocks, which could upgrade their feasibility for storage. Although there were no vertically-stacked traps identified between the Utsira, Eir and Skade Fms., detailed understanding of the timing of fill-and-spill between laterally-adjacent closures would enable smaller closures outside of the catalogue to be utilised, and injection to be optimised.
We have undertaken a detailed evaluation of CO2 storage sites, with an exploration-scale dataset. For further appraisal, core material would need to be acquired for analysis of caprock integrity and mineralogy. Pressure is also a crucial parameter to understand and warrants specific testing. This information can be obtained through further drilling, which could attract cost-savings by “piggy-backing” hydrocarbon exploration wells. Future work should involve dynamic modelling of the two regions suitable for storage for a fuller understanding of potential flow dynamics, to include physical and chemical trapping, with different constraints on injection and timing.
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