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Carbon mineralization and storage in basaltic rock sequences is a developing technology but faces challenges with uptake and increases in scale. Northern Ireland (UK) is a useful analog for many parts of the world where thick basalt sequences could be used to aid in reaching carbon reduction and removal targets. Here I reanalyze and reinterpret available lithological, geochemical, and geophysical data to assess carbon storage potential. The physical and geochemical properties of the basalts are indistinguishable from those used for successful carbon sequestration in Iceland and Washington State (USA). Based on the thickness, composition, and potential permeability, I propose that this is a viable location for a series of small-volume stores (total volume ~9–12 MTCO2) suitable for capture at industrial point-sources or purpose-built CO2 “harvesting” facilities. The case for exploiting the CO2 storage potential in Northern Ireland is strengthened by (1) an increasingly urgent need to find socially and economically just decarbonization pathways needed to meet NI's targets, (2) increasing realization among policy experts that point-source CO2 capture and industrial decarbonization will be insufficient to meet those goals, due in part, to the size of the agricultural sector, and (3) the coincidence with plentiful renewable energy and geothermally-sourced industrial heat. These serendipitous relationships could be leveraged to develop CO2-“farms” where direct air capture operations are supplied by renewable energy (biomass and geothermal) and on-site geological storage. I envisage that these sites could be supplemented by CO2 from locally produced biomass as farmers are encouraged to transition away from raising livestock. Because CO2 can be captured directly from the atmosphere or via suitable biomass anywhere, NI's small size and position on the periphery of the UK and Europe need not be a disadvantage. Instead, NI's access to geological storage, renewable energy, and agricultural land may be a boon, and provide new opportunities to become a leader in carbon removal in basalt-covered regions.
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1. Introduction

The 2022 IPCC report stated explicitly that in addition to dramatic curbs on carbon dioxide (CO2) emissions, CO2 extraction from the atmosphere is now essential to limiting global climate change (Babiker et al., 2022). Direct-Air Capture with Carbon Storage (DACCS) and Bioenergy with Carbon Capture and Storage (BECCS) are two of the principal technologies expected to assist in removing atmospheric CO2 (e.g., Gough et al., 2018; Gambhir and Tavoni, 2019; Ozkan, 2021), and as such contribute toward United Nations Sustainable Development Goal 13—Climate Change (Mikunda et al., 2021). Rapid progress toward capturing atmospheric CO2 at gigaton-scale will necessitate a commensurate expansion of geological CO2 storage. Whereas, conventional geological CO2 storage is optimized for CO2 capture at industrial point-sources (e.g., refineries), direct-air capture (DAC) and bioenergy systems can be deployed almost anywhere, especially in areas with abundant renewable energy, as long as there is CO2 storage availability. Therefore, there is strong incentive to broaden the geological diversity and geographic range of CO2 storage options to support DAC and carbon-neutral bioenergy deployment (Sovacool et al., 2022), especially away from industrial clusters.

Moreover, although enormous volumetric potential of mafic rocks has been reported prominently (e.g., Goldberg et al., 2008; Goldberg and Slagle, 2009), commercial storage has only been pursued in Iceland. To aid expansion on unconventional storage, NI makes a useful case study for other regions underlain by thick basalt successions and without alternative geological carbon storage options [e.g., India, Kenya (Okoko and Olaka, 2021)] and many volcanic islands [e.g., Azores, Canary Islands, Cape Verde, Comoros, Hawaiian islands, Kerguelen (Goldberg et al., 2013), Reunion]. Developments of DACCS and BECCS in these locations will, in part, depend on the availability of CO2 storage.

This paper examines the potential for non-conventional geological storage of CO2 in basalt lavas in Northern Ireland (NI), using a combination of reanalysis and reinterpretation of legacy geoscience data and literature. Finally, it outlines one possible pilot program scenario.


1.1. Geological carbon storage technologies

There are several different geological CO2 storage approaches in use or in development worldwide (e.g., Martin-Roberts et al., 2021). Of these, only CO2 sequestration into (1) deep saline aquifers and depleted oil and gas reservoirs in sedimentary basins, and (2) shallow volcanic rocks are likely to be appropriate in NI (Bryden Centre, 2021) due to geological constraints. Sequestration into coalbeds, mine tailings, and industrial wastes is not considered herein.


1.1.1. “Conventional” CO2 storage

Storage in sedimentary basins, especially those already characterized during oil and gas exploration, is attractive for several reasons (Benson and Cole, 2008):

• very large potential capacities (0.1–100 GtCO2 per basin);

• proven and available technologies to inject and monitor CO2 in the deep subsurface (e.g., Hannis et al., 2017);

• reliable and long-duration (>10,000-year) CO2 trapping mechanisms (e.g., Alcalde et al., 2018); and

• relatively well-constrained operational cost estimates (e.g., Benson and Deutch, 2018).

Therefore, this approach has been and continues to be studied intensively. However, there are several important disadvantages associated directly or indirectly with these approaches (e.g., Hannis et al., 2017). Primarily, the scale of new projects in non- or poorly-characterized sedimentary basins is daunting; requiring large investments in surveys, test drilling, and modeling of subsurface stratigraphy, structure, fluid flow, and volume estimates (e.g., Bachu et al., 2007). Injection into deep reservoirs requires high hydrostatic pressures to displace the in situ brines and this can, if the strength of the rocks is exceeded, fracture the reservoir or adjacent layers causing induced seismicity. The displaced brine must be recovered at the surface and disposed of safely, usually by reinjection into a different, under-saturated reservoir. These issues are most serious for deep saline aquifers where there is little or no data and infrastructure compared to oil and gas fields (Hannis et al., 2017).

There are additional disadvantages to sequestering CO2 into depleted oil and gas reservoirs like those proposed off the southern coast of the RoI (e.g., Kinsale gas field; Lewis et al., 2009). Foremost among these are the condition and pressure of the reservoir, and the age of infrastructure. Deep saline aquifers and other geological storage scenarios do not have this major limitation, but require sustained monitoring of the CO2 plume.



1.1.2. CO2 sequestration in mafic volcanic rocks

Mineral carbonation (Lackner et al., 1995; Oelkers et al., 2008) of mafic volcanic rocks like basalt in the subsurface was first proposed by McGrail et al. (2003, 2006) and Goldberg et al. (2008), and has subsequently been demonstrated to be an effective, efficient, and safe process at two pilot projects: CarbFix, Hellisheiði, Iceland, and Wallula, WA, U.S.A. (McGrail et al., 2011). Based on the CarbFix-Climeworks DACCS project at Hellisheiði, injection and in situ CO2 mineralization (i.e., not including the cost of CO2 capture) can be achieved at ~US$20−30/metric tonCO2, competitive with conventional geological storage (Keleman et al., 2019).


1.1.2.1. Geochemical processes

Carbonation in basalts takes advantage of pH-swings and the strong attraction between divalent cations (e.g., Mg2+) dissolved from the crystalline and amorphous (i.e., volcanic glass) rocks, and CO[image: image] dissolved in water (CO2aq) to precipitate stable carbonate minerals (e.g., Oelkers et al., 2008). At Carbfix, CO2aq and water are combined to form carbonic acid (H2CO3) by the reactions:
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Injected carbonic acid leaches silicate phases in the host basalt; releasing divalent cations that bind with carbonate anions (Equation 1c) and buffer the pH. These reactions occur readily in nature between CO2aq and mafic rocks (e.g., Dessert et al., 2003), and precipitate thermodynamically favorable carbonate mineral phases that are stable and solid over millions of years (Raza et al., 2022 and references therein).

Alternatively, injection of supercritical CO2 will also lead to mineral carbonation but much more slowly; the modes of CO2 introduction, and mineral alteration and precipitation are yet to be fully understood or optimized (Schaef et al., 2009, 2010, 2011). Understanding the rates of carbonation at an injection site is important for estimating the total CO2 volume potential as mineral carbonation adds ~20% over the volume stored in the available pore space alone.



1.1.2.2. Petrophysical conditions

The overwhelming majority of carbonate mineralization studies focus on the necessary geochemical processes and their rates (see Raza et al., 2022), while the geological and geophysical properties of the host basalts is much less thoroughly examined. Successful mineral carbonation depends on being able to inject CO2aq where it can reach and react with sufficient volumes of the host rock. This requires that the basalt formations are, at least locally, highly porous and permeable, and have large surface areas available for reactions. Basalt lava piles are widely recognized as voluminous aquifers in many regions, including western India (Limaye, 2010), southern Ethiopia (McKenzie et al., 2001), and southern Brazil (Navarro et al., 2020); however, flow properties (e.g., flow rate) and the spatial distribution of springs are often heterogeneous and unpredictable. A general model of basalt lava aquifers (e.g., Kulkarni et al., 2000) emphasizes the importance of highly permeable, horizontal joint systems within coherent lavas, and horizontal, inter-lava breccia layers in controlling the lateral transport of fluids. Transmission across otherwise low permeability coherent lavas is primarily along vertical or sub-vertical faults and fractures, including cooling joints.

Basalt rock is intrinsically variably permeable in proportion to the volume, size, and interconnectedness of the pores, whether they are intracrystalline (e.g., diktytaxitic texture) or contain vesicles (i.e., fossil bubbles). Porosity values measured in basalt samples typically range from 0 to ~85% (Navarro et al., 2020); with intracrystalline porosities of 0 to ~14% (e.g., Franzson et al., 2001). However, total porosity is moderated by the precipitation and dissolution (i.e., paragenesis) of secondary phases like zeolites and silica (Neuhoff et al., 1999). Permeability is estimated from measured porosity with the power-law Kozeny-Carman model (e.g., Navarro et al., 2020). Calculated bulk permeabilities vary over several orders of magnitude (100-104 mD; 10−10-10−17 m2; e.g., Navarro et al., 2020), with measured intrinsic permeability of avesicular basalt ranging from (100-101 mD; e.g., Franzson et al., 2001).

Most porosity and permeability estimates do not adequately account for fractures within the host rocks, sedimentary, igneous, or volcanic. For example, fractured, low porosity igneous rocks, are often very permeable (additional ≤ 103 mD from fractures) and productive, if heterogeneous, aquifers (e.g., Goldberg and Burgdorff, 2005) and are known to locally host significant volumes of hydrocarbons that have migrated into the fracture network (e.g., Rogers et al., 2006). Basalts are routinely highly fractured compared to many sedimentary reservoir rocks (e.g., Nara et al., 2011), by both sub-vertical (e.g., columnar joint), oblique, and sub-horizontal (sheet joint) sets, even in the absence of faulting. Fractures in basalt lavas are typically variably spaced and of variable length and connectivity, therefore, the fracture permeability is highly heterogeneous through a single lava. Fracture surfaces in basalt reservoirs are expected to be highly reactive to CO2 and therefore fractures are likely to seal rapidly and pose less risk of CO2 leakage than sedimentary reservoirs.




1.2. Carbon management in Northern Ireland

Carbon capture and storage is now widely accepted as a set of necessary carbon dioxide removal technologies (Kearns et al., 2021) to arrest global temperature rise and to maintain temperatures within tolerable limits by the end of this century (Galán-Martín et al., 2021; Babiker et al., 2022). The United Kingdom government's commitment to aggressive greenhouse gas (GHG) reductions to 78% of 1990 levels (806 MtCO2e) by 2035 requires a holistic approach to decarbonization of the whole economy, including carbon removal technologies like DACCS and BECCS (García-Freites et al., 2021). The UK's primary strategy is to develop four Carbon Capture Utilization and Storage (CCUS) “clusters” around existing concentrations of energy-intensive manufacturing, steel making, and petrochemical industries, often centered on large ports, by 2030 (BEIS, 2021). This strategy is projected to reduce total UK CO2 emissions to ~50 MtCO2e by 2050. Moreover, successful clustering of multiple CO2 sources may make transport to distal geological stores more economic (Bielicki, 2009). The alternative of a distributed CCUS network across the UK achieves the same target by 2050 with lower residual (i.e., unabated) CO2 emissions, but is considerably more expensive and challenging (BEIS, 2021). There is currently no tax incentive program (cf. 45Q) in the UK to encourage CCS.

As a constituent part of the UK, NI shares this responsibility but currently lags behind the rest of the UK and the neighboring Republic of Ireland (RoI). Furthermore, the rate of GHG and CO2 reduction is decreasing as the easiest abatements are implemented first, and the proportion of industries difficult to decarbonize increases. The NI Executive, through the Department of Agriculture, Environment, and Rural Affairs, has legislated very substantive cuts in GHG and specifically CO2 emissions in the 2020's and 2030's to achieve net-zero by 2050 (DAERA, 2022), and to do so through innovation and science-based decision-making in conjunction with the UK and RoI governments. The UK's Climate Change Committee (CCC) reported that to achieve net-zero by 2050, NI will have to exceed its “fair contribution” to the UK's Net Zero target of 83% reduction from 1990 levels (CCC, 2020, 2022). As of April 2023, NI was falling increasingly behind in reaching this ambitious target (CCC, 2023).


1.2.1. Carbon emissions in Northern Ireland

NI's GHG emissions in 2020 were 21 MtCO2e of which 68% (14.6 MtCO2) was CO2 (DAERA, 2023). Agriculture is the major contributor at 28% which is a far greater proportion than the UK average of 10% (1990–2020; CCC, 2023). In 2019, 31 CO2 point sources were recorded in NI in the National Atmospheric Emissions Inventory (Figure 1), ranging from 0.13 to 281 ktCO2/yr (total 0.95 MtCO2/yr; mean 30.8 ktCO2/yr; median 3.1 ktCO2/yr). Of these, only 5 sites exceeded 20 ktCO2/yr: 3 thermal power plants (Ballylumford, Coolkeeragh, Kilroot), 1 cement plant (Cookstown), and 1 chemical products plant (Maydown). The greatest proportion of the list is made up of food processing plants (n = 13) that total 39 ktCO2. It is unlikely that any of the emissions from these CO2 sources are being captured currently. The dispersed nature of relatively small-volume (<0.25 MtCO2/yr) point sources, as opposed to industrial clusters, poses a significant problem to effectively capturing, transporting, and storing CO2 in Northern Ireland and many less-intensively industrialized parts of Europe (Tamme and Beck, 2021). Conditions in NI are not addressed in the UK's industrial decarbonization strategy (BEIS, 2021), nor is it considered in depth in the UK CO2 Storage Appraisal.


[image: Figure 1]
FIGURE 1
 Distributions of the 31 major CO2 emission point-sources and 91 bioenergy plants in Northern Ireland. CO2 emitters are color-coded by the industrial sector and scaled by 2019 emissions volumes (metric tones per year); the largest CO2 emitters are named. Bioenergy plants (anerobic digestion and biomass combined) are scaled by power production (kWe). Inset: location of Northern Ireland (NI) within the United Kingdom (UK) on the northwestern edge of Europe. UTM zone 29U; data from DAERA, OSNI Open Data, Irish Bioenergy Association, and NNFCC Consulting.


The RoI has a nearly identical CO2 emissions breakdown with transport dominating followed by more or less equal contributions from power generation, residential, land use, and business (SEAI, 2021). The RoI shares similar problems with the distribution of major CO2 emitters and a lack of well-characterized storage options (SEAI, 2022), but has similar potential for DAC (Casaban and Tsalaporta, 2022). Therefore, holistic assessments of CCUS potential for NI usually include an all-Ireland approach, following the examples of the all-Ireland electricity and natural gas networks, and future hydrogen networks (Van Rossum et al., 2022).

The absence of suitable CO2 storage and the expense of transportation to England or Scotland are recognized as serious impediments to carbon capture efforts in NI (CCC, 2020). However, as NI falls further behind its mandated net zero target, the need for expanded carbon capture increases, the alternative being punitive reductions in the agricultural sector. The situation is serious enough that the CCC has recently taken the unprecedented step of recommending DACCS and BECCS for NI and emphasizing the need for creative solutions to the local CO2 storage problem (CCC, 2023). NI's first DAC pilot (100 tonCO2/yr) was announced in January 2022 where SMART-DAC and B9 Energy will seek to utilize the CO2 rather than store it (BEIS, 2022).




1.2.2. Current carbon capture and geological storage options

CCUS policy is not devolved to the NI Assembly, which may impact on its development in the region. However, NI is included in two examinations of CCS adoption: one all-Ireland and one looking at NI only. The earliest assessment (Lewis et al., 2009) examined scenarios with integrated carbon capture and offshore geological storage. Scenario 3 focused on a new power plant at Kilroot (Figure 1), designed to capture CO2 and to then transport it by pipeline to a deep saline aquifer in the Sherwood Sandstone Group within the Portpatrick Basin (>37 MtCO2 capacity) between NI and Scotland. The report concluded that scenario 3 would be a very high-risk and expensive project because of the lack of detailed knowledge of the Portpatrick Basin, the relatively small size of the potentially suitable geological trapping structures, and the absence of existing infrastructure. Pre-development studies were estimated to be €100 million over 10 years. Lewis et al. (2009) concluded that an additional ~1.9 GtCO2 of plausible storage capacity was likely to exist in the Sherwood Sandstone Group beneath County Antrim.

The only comprehensive CCUS assessment for NI (Bryden Centre, 2021) determined that the lack of well-characterized geological CO2 storage was one of several major impediments, along with cost and the wide spatial distribution of small- and medium-sized point sources that would need to be linked together by a pipeline costing approximately £42 million. The report concluded that only the power generation sector is likely to be able to take advantage of carbon capture and geological storage, and even then, CO2 will likely have to be shipped to the North Sea or eastern Irish Sea, adding to the cost and embedded carbon footprint from shipping. However, this report, like others for the UK and RoI, emphasized offshore storage solutions based on known depleted oil and gas fields or deep saline aquifers. The Bryden Centre (2021) report acknowledged the alternative of CO2 storage by mineralization in volcanics rocks that are being exploited simultaneously for geothermal energy, using the Hellisheiði geothermal power plant and CarbFix project as an example (Matter et al., 2009, 2011; Gíslason et al., 2018). Geothermal potential exists in NI (Raine, 2021); however, the Bryden Centre's report concluded that until it was proven and advanced to project development, CCUS co-location would be delayed.





2. Overview of Northern Ireland basalts

Volcanic rocks in NI may have potential for geological storage of CO2; specifically, the Antrim Lava Group basalts (ALG). The geology of the ALG is documented thoroughly in Mitchell (2004), and is only summarized briefly herein.


2.1. Antrim Lava group geology and geochemistry

The ALG (61–58 Ma) is an erosional remnant of an originally much more extensive flood basalt succession within the Paleocene North Atlantic Igneous Province, centered in County Antrim and around Lough Neagh (Figure 2A), and is the largest contiguous basalt unit in northwestern Europe outside Iceland. The ALG overlies a regionally-extensive unconformity developed primarily in the Cretaceous Ulster White Limestone Formation. The ALG is buried by thick, Oligocene clay and silt deposits (Lough Neagh Group–LNG; Parnell et al., 1989), locally with lignite, under and around Lough Neagh, and everywhere by varying thicknesses (1–30 m) of Quaternary sediments, including glacial deposits (Mitchell, 2004).


[image: Figure 2]
FIGURE 2
 (A) Bedrock geology map of the south Antrim—Lough Neagh area showing the extents of the Antrim Lava Group basalts (ALG; pinks) and overlying Lough Neagh Clays (LNC; beige). Minimum thicknesses of ALG (black-filled circles) come from named boreholes. Geological data from GSNI (2020) GeoIndex. (B) Measured stratigraphic sections from five boreholes around Lough Neagh (this study, Figure 3). Data compiled from Patterson et al. (1956), GSNI (1958), Thompson (1979), Wilson (1983), McCann (1991), Naylor et al. (2003), and Quinn (2006).


The ALG is divided into three major stratigraphic units (Figure 2B). The Lower Basalt Formation (LBF) is the most extensive unit within the ALG, and is overlain unconformably by the lateritic Interbasaltic Formation (IBF; 0–27 m-thick) everywhere except in north Antrim. The IBF is overlain by the laterally discontinuous Upper Basalt Formation (UBF) in eastern Londonderry, north and east Antrim (Figure 2A), and around Lough Neagh, including under the LNG. The LBF and UBF basalt lavas are petrographically and geochemically indistinct, and are similar in morphology and physical volcanology (e.g., Lyle, 1988; Lyle and Patton, 1989). Individual lavas are typically ~10 m-thick, laterally continuous over several kilometers, and composed of a columnar-jointed core of avesicular or low vesicularity basalt that grades upwards and downwards into moderately to highly vesicular basalt and basaltic breccia. The tops of individual lava flow-units are distinguished by red-weathering oxidation of the upper breccia, often together with red or orange lithomarge (syn. “bole”) where the original crystalline texture of the basalt has been totally replaced by clay minerals.

Published whole-rock data for ALG basalts show they are plagioclase-clinopyroxene-olivine tholeiites, with few basanites and picrites, with 4–22 wt. % MgO and 7.75–11.5 wt. % CaO (Figure 3), and 13–30 wt. % total MgO and CaO. There is no significant correlation between stratigraphic position and composition.


[image: Figure 3]
FIGURE 3
 ALG basalts are intermediate between those of lavas at the Hellisheiði, Iceland (n = 18) and Wallula, WA, U.S.A. (n = 124) carbon storage sites. The composition of the Stapafell lava, Iceland, (Oelkers and Gíslason, 2001) is shown for reference.




2.2. Geophysical properties
 
2.2.1. Thickness and extent

What is known about the ALG in the subsurface comes from less than 30 exploration boreholes (e.g., Wilson, 1983), regional-scale geophysical surveys (e.g., Mitchell, 2004), and by extrapolation of outcroppings in large seacliffs and escarpments (e.g., Lyle, 1988). Based on the available geophysical and borehole data I have identified four areas of interest (AOIs) to concentrate upon: north, east, south, and west of Lough Neagh (Figure 4).


[image: Figure 4]
FIGURE 4
 Geophysical data (GSNI, 2022). (A) Radiometric (natural gamma; NGR) survey showing K-U-Th-poor basalts in green, and K-U-Th-rich lithologies in yellows and reds. Areas of basalt buried beneath K-rich Lough Neagh Clay are characterized by green and yellow stippling. The large blue area is Lough Neagh. (B) Residual aeromagnetic data showing the strongly magnetic basalts characterized by a high-frequency (stippled) pattern. Older, non-magnetic rocks and the Lough Neagh Clays are characterized by very low frequency patterns.



2.2.1.1. Extent

Airborne geophysical surveys aid in constraining the buried margins of the ALG around Lough Neagh, and in estimating its thickness. Radiometric (natural gamma radiation; NGR) differentiates K-U-Th-poor rocks like basalt from other rock types (Figure 4A), especially K-rich clay-rich sediments like the LNC and evolved volcanic rocks like rhyolite. The ALG basalts in County Antrim define a uniform region of low NGR (greens and pale blues).

Whereas, small and thin LNC outliers immediately east of Lough Neagh are well-resolved (e.g., Langford Lodge; Figure 2A), the basalts and LNC are poorly defined south and west of Lough Neagh (Figure 4A). West of Lough Neagh, where boreholes demonstrate that the LNC is thick (>100 m), the NGR pattern is almost uniform, suggesting a uniformly thick LNG cover suppressing the ALG signature despite the basalts being >200 m-thick here (Figure 2B). South of Lough Neagh the NGR pattern is stippled with the presence of low NGR values similar to those of the unburied basalts suggesting that the LNG is thin here, possibly inconsistently so.

Tell us aeromagnetic data (residual field) distinguishes the ALG basalts from all other lithologies by a very high amplitude and high frequency (closely spaced red-blue-red) pattern (Figure 4B). The strong magnetic signature reflects the abundance of magnetite in the basalts. The ALG south of Lough Neagh is best defined by this method. The extent of the LNG south of and underneath Lough Neagh is defined by large, low amplitude (i.e., smooth) regions in red or blue, and small, moderate-amplitude areas in yellows and greens.



2.2.1.2. Thickness

The only published estimates of the thickness of the ALG are Shelton's (1997) isopachs for the LBF that show it thickening toward Lough Neagh from the north and east (Figure 5), and outcrops around the northern and eastern margins. The total thickness of the ALG is only constrained in around Lough Neagh by four boreholes (Figure 2B). All contain different thicknesses of LBF (232–531 m) and penetrate into the underlying Ulster White Limestone Formation. The Langford Lodge (total ALG thickness 788 m) and Ballymacilroy (773 m) boreholes contain about one half to one third UBF (241–346 m), respectively. The Mire House (232 m) and Ballynamullan (463 m) boreholes do not contain any UBF; the LBF here is buried beneath 298 m of LNG sediments.


[image: Figure 5]
FIGURE 5
 Isopachs (in meters) of the LBF adapted from Shelton (1997), the locations of boreholes that penetrate through the ALG, and the total ALG thickness in meters. Note the absence of data in the SE and NW to corroborate (Shelton, 1997).





2.2.2. Petrophysical properties of the Ballymacilroy borehole

The Ballymacilroy borehole (Figure 2) was chosen to reexamine and characterize a continuous, complete section through the ALG basalts so as to constrain the variation in composition and physical properties. The borehole was cored and logged between January and March 1979, with drill cuttings collected and analyzed in ~30 cm increments (Thompson, 1979). The borehole finished at 2,271.98 m below surface, of which the uppermost 773 m are ALG. Most other ALG penetrating boreholes do not have the same quality or continuity of data. To maintain consistency, all physical property values reported from hereon were measured in the Ballymacilroy borehole.

The ALG (Figure 6) at Ballymacilroy includes the Upper Basalt Formation (UBF; 346 m-thick), the Interbasaltic Formation (IBF; 6 m), and the Lower Basalt Formation (LBF; 422 m). There is a 37 m-thick zone of alternating basalt and rhyolite within the UBF (292–329 m below surface), and an 5 m-thick laterite and 8 m-thick rhyolite layer within the LBF (609–622 m below surface). The lithological boundaries are estimated from prominent breaks in physical properties, especially density and resistivity, and confirmed by identification of drill cuttings (Thompson, 1979).


[image: Figure 6]
FIGURE 6
 New lithological and petrophysical logs generated from re-analysis of the Ballymacilroy borehole data. Left to right: (1) lithologies (colors from Figure 2) showing flow units identified in the petrophysical data. “C” indicates a compound flow unit. (2) Proportion of zeolites estimated from the core descriptions (this study). (3) Density; (4) resistivity; (5) NGR; (6) sonic velocity. (7) Black—measured neutron-porosity; red—porosity calculated from sonic velocity (this study). (8) Black—permeability calculated from measured neutron-porosity; red—permeability calculated from “sonic porosity” (this study). See text for details of the porosity and permeability calculations.


The UBF is characterized by strong, 10–20 m-thick, sawtooth patterns in density, resistivity, and sonic transit time logs (Figure 6), and uniformly low natural gamma radiation (NGR <15 API). The uppermost 30 m logged in the UBF shows anomalously high NGR and highly variable sonic velocity and resistivity, consistent with a zone of strong paleosurface weathering (e.g., Ruffell, 2016). The UBF rhyolite-basalt layer is not distinctive in the petrophysical data, and is defined by rhyolite cuttings only. Amygdule abundance in drill cuttings ranges from 0–20%. The IBF is characterized by low density (<2 g/cm3) and resistivity (~20 Ω.m2/m), and high NGR (50–75 API) and sonic transit time (~150 μs/ft). This is consistent with the kaolinite-rich and thorium-rich laterite horizons and uranium-rich iron crusts exposed throughout the IBF (Smith and McAlister, 1995; Ruffell, 2016).

The LBF is characterized by low NGR (<15–20 API) and moderate to high density (~2.2–2.8 g/cm3). The LBF forms three zones (Figure 6), from top down: (i) a ~70 m-thick (422–~490 m below surface) very high frequency and amplitude sawtooth-pattern zone; (ii) a ~90 m-thick (~490–609 m) zone similar to the UBF; and (iii) a ~111 m-thick (~633–774 m) zone with homogeneous density, anomalous resistivity and NGR, and a distinctly amygdule-rich (20–50%) upper half.

The LBF upper zone is characterized by rapidly alternating (~10 m interval) highs (2.7–2.8 g/cm3, 1,000 Ω.m2/m, >100 μs/ft) and lows (2.1–2.4 g/cm3, 50–100 Ω.m2/m, 50–75 μs/ft) in density, resistivity, and sonic velocity. The lowermost zone is distinct with significantly lower resistivity (<100 Ω.m2/m) and slightly elevated natural gamma radiation (15–20 API). The upper half is very amygdule-rich, up to 50%, corresponding to higher sonic transit times and lower density and resistivity. The thin laterite and rhyolite lava within the middle zone of the LBF are not distinctive in the geophysical logs.


2.2.2.1. Porosity

Porosity values vary from 0% to ~85% through the lavas in the Ballymacilroy borehole (Figure 7A). Neutron-porosity measurements range from 0% to 65% with a median of 33%. Porosity was calculated from the sonic transit-time data (“sonic porosity”) also, using the Raymer-Hunt-Gardner formula (Raymer et al., 1980):

[image: image]

where α is a fitting parameter of −0.8, tmat is a lithological constant of 80 μs/ft, and tlog is the measured sonic transit-time. The sonic porosity ranges from 0% to 84% with a median of 42%.


[image: Figure 7]
FIGURE 7
 Ballymacilroy borehole petrophysical properties (n = 4,374; Thompson, 1979). Intracrystalline fields from the Öskjuhlið olivine tholeiite lava, Reykjavik, Iceland (Franzson et al., 2001). (A) Box and whisker plots of porosity measured by neutron logging and calculated from the sonic log (“sonic calc.”). (B) Plots of permeability calculated from neutron porosity (“neutron calc.”) and calculated from the calculated sonic porosity (“sonic calc.”). (C) Cross-plot of porosity and permeability.




2.2.2.2. Permeability

I calculated the relationship between porosity and permeability as measured in scoriaceous basalts by Saar and Manga (1999). Rearranged, this allows for estimation of permeability from both the neutron-porosity and sonic porosity values, where:

[image: image]

Ballymacilroy lavas with >20% porosity have permeabilities of 101-104 mD (10−15-10−12 m2; Figure 7B). Below 10% porosity, the permeability is variable and typically very low (101 mD; Figure 7C; Saar and Manga, 1999).






3. Discussion


3.1. Geological storage potential

The pre-requisite conditions for CO2 storage in basalts are: high porosity, high permeability, and abundant Ca2+ and Mg2+. To be feasible, a site must also have sufficient reservoir volume available for meaningful storage. Finally, the CO2 phase being injected influences the depth of storage and the abundance of water needed; however, this is largely dependent on engineering and economic concerns related to how CO2 is captured (e.g., purity) and transported on the surface. Supercritical CO2 (CO2SC) requires a higher pressure system and storage at greater depths (e.g., Wallula; >800 m depth) than a CO2aq system (e.g., Carbfix; >350 m depth; Gíslason et al., 2018).


3.1.1. Geological and hydrological constraints

Immediately north and east of Lough Neagh, and probably beneath much of Lough Neagh, the ALG is thick enough (500–800 m) to facilitate storage in the LBF (Figure 2) at depths equivalent to those successfully exploited in the Carbfix project with CO2aq but not with CO2SC injection as at Wallula. In addition, there is potential in the southwest of Lough Neagh (e.g., Washing Bay; Figure 2) where, although the ALG is thinner (>200 m) it is buried beneath 350 m of LNC sedimentary rocks. Therefore, at all potential sites the preferred injection mechanism is likely to be as CO2aq and an abundant water supply needs to be guaranteed. The hydrogeology of the deep aquifers within and beneath the ALG is very poorly constrained, largely due to the lack of deep water wells. However, the abundant rainfall in the region (~700–1,700 mm/yr) and the presence of Lough Neagh (~3.5 km3) should provide abundant surface water if access is granted.



3.1.2. Geochemical and mineralogical constraints

The dissolution of basaltic glass and crystalline groundmass, and the mineralization of carbonate are rate-limited by the presence of clay minerals (e.g., Oelkers and Gíslason, 2001), and these are also likely to lower permeability. Clay minerals are known to occur in abundance in the IBL and the many red weathering horizons characteristic of the tops of individual lavas (e.g., Smith and McAlister, 1995). Petrographic descriptions of ALG basalts do not typically report significant clay abundances (Lyle and Patton, 1989).

Clay-rich lithologies are characterized by low resistivity. However, because saline fluids also reduce resistivity, care must be taken interpreting the most porous horizons. Where the porosity is predicted to be low, for example, in the core of a lava, the resistivity can be used more confidently to estimate clay content. The lowest resistivities in the Ballymacilroy borehole (Figure 6) are within the IBL (~20 Ω.m2/m) and the lowermost, ~150 m-thick composite flow unit (<100 Ω.m2/m). Illite (K-rich clay) content estimated from NGR is low (≤ 20 API) throughout.

Fresh ALG basalts, not surprisingly, have elevated CaO and MgO contents (Figure 3). Therefore, in the absence of a significant clay fraction, Ca2+ and Mg2+ are available to be carbonated throughout the ALG. Cores recovered from the mineralized zone in Wallula project exhibited calcite and aragonite (both CaCO3) and experiments crystallized ankerite [(Ca, Mg, Fe)CO3], including, in <100 μm pores within low vesicularity basalt (Xiong et al., 2018). The same experiments produced a carbon mineral trapping rate of 1.24 ± 0.52 kg of CO2/m3 of basalt per year, at 100°C and 0.1 kbar. With ~3.6% porosity, this yields a stored mass of 47 kg of CO2/m3 of basalt that is close to estimates from the much younger and fresher Hellisheiði [70–130 kg of CO2/m3 of basalt (Xiong et al., 2018)] rocks.



3.1.3. Petrophysical constraints

Petrophysical data values vary significantly between pairs of adjacent flow units, forming a high frequency sawtooth pattern (Figure 6). However, the range of values is generally consistent within groups of adjacent flow units, helping to define the three LBF zones identified in the Ballymacilroy borehole (Figure 6). The characteristic sawtooth patterns in the petrophysical data are typical of boreholes penetrating stacked basalt lavas (e.g., Millet et al., 2016), major aquifer-aquitard systems in basalts (e.g., Kulkarni et al., 2000; Navarro et al., 2020), and the CO2 storage sites at Wallula and Hellisheiði (e.g., McGrail et al., 2003). The sawtooth pattern is characteristic where (1) the core of each lava is high density (>2.5 g/cm3) and high resistivity (>500 Ω.m2/m), and (2) the intercalated breccias and rubbly lava at the boundary between two lavas is low density (1.8–2.5 g/cm3) and low resistivity (50–500 Ω.m2/m). Compound lavas formed of multiple, rapidly emplaced flow units, are inferred where the amplitude change is relatively small. Seventeen and Nineteen distinct lavas are identified in the UBF and LBF, respectively, of which 6 and 8 are compound lavas (Figure 6).


3.1.3.1. Porosity and permeability

Neutron and sonic porosity trends are parallel downhole (Figure 6), ranging between 0 and 85%, medians of 32% and 42%, respectively (Figure 7A). The maximum porosity measured far exceeds the maxima reported from similar basalt lavas (e.g., ~22%; Neuhoff et al., 1999), in part, due to the difference in methodologies applied. Typically, direct measurements of porosity are made visually, or by pycnometry or porosimetry analyses of samples. In the absence of samples to analyze or systematic core descriptions, as is the case at Ballymacilroy, the neutron and sonic logging data must be used. Neutron log data usually exceed measured porosities (e.g., Zakharova et al., 2012) because they do not differentiate between fluid-filled void spaces: vesicles, intercrystalline pores, intergranular pores in brecciated zones, or fractures. Similarly, sonic porosity data are derived from bulk rock density, and do not differentiate between the different void space types. However, these techniques have the advantage of estimating the “bulk” porosity throughout all the lithologies present, especially those that are most brecciated or fractured. The semi-quantitative “amygdule content” (Figure 6) reported in Thompson (1979) ranges from 0 to 45%, but this only includes pale-colored mineral infilling and not open vesicles nor fractures. However, where the amygdule content is highest is also where the neutron and sonic porosity measurements are in best-agreement and high. Therefore, the logging data are probably best considered maxima for porosity where there is a bimodal distribution: ≤ 20% in the coherent lavas and 20–45% at the boundaries between lavas and where they are fractured strongly. These disagreements in porosity measurement, and therefore the calculated permeabilities, emphasize the need for direct rock properties measurements.

Saar and Manga (1999) report that vesicle size and bubble density are high enough in basalts with >10% porosity, that all pores were connected by narrow apertures that are ~10% the diameter of the vesicles, and thus, are very permeable. Below 10% porosity, the permeability of basalt lavas is much more variable, but typically very low (Saar and Manga, 1999). This is corroborated by analyses of basalts with intercrystalline porosity only (i.e., no macroscopic vesicles) with permeabilities of 100-101 mD (Franzson et al., 2001) and those with only isolated, large vesicles (<100 mD). Future, accurate measurement of permeability will require (1) direct measurements of porosity and permeability from core samples, and (2) characterization of the fractures (width, length, density, roughness, etc.) within the host basalt. Permeability calculated from the Ballymacilroy sonic log is lower and significantly more variable than from the neutron log (Figure 7B), however the median permeability values are within the same order of magnitude (103-104 mD). These data should be treated as preliminary, and rather than over-emphasizing specific values, it is useful to draw attention to the patterns within the data and ranges of values.

Porosity and permeability values only give a general sense of what the hydrogeological conditions may be within the ALG, and no flow-tests, tracer tests, or other hydrologeological measurements have been conducted within the basalts at depth appropriate for CO2 storage (>500 m). Falling-back on a comparable scenario, the first CarbFix injections demonstrated slow but consistent migration of CO2aq away from the injection well, and ~80% mineralization in 1 year at conditions similar to within the ALG (Gíslason and Oelkers, 2014). On the basis of the evidence available, there is no reason to assume that the ALG basalts are not suitable, although considerably more study is required to constrain their suitability for this form of COa storage.




3.1.4. Reservoir volume estimation

The principles of reservoir volume characterization in basaltic lavas are not well established (Raza et al., 2022), and no detailed comparisons can be made with sedimentary basins. Information from the Wallula and Hellisheiði sites is limited to knowledge of the total volumes of CO2 injected to date.

Therefore, to estimate the magnitude of the potential volume available for sequestration in the ALG, the three AOIs inferred to host the thickest ALG (N, E, and W; Figure 4B) are analyzed. In each, the maximum ALG thickness is used to estimate the inferred thickness below a 500 m total depth threshold, based on the minimum depth of CO2aq injection at CarbFix with 30 bars partial pressure CO2 (Aradóttir et al., 2011) and 0.05 mole fraction. The volume modeled for CO2 storage is based on a range of total porosities 3% (Wallula; Xiong et al., 2018); 22% (Neuhoff et al., 1999); 32% (this study) in a rock-volume with a slab-like geometry below 500 m-depth. The volume in km3 (V) is calculated as:
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where t is the “usable” thickness of the ALG below 500 m below surface, A is the area of the AOI, and ϕ is the porosity. The geometric model is necessarily simple, and considerably more data is needed to constrain the depth to the base of the basalts and their internal rock properties. Effective transmission of CO2aq and complete saturation are assumed.

The results show that only the N and E AOIs (Figure 4B) probably have storage potentials in the ~3–30 km3 and 2–20 km3 ranges, respectively (Table 1). The order of magnitude difference reflects the range of porosities possible, from 3% at Wallula to a maximum of 32% (this study). The lava flow-units in the ALG are typically much thinner than those in the Columbia River flood basalt and there are correspondingly more high-porosity inter-lava horizons in the ALG for a given thickness. The Ballymacilroy borehole between 495 and 610 m-depth records ~10 inter-lava horizons between ~1–10 m-thick (Figure 6), ~30% of the section. Assuming that these layers have the highest porosity (32%) and the lavas have the lowest (3%) gives a weighted average of ~10% (Table 1). Using a porosity of 10% yields maximum injected volumes of ~6 km3 and ~4 km3 for AOIs N and E, respectively, which equate to ~10 MtCO2 and ~7 MtCO2, assuming efficient mineralization. These volumes and masses of CO2 increase by ~20% when thorough mineral carbonation of the host basalt is included. This is a reasonable assumption because the limited depth range available calls for storage as CO2aq and the geothermal gradient is elevated (~40°C at 500 m-depth; Raine, 2021); therefore, mineral carbonation rates are enhanced (e.g., Oelkers and Gíslason, 2001; Potsma et al., 2022). For the N and E AOIs these increase to ~6 km3 and ~12 MtCO2, and ~4 km3 and ~9 MtCO2, respectively, for 10% porosity (Table 1). Put another way, a 1 km2 footprint in either N or E could sequester up to ~65 kTCO2 at 10% porosity.


TABLE 1 Data used to calculate the maximum potential CO2 reservoir volume at 3%, 22%, and 32% porosity.

[image: Table 1]



3.1.5. Preliminary conclusions

The geological conditions exist within parts of the ALG to make carbon storage feasible. The data show that although the distribution of porosity and permeability is largely unknown, the weighted bulk average porosity (~10%) is encouraging and compare well with the successful injection site at Wallula. Finally, although the maximum sequestered CO2 volume in the ALG is very small (~10 MtCO2) compared to most sedimentary basins (0.1–100 GtCO2), it is significant at a local scale in NI where there are ~5 large-volume CO2 point-sources and no established alternative geological stores.




3.2. Comparison to other carbon storage options

Table 2 compares a geological store in the ALG with planned or proposed sedimentary basin storage sites in the Irish Sea. The lack of knowledge about geological stores in or adjacent to NI is evident, especially when development costs are queried. The estimates for offshore storage are for initial exploration and assessment, and are very outdated and probably grossly underestimated. Development and operational costs are likely to exceed €1 billion. There is also the lack of infrastructure with none of the necessary point-source CO2 capture or CO2 pipelines in place. Onshore exploration, drilling, and operation in the oil and gas industries is typically 5–10 times lower cost; therefore, a site in the ALG may be expected to be significantly lower cost, albeit for a much smaller storage volume.


TABLE 2 Comparison of potential NI geological carbon stores.
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In contrast, the East Irish Sea Basin (1.1–1.7 GtCO2; Table 2) is currently under development as part of the HyNet H2 and CCUS cluster in NW England and NE Wales. A legacy of gas production means that there is abundant geological information and surface infrastructure in place. The CCUS portion of HyNet is considered viable because of (1) CO2 point-sources in existing industry and new green-hydrogen production, and (2) easy supply of imported CO2 by ship, and eventually by pipelines, from industrial clusters around the Irish Sea, including Belfast.

Given that HyNet is going ahead, it seems to be in pole position to be a store for any large volumes of CO2 captured at NI's power plants, if CO2 shipping proves to be economical. A geological store in the ALG is probably too small and not sufficiently developed to be viable to be a useful industrial CCS project.



3.3. Development of a geological CO2 store in the ALG

Having demonstrated that there is useful potential for up to 10 MtCO2 geological storage in the ALG, albeit unlikely to be a viable store for large (>20 ktCO2/yr) industrial point-source CCS, I now explore some pathways by which a basalt-hosted storage project could still be developed and how it could fit into NI's net zero strategy.


3.3.1. Co-location with BECCS and DACCS
 
3.3.1.1. BECCS

Agriculture contributes 28% of NI's GHG emissions and is projected to grow to ~32% in 2031 as other sectors decarbonize faster (DAERA, 2023). NI's most aggressive GHG reduction models assume a major increase in biomass cultivation away from rearing livestock. Biomass combustion and anaerobic digestion to produce methane (CH4) are established, growing renewable energy technologies in NI and RoI (e.g., McGeever et al., 2019) producing both heat and electricity. Bioenergy plants are distributed across NI and ~80% of plants are <500 kWe (Figure 1). However, no Irish biogas facilities currently capture CO2 emissions, in part, due to the absence of available CO2 storage. However, developing geological storage would make BECCS more viable and could lead to an increase of the biomass market. Several anaerobic digestion plants are located within the N and E AOIs and more are expected.



3.3.1.2. DACCS

DAC is widely considered to be an increasingly essential part of achieving rapid, near-term reductions in atmospheric CO2, despite it still being a set of nascent technologies. Impediments to DAC uptake are primarily the costs of the capture process itself (≤ $230/tonCO2; Bos et al., 2018; McQueen et al., 2021) and the costs of disposing of the captured CO2 ($20–30/tonCO2; Keleman et al., 2019). One of the chief attractions of DAC is that it can sited anywhere, ideally somewhere with abundant renewable energy (Singh and Colosi, 2022). However, this geographic advantage is curtailed by the need to be proximal to suitable geological storage if economic uses cannot be found for the captured CO2.

NI meets the criteria for DAC deployment through abundant renewable energy opportunities and the availability of geological storage in the ALG (this study).




3.3.2. Co-location with geothermal heat-mining

Like geological carbon storage, geothermal heat extraction in NI is in its infancy, but it is recognized as a high priority as part of NI's energy transition. As of late 2022, there are a small number of deep geothermal projects in the planning stages and several installed or planned, geothermal heat pump systems. Very significant heat resources are thought to be present in Permian sandstones and the Triassic Sherwood Sandstone Group (Pasquali et al., 2010; Raine, 2021), with temperatures ranging from 70 to 90°C at 2–3 km-depth throughout the Larne Basin. The primary evidence for this comes from the same boreholes that provide constraints on the thickness of the ALG in the optimal CO2 storage AOIs (e.g., Langford Lodge, Ballymacilroy; Figure 2), implying that co-location and shared development are feasible. The groundwater within the ALG is very unlikely to be in hydrological contact with the main Larne Basin aquifer(s)/heat reservoir. ALG and the immediately underlying Ulster White Limestone are confined, low-yield aquifers (Robins et al., 2011). Therefore, injection into the ALG is unlikely to degrade the deeper geothermal heat resource.

Co-location of geological CO2 storage and geothermal heat extraction has co-benefits (e.g., Wu and Li, 2020). First, the costs of exploration and drilling can be shared, and risks spread. Second, the skills and surface infrastructure needed are similar. Third, and potentially the most interesting, many different DAC recycling processes will benefit from access to low-cost 70–90°C steam from geothermal sources, because energy load is the one of greatest challenges to DAC deployment (e.g., Ozkan et al., 2022). DAC systems typically require ~80% thermal energy and ~20% electric; this thermal energy could come directly from a geothermal heat supply. For example, the solid-state sorbent used in Climeworks' DAC technology is recycled at between 80°C and 120°C (McQueen et al., 2021). Many other solid-state sorbents are expected to be regenerated at ~90°C, achieving gross production costs of ≤ US$230/tCO2 (McQueen et al., 2021). Being able to co-locate industrial-grade heat with geological CO2 storage reduces the cost of DACCS by ~$5/tonCO2 (McQueen et al., 2020) and makes geothermal energy operations carbon-negative (e.g., Pilorgé et al., 2019).



3.3.3. Project concept

One path of developing the potential outlined above is through a demonstrator or pilot project in one of the AOIs identified. Such a project could take the form of a co-located BECCS-DACCS-geothermal CO2 “farm,” here called the Antrim Carbon Development Centre (ACDC; Figure 8).
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FIGURE 8
 Conceptual diagram showing DACCS and BECCS operations around the co-located geological CO2 store and geothermal facility ACDC. Potential co-benefits are represented by colored connections. Sustainable natural gas is produced for sale. AD, anaerobic digestion; BC, biocombustion plant.


The ACDC is based on co-location of geological CO2 storage and geothermal heat mining, in and below the ALG, respectively. Having secured a CO2 store, local DACCS and BECCS projects (including from anaerobic digestion) become viable (e.g., McGeever et al., 2019). Moreover, industrial heat from the geothermal plant can improve anaerobic digestion performance significantly (e.g., Diamantis et al., 2016), as well as reduce the costs of DACCS operations. Anaerobic digestion supplemented by geothermal heat may produce ~23% more natural gas while reducing GHG emissions by ≤ 66% and capital costs by ~24% (Nazari et al., 2021). Finally, the ACDC is supplied by electricity from renewable sources, especially wind. There exists, therefore, a great potential for synergistic renewable energy and carbon capture and storage in NI, as long as a suitable CO2 store exists. This could be a successful model to develop and export to similar economies worldwide.

The regions east and north of Lough Neagh (AOIs E and N) are the most prospective locations for such a development. These have suitable geology as described, and benefit from the greatest proximity to major point-sources (Figure 1) and excellent transportation links. The regions are generally low-lying and relatively flat, and the dominant land-use is for agriculture.





4. Conclusions

Carbon storage in basalts is a developing technology but has only been used in two locations to date; NI could adapt this technology for much of its own CO2 storage needs and develop a test-bed and demonstrator facility. NI is a useful analog for many parts of the world where carbon reduction and removal targets and technologies are challenged by a lack of suitable geological CO2 storage. Although carbon capture and storage is at the forefront of UK carbon management, current policies do not support agriculture-dependent regions like NI strongly. NI's ambitious net zero targets may increasingly depend on successful geological CO2 storage in support of BECCS and DACCS.

The ALG basalts are likely to be a viable and useful geological site for mineral carbonation and permanent CO2 sequestration. The ALG is sufficiently thick east and north of Lough Neagh to provide voluminous storage at the porosities estimated from reanalysis of existing hydrocarbon exploration borehole data. The same data suggest that the ALG is typical of other basalt piles used as aquifers and CO2 stores, with a bimodal distribution of physical property values where the lava cores are dense, low porosity, and low permeability, and the intercalated layers are highly porous and permeable. The whole-rock compositions of the ALG basalts are not unusual, and they overlap with the CaO and MgO contents of basalts used for successful carbon mineralization elsewhere.

The case for exploiting the CO2 storage potential of the ALG is strengthened by (1) the coincidence with geothermal heat that can be mined from deeper, (2) a wealth of renewable energy, and (3) the increasing importance of BECCS and DACCS to achieving mandated net zero targets. These serendipitous relationships could be leveraged to develop a purpose-built, RandD facility to advance carbon removal and sustainable energy production in NI, the UK and RoI, and the EU, and help set NI on the path for net zero.
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