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ABSTRACT 

Industrial decarbonisation, involving hard-to-abate sectors and key carbon dioxide removal (CDR) 
technologies, necessitates geological CO2 disposal/storage. Geological storage can be performed via 
solubility and hydrodynamic trapping in sedimentary basins, or alternatively via the novel approach 
of CO2 mineral trapping in mafic/ultramafic lithologies, known as in-situ mineral carbonation. Ireland 
currently lacks specific targets for the deployment of carbon capture and storage (CCS), or CDR 
technologies. By characterising the geological storage potential of CO2, government targets for CCS 
deployment will be more easily implemented. Therefore, this thesis involves mapping, screening, 
ranking, and characterising igneous lithologies in Ireland for CO2 storage via in-situ mineral 
carbonation. Mapping of the lithologies highlighted 29 groups of geological formations across Ireland, 
considered as candidate CO2 reservoirs for in-situ mineral carbonation. These geological formations 
were screened using several criteria covering mineralogical, structural, socioeconomic, and 
environmental conditions. The ranking process identified the Antrim Lava Group (ALG) flood basalts 
as the most suitable for mineral carbonation, given their proximity to major power plants in Northern 
Ireland and sufficient thickness for CO2 injection.  The outcropping metagabbro of the Connemara 
Metagabbro-Gneiss Complex (MGC) emerged as the most promising candidate reservoir in the 
Republic of Ireland, potentially extending up to 10 km offshore and having high secondary 
permeability from Connemara metamorphism. The Dawros Peridotite intrusion, despite its small size, 
was also identified for further study due to its ultramafic composition. Petrology and energy dispersive 
X-Ray spectrometry (EDS) characterisation were performed for the geochemical characterisation of 
these three reservoirs. The ALG comprises large glomeroporphyritic forsterite within coarse-
crystalline ophitic/sub-ophitic groundmass labradorite and augite, with secondary mineralisation of 
mostly Ca-rich zeolites. However, forsterite is often altered to iddingsite and variably to clay minerals. 
The MGC contains highly anorthic plagioclase and magnesiohornblende but shows variable phyllic and 
propylitic alteration to quartz-sericite-pyrite and epidote-chlorite-albite assemblages, respectively. 
Lastly, the Dawros Peridotite is altered from its ultramafic protolith to amphibole-serpentine-talc-
carbonate facies, indicating serpentinisation and natural carbonation have occurred. Therefore, the 
methodologies applied to the three formations identify the appropriate mineralogy for mineral 
carbonation, but secondary alteration products, particularly phyllosilicates and zeolites, will also be 
incorporated into carbonation reactions where present.  
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1. INTRODUCTION 

1.1 Background 

1.1.1 Geological CO2 Sequestration 

Geological sequestration of CO2 is typically associated with sedimentary basins that host porous and 
permeable lithologies required for high storage capacities and injectivity rates. Depleted hydrocarbon 
reservoirs are favourable because they are previously characterised and have suitable geologic 
(structural and stratigraphic) traps for the accumulation of CO2. Alternatively, sequestration can be 
achieved in deep sandstone and carbonate aquifers that induce earlier solubility and hydrodynamic 
trapping followed by mineral trapping (Zhang and Song, 2014). Hydrodynamic trapping refers to the 
entrapment of buoyant fluid (supercritical CO2 in this case) under an impermeable caprock, whilst 
solubility trapping refers to the dissolution of CO2 in the reservoir formation fluid (Zhang and Song, 
2014). Other forms of sequestration include cavern trapping within salt structures (Pajonpai et al., 
2022) and adsorption trapping in dry coal bed reservoirs for enhanced coal bed methane recovery 
(Bachu, 2003). A further CO2 sequestration technique, mineral trapping, immobilises CO2 within the 
subsurface by precipitating out solid carbon-hosting, carbonate minerals for long-term CO2 trapping 
and non-toxic disposal. In-situ mineral carbonation refers to the injection and mineralisation of CO2 in 
a rock reservoir, distinguishable from ex-situ and surficial techniques (Kelemen et al., 2019). In-situ 
mineral carbonation occurs in a series of reactions. Initially, mineral dissolution in a rock formation 
occurs as injected CO2 interacts with and acidifies formation waters to achieve solubility trapping 
(reaction (1)). Subsequently, by increasing the temperature and pressure in the reservoir CO2 is 
injected into, CO2 solubility will decrease, dissolved CO2 will dissociate, and bicarbonate and carbonate 
ions form (Portier and Rochelle, 2005). 

(1)                                               CO2(aq) + H2O = H2CO3 = HCO3�t + H+ = CO3
2�t + 2H+ 

The main requirement for successful mineral carbonation in a potential resource is the occurrence of 
silicate minerals rich in metal divalent cations, typically Mg2+, Ca2+ and Fe2+. The acidified formation 
water promotes the dissolution of rock-bearing silicate minerals that release these metal divalent 
cations, which subsequently react with the bicarbonate and carbonate ions in the fluids, resulting in 
the formation of a variety of carbonate (carbon-bearing) minerals (reaction (2)). 

(2)                                          2(Ca,Mg,Fe)2+ + CO3
2- + HCO3�t = 2(Ca,Mg,Fe)CO3 + H+ 

The above reactions assume the unaccounted H+ ions will be consumed by further water-rock 
interactions, such as the dissolution of calcium-rich plagioclase (reaction (3)) that buffers the pH 
decrease of the fluid, enhancing solubility trapping and carbonate precipitation via mineral trapping 
(Matter and Kelemen, 2009). 

(3)                                                CaAl2Si2O8 + 2H+ + H2O = Ca2+ + Al2Si2O5(OH)4 

Sedimentary lithologies typically utilised for deep sedimentary basin CO2 sequestration contain limited 
divalent metal cation-rich silicate minerals, and so any mineral carbonation rates that occur in these 
carbon capture and storage (CCS) systems are slow, with numerical simulations of Gulf Coast 
sediments showing mineral sequestration of ~2,000 kg CO2 m�>3 at rates of 0.0015 kgm-3yr-1 (Xu et al., 
2004). Better-suited lithologies for mineral carbonation are those that contain high percentages of 
basic, silicate minerals such as olivine ((Mg,Fe)2SiO4), serpentine (Mg6Si4O10(OH)8) and pyroxene (e.g. 
augite�t(Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6), such as mafic/ultramafic igneous and metamorphic rocks 
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including basalt, gabbro, peridotite, and dunite. Basalt, a commonly used mineral carbonation 
reservoir rock, is variably comprised of such reactive minerals and is capable of consuming ~1.8 x 108 
tons of CO2 per year globally via natural carbonation reactions (Dessert et al., 2003). Dunite, an olivine-
rich rock, has been numerically simulated to be capable of storing ~2,000 kg CO2 m�>3 at a rate of 0.1 
kgm-3yr-1 (Xu et al., 2004), and pilot injection tests have verified mineralisation of CO2 within two years 
(Snæbjörnsdóttir et al., 2020). Peridotite, a lithology that comprises 60 �t 90% olivine, shows promise 
as a mineral carbonation reservoir rock as it contains 40 �t 50 wt% of MgO±CaO±FeO, double that of 
the olivine potential in the more mineralogically diverse basalt (Marini, 2006; Matter and Kelemen, 
2009). 

Mineralogy is just one factor to consider when assessing the suitability of reservoir rocks for mineral 
carbonation. These potential reservoirs must also have sufficient porosity and permeability to 
accommodate injected volumes of CO2 and to provide reactive surfaces for mineral carbonation 
reactions (Matter and Kelemen, 2009). Mafic to ultramafic lithologies are considered unconventional 
reservoirs for CCS as their crystalline nature often lacks primary porosity and permeability. However, 
extrusive, basaltic reservoirs can contain primary porosity and permeability resulting from vesicularity 
produced by the exsolution of magmatic gases from the lava flow during emplacement. Vesicularity 
in basalts is often internally variable within lava flows. The internal parts of a basalt flow are massive, 
less vesicular, and more impermeable when compared to upper flow zones that are highly vesicular 
or brecciated (Barreto et al., 2017). Consequently, these internal sections can act as flow barriers 
within basaltic reservoirs (McGrail et al., 2006). Many potential igneous and metamorphic rocks with 
mineral potential for carbonation can contain networks of micro-macroscale geological structures, 
such as faults and fractures, that form from processes ranging from cooling, emplacement, tectonics, 
and weathering. Such geological structures introduce variable amounts of secondary porosity and 
permeability into such rocks over geological time, serving as fluid flow pathways for injected CO2 and 
reactive surfaces for mineral carbonation (Petford, 2003; Tullborg and Larson, 2006). Secondary 
permeability is particularly essential for storage capacity and fluid flow in plutonic/intrusive lithologies 
such as gabbro or peridotite, where primary porosity and permeability are low. Given the importance 
of structural networks for permeability and fluid-rock interaction in mineral carbonation sites, 
quantification of the connectivity of these structural networks is crucial to determining a mineral 
carbonation reservoir�[s potential (Matter and Kelemen, 2009).  

Permeability maintenance is crucial to in-situ mineral carbonation. As carbonates mineralise in a 
reservoir formation, they reduce the space available for further CO2 injection or serve to seal off 
structural fluid flow networks over time (Paukert et al., 2012). Furthermore, as carbonate minerals 
precipitate and form reaction rims around the reactive minerals in the reservoir rock, they eventually 
create barriers between the CO2-rich fluid and the unreacted mineral cores (Matter and Kelemen, 
2009). Whilst potentially self-limiting, some studies have shown that rapid crystallisation of serpentine 
in pore spaces during the hydration of olivine can produce enough stress to fracture the rock (Evans 
et al., 2020). As such, carbonate mineral formation within carbonation reservoir rocks may generate 
brittle deformation and create further porosity and permeability, sustaining the ability to inject and 
mineralise CO2. Reaction-driven cracking is more likely to occur if the growth of carbonates outpaces 
viscous deformation and other relaxation mechanisms (Matter and Kelemen, 2009). Natural 
brecciated textures observed in carbonated peridotite, with fractures even at the microscopic scale, 
confirm the reaction is not self-limiting (Matter and Kelemen, 2009). Naturally occurring cyclic 
mineralisation and fracturing are also observed in carbonated serpentinites in Italy (Cipolli et al., 
2004). 

When injecting CO2 into mineral carbonation reservoirs as a supercritical, single-phase fluid, the CO2 
plume will be buoyant. The buoyancy necessitates an impermeable seal or cap rock to prevent CO2 
from migrating to the surface after injection. Therefore, reservoirs suitable for supercritical CO2 
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storage are geographically restricted because they require strict structural criteria and constant 
monitoring to track possible CO2 migration. Instead, injecting CO2-saturated water instead of 
supercritical CO2 can be beneficial for two reasons. First, water-dissolved CO2 is denser than 
subsurface formation fluids, making it less likely to migrate upwards and eliminating the need for an 
overlying impermeable seal or cap rock (Addassi et al., 2022). The nonrequirement for a cap rock 
significantly increases the number of crystalline lithologies that can serve as mineral carbonation 
reservoirs (Kelemen et al., 2019). Second, CO2-saturated water has a lower pH than supercritical CO2, 
which enhances the dissolution of crystalline rocks, liberating more divalent metal cations available 
for carbonation reactions (Fricker and Park, 2013). While the use of CO2-saturated water carries 
benefits over injected supercritical CO2, co-injection of water and CO2 into prospective mineral 
carbonation reservoirs (in the amounts needed to attain dissolution trapping) requires large quantities 
of water, ~26 tonnes of water for every 1 tonne of CO2 (Sigfusson et al., 2015). A greater depth of CO2 
injection will lower the volume of water required for complete dissolution trapping (Campbell et al., 
2022). 

Mineral-carbonation-based carbon dioxide removal (CDR) solutions are not all dependent on drilling 
and fluid injection. Many mafic/ultramafic rock reservoirs are unlikely to be geologically suitable for 
in-situ carbonation (e.g. limited porosity, permeability, and thickness) but can be suited for CDR using 
other techniques. Ex-situ mineral carbonation involves either single-step direct carbonation, utilising 
rock (often comminuted to increase reaction surfaces), or more complex multi-step, indirect 
carbonation by extracting Ca and Mg for the reaction (Hawrot et al., 2022). Ex-situ carbonation 
requires a suitably reactive rock for quarrying and reacting with CO2. For example, mine tailings may 
be repurposed for ex-situ carbonation, decarbonising the initial mining activities. Furthermore, 
surficial mineral carbonation, also known as enhanced rock weathering (ERW), is a process in which 
suitably reactive, powdered rock is spread over land or coastal areas where it reacts with atmospheric 
CO2. ERW includes a CDR technique known as Ocean Alkalinity Enhancement (OAE), where crushed 
olivine or brucite is released into acidic ocean waters to react with dissolved CO2, forming carbonates 
(Renforth and Henderson, 2017). 
 

1.1.2 Global requirement for Carbon Storage Research 

The quantified warming of the Earth since pre-industrial levels and the role human activity plays in 
this is unequivocal and has resulted in a rise of global surface temperatures of 1.1 °C between 2011 
and 2020 (IPCC, 2023). The Paris Climate Agreement requires all signatories to abide by a reduction in 
global greenhouse gas emissions by 45% by 2030 and to be entirely net-zero by 2030 to curb global 
temperature rise to < 1.5 °C (IEA, 2022a). This global temperature increase is a product of 
anthropogenic-derived greenhouse gas (GHG) emissions, particularly CH4 and CO2, which reached 
59±6.6 GtCO2-eq in 2019, 54% greater than ~38 GtCO2-eq recorded in 1990 (IPCC, 2023). Global energy 
production and industrial sectors accounted for 34% and 22% of these GHG emissions, respectively 
(IPCC, 2023). Such large contributions to climate change by energy production and the industry sector 
could be addressed, in part, via decarbonisation techniques such as carbon capture and utilisation and 
storage (CCUS).  

The 2022 Announced Pledges Scenario, provided by the IEA (International Energy Agency), indicates a 
peak in global annual emissions that quickly recovers to 12 Gt by 2050, an improvement on predictions 
from 2021. Despite this improvement, the temperature rise is suggested to be around 1.7 °C by 2100, 
below the Net Zeo Emissions (NZE) Scenario of stabilising at 1.5 °C (IEA, 2022a). The total cumulative 
net CO2 emissions required to achieve NZE are exceeded by a lifetime of the existing fossil fuel 
infrastructure alone unless abated by CCUS (IPCC, 2023). To adhere to the IEA Sustainable 
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Development Scenario (SDS), CCUS must be retrofitted or newly built onto 315 GW of electricity 
generation capacity by 2040, comprising 1.5% of global power (IEA, 2020b). Furthermore, limiting 
global warming to 2 °C, which exceeds NZE targets, requires an increase of installed carbon capture 
capacity from the 42.5 Mtpa operational today to over 5,600 Mtpa by 2050 (IEA, 2020b; Global CCS 
Institute, 2022). As of September 2022, a total of 164 CCUS facilities, to be operational by 2030, are in 
development with a combined capture capacity of 199 Mtpa of CO2 (Global CCS Institute, 2022). 
Therefore, the development and deployment of CCS projects need vast amplification in the next few 
decades to follow model projections that stabilise global surface temperatures. 

A special version of the SDS model, the Faster Innovation Case, specifically focusses on clean energy 
technology, pushing for quick introduction to the market, high adoption rates, and significant 
upscaling of CDR technologies such as Direct Air Capture and Storage (DACS) and Bioenergy with 
Carbon Capture and Storage (BECCS) (IEA, 2020a). Because CDR helps offset residual emissions, 
without the continued commission of power plants (excluding biofuel power generation), investment 
and deployment are expected at an unprecedented pace over the next three decades. However, CO2 
storage infrastructure will need to develop at the same speed (or faster) to allow for the rapid 
deployment of CDR (specifically DACS and BECCS) and CCUS (IEA, 2022b). 

Innovation of CCUS and CDR has rapidly increased in the past decade, with several new carbon 
removal technologies in development. CCUS is inherently different from CDR as the focus lies on 
directly decarbonising industrial sectors by capturing emissions rather than removing CO2 from 
dynamic carbon sinks such as the ocean or atmosphere. Therefore, the primary focus will shift towards 
CDR in the coming decades as industries find ways of decarbonising without the need to store 
emissions. Whilst there is no requirement for permanent geological storage for integrated capture-
storage technologies, such as biochar, afforestation, OAE, and ERW, this causes issues with 
measurement, reporting and verification (MRV), scalability, and surficial ecosystem damage. These 
issues do not affect the CDR technologies of BECCS or DACS, but geological disposal is necessitated, 
similar to CCS. 
 

1.2 Motivation 

This research study aims to assess the potential application for in-situ mineral carbonation in Ireland. 
Following COP26, Ireland ratified the Climate Act 2021 and committed to achieve a 51% reduction in 
overall GHG emissions by 2030 (from levels in 2018) and to attain net-zero GHG emissions by 2050 
(DECC, 2022a). Energy-related emissions accounted for ~57% of total GHG emissions (61.8 MtCO2e) in 
2021, of which 29% were a result of electricity generation from non-renewable sources such as gas-, 
coal-, oil-, and peat-fired thermal plants (SEAI, 2022). In the same year, carbon intensity was 348 
gCO2/kWh, the first increase (+12.5 % from 2020) since 2016, where levels have returned above that 
recorded in 2019. 

The electricity sector has been outlined for a 62 �t 81% reduction in emissions by 2030 in the 2021 
Climate Action Plan. Electricity interconnectors between Ireland and Northern Ireland (and Great 
Britain) almost continuously import and export electricity to balance the all-island grid loads. The 
majority of imports are oil and gas energy, which is problematic for upcoming carbon budgets. 
Therefore, the decarbonisation of Northern Ireland is also on the agenda to encourage renewable 
imports. 

To achieve large-scale decarbonisation of the electricity sector, �/�Œ���o���v���[�•�����o�]�u���š���������š�]�}�v���W�o���v proposes 
an increase in the proportion of renewable electricity generation up to 80% by 2030, primarily via 
wind generation. More renewable electricity will be critical as demand increases due to the 
electrification of transport and heating (DECC, 2022a). However, the unreliability of wind-generated 
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electricity in 2021 (which comprised 84% of renewable energy) resulted in a 12.5% increase in the 
carbon intensity of the electricity grid and a growth in electricity emissions of 17%. Therefore, it is 
highly likely that natural gas and biofuel will act as alternative sources of electricity generation beyond 
2030 and are highly suitable for CCS and BECCS facilities, respectively. 

The accompanying Annex of the Climate Act 2021 includes Action Number 126, which outlines the aim 
of examining the feasibility of the utilisation of CCS in Ireland, with a particular focus on the electricity 
and cement sectors (DECC, 2022b). However, whilst the industrial development agency is encouraging 
investment in decarbonisation technologies, there are no targets for CCS or CDR deployment from the 
government outlined in reports. Only one facility, Ervia Cork CCS, for power generation and refining, 
is currently in development (est. 2028) with an outlined capture capacity of 2.5 Mtpa (Global CCS 
Institute, 2021). This contrasts with large-scale investment in offshore carbon storage, BECCS and 
other technologies from the UK (e.g. Drax). For Ireland to keep up with the emerging deployment of 
CCS or CDR technologies, its geological reservoirs for CO2 storage need characterising. Outlining the 
CO2 storage potential in Ireland allows for feasibility studies of potential storage reservoirs, 
encouraging investment by nearby CO2 emitters or Direct Air Capture (DAC) facilities.  The recent 
emergence of mineral carbonation as a viable CCS method (e.g. Snæbjörnsdóttir et al., 2020) highlights 
a need to determine potential sites for successful pilot demonstrations in Ireland. 
 

1.3 Knowledge Gaps in Irish In-situ Mineral Carbonation 

In-situ mineral carbonation is still an emerging field globally, with few implemented pilot projects and 
limited coverage in governmental reporting. Owing to the emergence of DAC and international 
promises for CCS and decarbonisation, outlining the potential of this storage in countries such as 
Ireland will aid in furthering the development of this technique of carbon storage. 

In-situ mineral carbonation research has focussed on the feasibility of basaltic rock due to its common 
occurrence on Earth and its potentially high porosity and permeability. Pilot projects in the US 
(Wallula) and Iceland (CarbFix) have demonstrated the success of in-situ carbonation in basaltic 
reservoirs (Snæbjörnsdóttir et al., 2020). Mineral carbonation research has expanded into 
investigating the potential of peridotites (e.g. the Oman project) due to their ideal mineral 
geochemistry and evidence of natural mineral carbonation (Kelemen and Matter, 2008). Other 
igneous intrusive rocks, though not as geochemically favourable for mineral carbonation as 
peridotites, are also being assessed for potential CCS development, including mafic plutons of gabbro 
(Pedro et al., 2020). 

Despite a long history of geological research and mapping, Ireland's geology has yet to be fully 
assessed for its potential for mineral carbonation. Ireland contains minor bodies of peridotite (e.g. 
Deer Park, Dawros, and Lough Fee), gabbros and metagabbros found within mafic/ultramafic 
complexes, and the largest outcrop of mafic rock in Ireland, the Antrim Lava Group (ALG) basalts. Such 
lithologies are vital for implementing mineral carbonation and require an assessment of two major 
geological properties: 

1) Detail on their mineralogy and mineral chemistry from the perspective of how reactive they 
may be with CO2-enriched fluids.  

2) An insight into their porosity and permeability to determine if they can facilitate fluid 
circulation to enable in situ mineral carbonation. 
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1.4 Project Aims and Objectives 

Following a broad overview of the current status of research into mafic/ultramafic reservoirs for 
carbon sequestration, this study aims to outline the mineral carbonation potential of Ireland by 
producing a map of geochemically favourable candidate reservoirs. These will be reviewed based on 
available geological descriptions and data and applied to mineral carbonation feasibility. Fieldwork 
will focus on the outcome, with rock samples taken from the most suitable candidate/s for 
petrographic analysis. In addition, X-ray Energy Dispersive Spectrometry (EDS) analysis will 
complement the petrology, allowing insight into the elemental compositions of individual minerals 
and the degree of divalent cation loss from alteration. The progression of this study is as follows: 

(1) Does Ireland have onshore or proximal offshore mafic/ultramafic geological formations 
capable of in-situ mineral carbonation? 

(2) What are the primary constituent minerals and associated elements found within the major 
mafic/ultramafic reservoirs of Ireland? 

(3) What must be further acquired to progress the deployment of any mineral carbonation 
technologies in Ireland and the UK? 

Characterising the petrography of these formations is vital for modelling reaction pathways and 
screening the most ideal reservoirs. When referring to petrographic analysis of the ALG, studies from 
the 20th century are still highly cited (e.g. Lyle, 1979). Because of improvements in thin-sectioning 
rocks and subsequent microscopy, it is important to pursue new petrography, with which mineral 
carbonation theory can be applied. Further mineralogical assessment of the lithologies can be studied 
using EDS analysis. 
 

2. IN-SITU MINERAL CARBONATION 

2.1 Notable Mineral Carbonation Studies 

Existing in-situ mineral carbonation projects, such as the Wallula Basalt Pilot in the U.S. and the CarbFix 
Pilot project in Iceland, have achieved success (McGrail et al., 2011; Pogge von Strandmann et al., 
2019). These successful pilot projects have inspired feasibility studies in other locations, including 
Kenya, Oman, Saudi Arabia, and Canada, and these are at various stages of progress. 
 

2.1.1 Iceland: CarbFix 

The CarbFix project, based in southwest Iceland near the Hellisheiði geothermal power plant, has 
successfully demonstrated in-situ mineral carbonation in mid-ocean ridge-type basalts. Following its 
proposal in 2006, the project preparation began in 2007 with the granting of permits and licenses, 
accompanied by field studies, carbonation laboratory experiments, and modelling (Gíslason et al., 
2018). A previously drilled geothermal injection well with a geotherm of 20 �t 50 °C was utilised for the 
pilot project intersecting a series of basaltic lava flows, hyaloclastite units, and a 400 m thick horizon 
of basalt (Matter et al., 2011). CarbFix adopted a downhole injection system to inject CO2 into the 
subsurface, the initial tests of which were carried out in March 2011 (Fernandez de La Reguera et al., 
2010). These initial injection tests instigated the dissolution of basalt rocks at 350 m, where a CO2 
injection pipe fitted with a modified sparger released evenly distributed, aerated gas into down-
flowing groundwater (Gíslason et al., 2018). Following these initial tests, the pilot project successfully 
dissolved and injected 230 tonnes of combined pure CO2 and a CO2-H2S gas mixture captured from the 
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nearby Hellisheiði geothermal power plant alongside locally sourced groundwater (Snæbjörnsdóttir 
et al., 2020). Discontinuous injection operations, a result of the unstable pilot gas separation at the 
CarbFix site, resulted in decreasing permeability, pH fluctuations, and supersaturation of iron-sulphite 
and iron-oxy/hydroxide minerals within the injection well until injection ceased due to the lowered 
permeability. Despite the discontinuous injection operations, recovery of non-reactive tracers allows 
mass balance calculations to verify the success of the pilot injection phase (Gíslason et al., 2018). 
Greater than 95% of subsurface injected CO2 was mineralised in one year, whilst the H2S was 
mineralised in only four months (Gíslason et al., 2018).  

After the pilot injection site ceased operations in 2013 due to damage to the pilot gas transport 
pipeline, CarbFix scaled up their mineral carbonation projects at the Hellisheiði geothermal power 
plant in 2014, launching CarbFix2 (Gíslason et al., 2018). CarbFix2 utilised a deeper basalt reservoir 
(approximately 750 m) with temperatures exceeding 250°C. By the end of 2017, they had successfully 
injected 23,200 tonnes of CO2 and 11,800 tonnes of H2S. The injectivity of the injection well remained 
stable, indicating that the reservoir permeability was largely unaffected mineralisation over at least 
3.5 years (Clark et al., 2020). The integration of the Silverstone project at the Hellisheiði Power Plant, 
scheduled to begin injection in 2025, is set to increase the annual carbon capture capacity to 34,000 
tonnes of CO2. Additionally, a DAC facility operated by Climeworks is under construction and will 
supply CO2 for the CarbFix Mammoth injection site near the Hellisheiði Power Plant. 
 

2.1.2 United States: Wallula Basalt Pilot Demonstration Project and Big Sky Carbon Sequestration 
Partnership 

In 2013, the Pacific Northwest National Laboratory led a mineral carbonation project funded by the 
US Department of Energy, Big Sky Regional Carbon Sequestration Partnership. Near Wallula, 
Washington, US, 977 tonnes of supercritical CO2 were heated, pressurised, and injected into the 
Columbia River flood basalts at a rate of approximately 40 MT/day over 25 days (McGrail et al., 2011). 
The injection reservoir comprised two basalt flow top breccias within the Grande Ronde Basalt at 828 
�t 887 m depth (White et al., 2020). Petrographic analysis of drill cuttings determined the primary 
mineralogy of these basalt lithologies to be plagioclase and augite within a glassy groundmass (White 
et al., 2020). Furthermore, X-ray diffraction (XRD) analysis determined secondary alteration minerals 
of illite clays, zeolites, and celadonite (White et al., 2020). The porosity and permeability of the flow 
tops are high due to their vesicular and brecciated nature, whereas the basalt flow interiors are 
massive with low enough porosity to act as caprocks for the flow tops below them. The Umtanum 
Member, a massive basalt flow that sits stratigraphically above the target reservoir basalt units, is 
characterised by low permeability and acts as a secondary caprock (White et al., 2020). These low 
permeability, massive lavas are crucial to the success of mineral carbonation in these systems due to 
the use of supercritical CO2 as the injected fluid, which has a slower solubility trapping than mixed CO2 
and water and is more buoyant. Monitoring of fluid-CO2 interactions via downhole fluid sampling over 
two years following the CO2 injection affirmed no vertical migration of the injected fluid above the 
lava caprocks (McGrail et al., 2011; McGrail et al., 2014). Some fluid CO2 was documented within the 
reservoir lithologies two years post-injection but remained stratigraphically trapped below the lava 
cap rocks (McGrail et al., 2011). Sidewall cores were taken from a borehole within the target injection 
site and showed partial mineralisation had occurred over two years since CO2 injection. Basalt vugs 
and cavities hosted small globular Fe- and Ca-rich carbonate precipitates of ankerite that were 
undocumented in pre-injection borehole core material (McGrail et al., 2017). The ankerite 
mineralisation is confirmed as precipitating from the injected CO2 via carbon and oxygen stable 
isotope analysis (McGrail et al., 2014) and as having involved the dissolution of the host basalt 
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mineralogy based on observation of a progressive Fe enrichment from the centre of the ankerite 
nodules towards the rim. These carbonate precipitates occupied ~4% of the pore space in the target 
basalt reservoir lithologies (White et al., 2020). 
 

2.1.3 Saudi Arabia: Harrats and the Oman Ophiolite 

Several basaltic formations across the Arabian Shield have been investigated for in-situ mineral 
carbonation potential in Saudi Arabia (Petrova, 2020). In western and northern Saudi Arabia, 17 
individual basaltic lava fields of Miocene age and younger, known collectively as Harrats, cover an area 
of ~90,000 km2. These basalts are fresh and relatively unaltered (Petrova, 2020). However, many of 
the Harrats basalts lie above the local groundwater table, making supercritical CO2 injection 
impossible and providing little hydrostatic pressure to attempt CO2 dissolved in water injection 
(Petrova, 2020). Furthermore, only the Harrat Rahat basalt has sufficiently thick water-saturated 
basalt and an extensive groundwater aquifer to make in-situ mineral carbonation a potential success. 
With a water column sitting only 225 m above the basement rock, carbonation processes would 
require the injection of large amounts of water to achieve enough hydrostatic pressure to dissolve co-
injected CO2 (Petrova, 2020). The Harrat water table is also further lowered by water withdrawals for 
agriculture and use in the city of Madinah to the north. Therefore, ex-situ mineral carbonation may 
be a more suitable alternative for basalts of the Harrats (Sahin, 2016). 

The Oligocene-aged and tilted, syn-rift lava flows and volcaniclastics of the Jizan Group may offer a 
more suitable reservoir for in-situ mineral carbonation in Saudi Arabia. The Jizan Group basalts cover 
an estimated surface area of 50 to 500 km², with a poorly constrained thickness of approximately 1 
km (Hughes and Johnson, 2005; Oelkers et al., 2022). As the basaltic volcanics dip 25 �t 30° west 
underneath Miocene sediments, they are suggested to be sufficiently thick and saturated with 
connate waters suitable for in-situ carbonation (Torres, 2020). Despite observed variable mineral 
alteration to chlorite-epidote-calcite assemblages (via partial low-grade metamorphism) and a lack of 
primary olivine minerals, dissolution experiments suggest the Si release rate is similar to fresh 
crystalline basalt (Oelkers et al., 2022). The Jizan Group basalts are densely fractured and cut by dykes 
(Fedorik et al., 2023), meaning they are structurally unfavourable for buoyant pure-phase CO2 
injection as CO2 can migrate upwards through faults. However, they will have good permeability for 
injecting CO2-charged water, particularly in regions where the basalt alteration to calcite is less 
extensive (Al Malallah et al., 2021). The storage capacity is suggested to be ~4.2 Gt, enough to store 
the current estimated annual emissions of the neighbouring Jizan Economic City for over a century 
(Oelkers et al., 2022).  

The Samail Ophiolite is the largest ophiolite in the world, covering over 15,000 km3 (Kelemen and 
Matter, 2008), and comprised of peridotite, and containing areas of exceptionally well-developed 
listvenites, examples of naturally occurring in-situ mineral carbonation. Mineralogical and isotopic 
data suggest listvenite formed by interacting peridotite with CO2-rich fluids sourced from underlying 
sediments during the obduction of the Samail Ophiolite (Falk and Kelemen, 2015). In places, this 
process has entirely carbonated the peridotite and represents a potential natural process that could 
be replicated artificially in the form of in-situ carbonation (Matter and Kelemen, 2009). The capacity 
for CO2 storage in the Samail Ophiolite is enormous, with models showing that by adding one wt% CO2 
to its peridotite, the ophiolite could capture one-quarter of all atmospheric carbon (Matter and 
Kelemen, 2009). Despite this, the cost and rate of carbonation generate limiting factors in developing 
this resource (Streit et al., 2009). The rate of carbonation is limited due to poor access for CO2-rich 
fluids to the reactive peridotite surface area because of their low porosity and permeability. Hydraulic 
and reaction-driven fracturing are suggested as potential solutions to address these issues (Matter 
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and Kelemen, 2009). The company, 44.01, was formed in 2020 to mineralise CO2 in Oman and is 
currently engaged in a pilot injection test into peridotite lithologies. The injection borehole is designed 
to reach a depth of 1000 m and utilise CO2-enriched saltwater as the injection fluid (Planet A, 2022). 
 

2.1.4 Portugal: InCarbon Project 

The InCarbon project, funded by the Fundação para a Ciência e Tecnologia, is designed to assess the 
potential of in-situ mineral carbonation within mafic lithologies in the Alentejo region of Portugal 
(Moita et al., 2020). This region of Portugal contains several major sources of CO2 emissions and 
gabbroic intrusions comprising favourable mineralogies for mineral carbonation reactions (Pedro et 
al., 2020). InCarbon is currently one of the only projects exploring the potential of gabbro for in-situ 
mineral carbonation with supercritical CO2 fluids (Pedro et al., 2020). A total of ten geological 
formations were identified in the Alentejo area, subsequently screened and ranked based on 
geological conditions, such as lithological composition and fracture density, and socioeconomic or 
environmental constraints, including distances to point sources (Pedro et al., 2020). The largest of the 
assessed geological formations, the Beja Gabbros, was eliminated due to their proximity to a major 
groundwater aquifer (Pedro et al., 2020). Additionally, the optimal positioning of industrial areas along 
the coastline poses a challenge, as most intrusions are located more than 50 km inland. However, the 
Cretaceous-aged Sines Massif is directly adjacent to the coast and several emission sources. 
Furthermore, the offshore area of the Sines Massif is suggested to be considerable (c. 300 km2), 
provided it directly relates to the existence of two spatially coincident coupled and gravimetric 
anomalies (Carvalho et al., 1998; Marques et al., 2022). This could be refuted if the magnetic 
anomalies represent two separate intrusions (Marques et al., 2022), although the offshore extent of 
the Sines Massif would remain significant. 

Two rock types within the Sines Massif, a melanocratic cumulate gabbro and a gabbro-diorite, have 
been analysed for their potential for carbonation (Moita et al., 2020). The melanocratic cumulate 
gabbro is composed of clinopyroxene (diopside�taugite), Mg-olivine (forsterite), and equal amounts of 
tschermakite amphibole and calcic plagioclase, whilst the gabbro-diorite has a more evolved igneous 
assemblage composed primarily of less calcic plagioclase (An0.61-0.72), clinopyroxene, a minor Fe-olivine 
(Pedro et al., 2020). Minor mineral alteration products, including chlorite and serpentine, surround 
the olivine and pyroxene crystals (Pedro et al., 2020). Initial experiments show that, whilst the 
dissolution of silicates in the gabbro increases with time while immersed in brine, carbonates did not 
precipitate, and the concentration of cations in solution was irregular (Moita et al., 2019). Although 
the gabbros have mineralogies conducive to producing carbonation reactions, they lack a well-
connected, extensive fracture network (Pedro et al., 2020). Testing of core samples shows low 
permeability and porosity (Marques et al., 2022), making in-situ carbonation challenging, if not 
improbable. However, with future experimental work, these gabbroic lithologies might be suitable for 
ex-situ mineral carbonation. 
 

2.1.5 Kenya: Cella Mineral Storage 

Funded by the Frontier initiative and industry funding, the Cella Mineral Storage project targets basalts 
within the East African Rift Valley for in-situ mineral carbonation, aiming to establish Kenya as a carbon 
removal hub for the region. Of nineteen basalt groups identified in the Kenya Rift, at least six have 
thicknesses > 600 m (Okoko and Olaka, 2021), similar to the thickness of the successful pilot injection 
at CarbFix. Basalt outcrops are discrete, with irregular exposure patterns, and are often elongated 
parallel to the ~N-S strike of the Kenya Rift. The basalt mineralogy is diverse, emphasising the crucial 
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need for petrological characterisation of these lithologies concerning mineral carbonation potential 
(Okoko and Olaka, 2021). The northern Kenya Rift basalts have large thicknesses and volumes, 
including the largest basalt lithology (the Kalakol basalts) with a volume of ~2901.5 km3 and an average 
thickness of 785 m (Cella, 2022; Okoko and Olaka, 2021). The Kalakol basalts are primarily composed 
of olivine-augite, with an aphanitic groundmass and phenocrysts (c. 1 �t 3 mm) of augite, olivine, and 
plagioclase. However, weathering and mineral alteration have occurred in these basalts to variable 
degrees, and calcite and quartz are often observed infilling fractures (Boschetto, 1988). The Kalakol 
basalts are also compact, potentially having a lower porosity and permeability than other Kenyan 
basalt groups (Okoko and Olaka, 2021).  

The Barrier Geothermal Field is set to scale up alongside a newly developed 140 MW geothermal plant 
(like the CarbFix model) following their pilot (Cella, 2022). Therefore, with this infrastructure based 
just south of Lake Turkana, the potential reservoirs are more limited, especially when accounting for 
the required reservoir thickness. Whilst the basalt reservoir that will be used for injection is unnamed, 
Cella (2022) claims they are a young (< 1 Ma) sequence of olivine basalts, pyroclastics and trachyte 
lavas. Unlike CarbFix, Cella intends to develop technology for injecting supercritical CO2, possibly 
based on the pilot at Wallula, in an attempt to reduce water demand. However, their initial plans aim 
to utilise saline water, assumed to be from Lake Turkana, alongside waste geothermal brines for their 
injection (Cella, 2022). 

Kenya is an ideal country to store CO2 as it is almost fully decarbonised, running on 92% renewable 
energy. Half of �<���v�Ç���[�•�� ���o�����š�Œ�]���]�š�Ç�� ���}�u���•�� �(�Œ�}�u�� �P���}�š�Z���Œ�u���o�� ���v���Œ�P�Ç�U�� �Á�]�š�Z�� �(�µ�Œ�š�Z���Œ�� �P���}�š�Z���Œ�u���o�� �‰�o���v�š�•��
planned over the next decade (Mbenywe, 2022�•�X���d�Z�����]�v�•�š�����]�o�]�š�Ç���]�v���<���v�Ç���[�•�����v���Œ�P�Ç���µ�•�����o�������•���š�}���o���Œ�P����
surpluses in its electricity grid generated from renewables. Therefore, DAC plants that require large 
amounts of electricity (Mbenywe, 2022) could utilise the surplus without affecting the electricity 
supply. By purchasing this surplus, they could also help lower energy costs for consumers. Thus, Kenya 
could become a leading exporter of digital assets known as carbon credits. These credits represent 
investments in CCS operations, which help offset emissions by reducing the amount of CO2 released 
into the atmosphere. Therefore, Cella will partner with Octavia Carbon, a Kenya-based DAC company 
that uses amine-based air filtration, claiming its first commercial machines shall come online in 2023. 
 

2.1.6 Other Carbon Mineralisation Feasibility Studies: Japan, Italy, Greece, Malaysia, India 

Though only a few countries and companies are directly invested in in-situ carbonation pilot projects, 
several others have outlined potential mafic/ultramafic lithologies with potential for such 
development. Japan has identified a range of mafic/ultramafics lithologies, such as large serpentinite 
massifs and still-active basaltic volcanoes that have a combined capacity of an estimated 700 million 
tonnes of CO2 storage (Okamoto et al., 2006). Depending on the thickness of the recently extruded 
basalt from volcanic centres in Japan, some may have the required hydrostatic pressure to support in-
situ mineral carbonation or direct air mineralisation (Myers and Nakagaki, 2020; Sandalow et al., 
2021). In-situ tests conducted in the ultramafic mass of Iwanaidake in the Kamuikotan metamorphic 
belt, Hokkaido, revealed a significant increase in groundwater Mg concentration and electrical 
conductivity one day after CO2 injection (Okamoto et al., 2006). A total of 40 kg of CO2 gas was injected 
into a 101-meter-deep well through mostly serpentinised dunite, with groundwater having a pH of 
10.5 (Okamoto et al., 2006). The precipitation of hydromagnesite was also observed via video camera. 

In Italy, high-pH groundwater within serpentinite lithologies of the Gruppo di Voltri, Genova, might 
make potentially feasible in-situ carbonation reservoirs (Cipolli et al., 2004). Natural analogues to this 
serpentinite system, such as the magnesite deposits in Malentrata, Tuscany, show that the 
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concomitant presence of both CO2 and silica in groundwater fluids can induce cyclic hydraulic 
fracturing for serpentinite dissolution and carbon mineralisation (Boschi et al., 2009). Further, Italian 
serpentinites, such as the ~6 km2 Pollino Massif in the southern Apennines, may also be a potential 
in-situ mineral carbonation reservoir (Dichicco et al., 2015). 

Several other basaltic formations, volcanic islands, and ophiolitic units in Greece have in-situ mineral 
carbonation potential, particularly the ophiolite complexes of Mount Pindos and Vourinos, which are 
also conveniently located close to power plant CO2 emissions sources (Kelektsoglou, 2018). 
Pleistocene alkali basalts from the Volos Region represent promising CO2-mineralisation reservoirs 
due to their silica-undersaturation, abundance of Ca-bearing minerals, and high porosity ranging from 
15% to 23%. These alkali basalts collectively offer a substantial storage capacity of 78,000 tonnes of 
CO2 (Koukouzas et al., 2019). 

Petrographic and XRD analysis of the Segamat Basalt in Malaysia indicates it is rich in Fe and Ca-bearing 
minerals with lesser Mg-bearing minerals, making them suitable for carbonation (Ayub et al., 2020). 
However, XRD also reveals significant calcite, indicating prior mineral alteration that will reduce the 
potential CO2 storage capacity of the reservoir. 

Globally, the largest basalt provinces, such as the Siberian Traps in Russia or the Deccan Traps in India, 
have a high capacity for mineral carbonation (Shrivastava et al., 2016). Many of these basaltic volcanic 
provinces contain similar suitable mineralogies (e.g. high pyroxene and plagioclase) for mineral 
carbonation, including associated divalent cation abundances and dissolution kinetics, but reaction 
products and rates of carbonation are variable (Schaef et al., 2010). Reaction tests with supercritical 
CO2 on picritic basalts from the Igatpuri Formation (in the Deccan Basalt volcanic province) show the 
formation of ankerite within intergranular spaces (Prasad et al., 2009), similar to results at the Wallula 
site in the US. XRD analyses of basalt-CO2-water experiments on the tholeiitic Mandla lobe of the 
eastern Deccan volcanic province revealed a range of carbonate precipitates as a result of carbonation, 
such as calcite aragonite, ankerite, huntite, and siderite (Kumar et al., 2017). 

2.1.7 Offshore Mineral Carbonation 

All previously described projects involve injecting CO2, utilising local water sources, for mineral 
carbonation into onshore reservoirs. More recently, the injection of CO2 paired with seawater has 
been explored, addressing the restrictions and challenges associated with using groundwater 
resources in many countries. Seawater injection is an appealing development for the mineral 
carbonation industry, as many potential reservoirs are near coastlines, such as the Jizan Volcanics in 
Saudi Arabia, the Deccan Traps in India, and the Samail ophiolite in Oman. Additionally, the continuous 
extrusion of fresh mid-ocean ridge and ocean island basalt presents opportunities for offshore 
carbonation globally. Offshore carbonation offers several benefits, including minimal impact on 
societal infrastructure and populations and groundwater resources, the potentially large volumes and 
storage capacities of offshore carbonation reservoir rocks, limited impact from induced seismicity 
associated with CO2 injection, readily accessible saline water, and in some places already existing 
borehole infrastructure (Holford et al., 2021; Pereira and Gamboa, 2023). However, offshore 
carbonation also faces challenges, such as the high initial cost of offshore injection, transporting CO2 
to distant sites, and establishing suitable CO2 infrastructure at ports. These challenges could be 
mitigated by creating offshore DAC hubs that facilitate on-site CO2 extraction for injection.  

Two offshore carbonation projects currently in development include the Solid Carbon project and the 
CarbFix CO2SeaStone project. The Carbon Storage Assurance Facility Enterprise (CarbonSAFE) Cascadia 
project, now the Solid Carbon Project, is evaluating the possibility of storing 50 million tonnes of CO2 
offshore of Washington and British Columbia and into sub-seafloor basalt formations in the Cascadia 
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Basin (Goldberg et al., 2018). Various methods of CO2 transport are being considered, including 
onshore pipelines and railway transport to pumping stations or offshore shipping tankers (Goldberg, 
2018). The eastern flank of the Juan de Fuca Ridge is being considered as a potential injection site, 
comprising basalt lavas overlain with 800 m thick sediments, compartmentalised by an abyssal hill 
topography constrained by high-angle faults (Davis and Villinger, 1992). The sediments overlying the 
basalt lavas are proposed to function as low permeability caprock, capable of structurally trapping 
injected supercritical CO2 (Spinelli and Fisher, 2004). Regional heat flow analyses suggest 
hydrothermal circulation is concentrated within upper basaltic layers, sustaining lateral transport 
(Fisher et al., 2003; Hutnak et al., 2006). Based on geochemical modelling, forecasts suggest that 
carbonates will precipitate within the Juan de Fuca ridge basalts over a few decades (Goldberg et al., 
2018; Awolayo et al., 2022). 

The CO2SeaStone project, led by CarbFix, seeks to use CO2-charged seawater for offshore injection and 
mineral carbonation. Fluid-rock interaction tests using basalt and saltwater show over 80% of Ca and 
Fe were mineralised as carbonate ���š�� �G 170 °C with 0.2 mol/kgw of basalt (Marieni et al., 2021). 
�,�}�Á���À���Œ�U�����š���Œ�������š�]�}�v���H 100 °C the formation of anhydrite outpaces that of carbonates, competes for 
Ca ions released from basalt dissolution, and clogs the injection well (Blounot and Dickson, 1969; 
Marieni et al., 2021). In general, slower carbonation rates may be observed owing to clay mineral 
�(�}�Œ�u���š�]�}�v�U�� �Á�Z�]���Z�� �]�•�� �•�µ�P�P���•�š������ �š�}�� ���µ�(�(���Œ�� �š�Z���� �‰�,�� ���š�� �G 6 for extended periods (Marieni et al., 2021). 
Following these results, an injection well, a seawater supply well, and three monitoring wells have 
been drilled at Helguvík to commence pilot offshore CO2 injection (CarbFix, 2023). 
 

2.1.8 Offshore Induced Thermal Convection 

An alternative, lower-cost technique, utilising in-situ mineralisation, involves circulating CO2-bearing 
surface water into suitable rock formations without an anthropogenic, industrial source (Kelemen et 
al., 2019). Following an initial stage of offshore drilling and reservoir fracturing, CO2 injection can be 
made unnecessary by instead slightly heating the target reservoir (Kelemen and Matter, 2008). 
Heating the reservoir should instigate thermal fluid convection, cycling cold, dense near-surface 
seawater into the reservoir, which prompts carbonation reactions with the reservoir basalts. This 
reaction can be controlled to maintain reservoir temperature and potentially sequester CO2 with little 
further intervention. However, carbonation would be rate-limited by the dilute CO2 supply offered by 
natural seawater, and slow reactivity is less likely to induce reaction-driven fracturing (Matter and 
Kelemen, 2009). This technique may have the potential in peridotite reservoirs due to their higher 
reactivity compared to basalt lithologies.  

3. METHOD 

3.1 Preliminary Assessment of Irish Bedrock Geology for Mineral 
Carbonation 

In this study, mafic and ultramafic, unconventional reservoirs across Ireland will be identified, 
characterised, and ranked using existing and available geochemical and structural data. The identified 
potential onshore and offshore bedrock suitable for mineral carbonation are mapped and presented 
alongside CO2 emissions sources (Conneally et al., 2021). A ranking system developed in this work will 
determine the most feasible mafic/ultramafic reservoirs in Ireland. The lithologies outlined as having 
the highest potential are then further explored using a combination of geological fieldwork and 
sampling. Selected, representative reservoir rock samples shall undergo comprehensive mineral 
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petrography using transmitted light microscopy, followed by mineral chemical mapping employing 
scanning electron microscopy (SEM) and EDS. These analyses aim to enhance the determination of 
their suitability for mineral carbonation storage development in Ireland. 
 

3.1.1 Carbonation Reservoir Identification 

Mafic and ultramafic lithologies across the island of Ireland are identified to generate an overview 
map of the potential unconventional reservoirs, both onshore and offshore. Geological maps of the 
Republic of Ireland (scales 1/100,000, 1/250,000), Northern Ireland (1/250,000), offshore Ireland, and 
their associated datasets, provided by the Geological Survey of Ireland, the Geological Survey of 
Northern Ireland, and the European Marine Observation and Data Network (EMODNet) were 
compiled as an initial step to generate a carbonation potential map. An even more detailed map of 
the Tyrone Volcanic Group, published in Hollis et al. (2012) and provided by Dr. Steven Hollis, was 
used. The geological screening process involved sorting through the metadata of relevant shape files 
of geological maps using a diverse set of descriptive keywords related to potential igneous or 
metamorphosed igneous reservoirs. Some terminology used to perform this initial screening also 
captured geological formations unsuitable for carbonation (e.g. use of the term �Zlava�[ extracted 
�Zr�Z�Ç�}�o�]�š�]�����o���À���•�[���}f the Lough Guitane rhyolites as a potential carbonation site), and so the initial sub-
set of geology required further manual screening. Following the initial broad screening, the same key 
terminology is used to search select publications on Irish geology and published higher-resolution 
geological maps of mafic complexes for secondary verification and to enhance the detail of the 
potential carbonation site map. Tuffs and volcaniclastics solely associated with felsic volcanism were 
discarded in the potential carbonation site map owing to their minor abundances of Mg, Ca, and Fe, 
which make them unsuitable for carbonation processes. Geological shape files of identified potential 
carbonation sites are coloured based on their associated lithology, with colour gradients relating to 
their general abundance of mafic minerals and carbonation reactivity. 

Issues arising from this approach include a tendency for basic lavas to be intercalated with sediments 
in published geological work, such that the formation is a sedimentary unit with a minor volcanic 
component. Formations exhibiting this characteristic were excluded from the potential carbonation 
site map. Several metamorphic lithologies in Connemara, such as slates and marbles, comprise 
interbedded amphibolites/metabasalts, which have the potential to undergo desired carbonation 
reactions. However, the majority were omitted as the interbedded mafics were infrequent and only 
weakly resembled the mineralogy of their former protoliths. Granite intrusions, where mafic enclaves 
are recorded, also needed to be further winnowed from the map as potential carbonation sites.  
 

3.1.2 Screening and Ranking 

With the initial potential carbonation sites mapped, these identified lithologies require ranking for 
their carbonation potential based on a series of screening criteria outlined in Table 1.  Whilst primary 
candidate reservoirs may be discernible without this procedure, it is necessary to screen all geological 
formations to determine their characteristics and identify any potential issues that require further 
assessment (e.g. environmental protection). A total of 29 geological units were characterised by their 
reservoir ages, dimensions, dominant mineralogy, and associated alteration. This data served as a 
reference for screening criteria, which aids in ranking the better reservoirs for in-situ mineral 
carbonation. If two reservoirs score similarly, their varying characteristics can be compared for better 
judgement of feasibility. 
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Table 1: Screening and ranking criteria, based on Pedro et al. (2020), and unpublished data from CarbFix, and weighted 
accordingly for bedrock of Ireland. 
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Screening and ranking criteria have been proposed by previous studies for unconventional reservoirs 
to select the most ideal targets for in-situ mineral carbonation (Pedro et al., 2020; Table 1). Selection 
procedures use weighted criteria based on their relative importance for an unconventional reservoir, 
where the cumulative total of the reservoir determines the final rank. The weightings used will be 
highly subjective, depending on country restrictions and permitting, water availability, built 
infrastructure, and variability within individual criteria. 
 

3.1.3 Geochemical Ranking Criteria: Primary Mineral Composition, and Alteration Mineralogy. 

Mafic/ultramafic rocks can comprise a diverse range of mineralogical compositions, where constituent 
minerals of a target reservoir lithology are the primary control for their reactivity with injected CO2, 
and capacity for CO2 storage. Reservoir lithologies comprised of minerals with faster dissolution and 
carbonation rates are more desirable, provided they are abundant. Therefore, the reservoir lithology 
primary mineralogy criterion is often more heavily weighted than others in ranking schemes (Pedro et 
al., 2020), with fewer points awarded to those with less reactive minerals. To compare the reservoir 
compositions, the anorthite content (An%) of plagioclase was used as a proxy for igneous lithology 
evolution as it is a primary constituent in all andesitic basalt, basalt, dolerite, gabbro, metagabbro. 
More evolved igneous rock contains fewer mafic minerals, leading to slower carbonation rates for in-
situ mineral sequestration.  Peridotites and serpentinites, lacking plagioclase minerals but possessing 
ultramafic composition, are the least evolved and richest in mafic minerals. Therefore, ultramafic 
reservoirs received a value of nine, mafic reservoirs a value of six, while intermediate compositions 
were assigned a score of three. 

Whilst a reservoir may have a high proportion of reactive mafic minerals, these can be partially (or 
completely) lost due to natural mineral alteration. However, not all mineral alteration is detrimental 
to carbonation potential. For example, serpentinisation is an isochemical reaction that can potentially 
enhance the permeability of a geological formation (Kelemen and Hirth, 2012). The lithology and 
dominant mineral composition may already reflect the alteration (e.g. metamorphism, amphibolite 
facies), but additional alterations such as albitisation and sericitisation are considered in this criterion. 
Alteration to epidote-chlorite facies is assumed to negatively impact the in-situ carbonation potential 
of a reservoir, although these alteration products might still provide metal divalent cations for 
carbonation (Power et al., 2013). Alternatively, albitisation or sericitisation of Ca-rich plagioclase, a 
valuable silicate for mineral carbonation reactions, will form Na- or K-rich silicates that do not contain 
metal divalent cations. Silicification is particularly impactful on the reservoir quality for in-situ mineral 
storage because quartz is resistant to reactions, will lower permeability and porosity, and provide no 
divalent cations for mineral carbonation reactions. Because this category may implicate further 
criteria, such as dominant mineralogy, it was awarded lower points to reduce compounding the score. 
Age is an additional consideration for alteration where no data is available. Over time, reservoirs are 
likely to undergo increased mineral alteration, reduced porosity and permeability due to the 
mineralisation of open spaces, increased compaction, and potential metamorphism. These factors 
make older potential lithologies more complex and cautionary for their feasibility for CO2 injection. 

The degree of variations in primary and alteration mineral composition of mineral carbonation 
reservoirs is important and needs to be considered where possible in ranking schemes. 
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3.1.4 Physical Ranking Criteria: Reservoir Area/Volume, Geographical Position, Porosity, 
Permeability, and Stratigraphy 

Carbonation reservoir thickness is crucial for the success of mineral carbonation projects 
(Snæbjörnsdóttir et al., 2020). The vertical thickness is challenging to determine for potential 
carbonation sites in Ireland, as few of the identified reservoirs have borehole/well data. Therefore, 
other indicators, such as basalt stratigraphy, structure contours, magnetic lineation, foliation, or 
layering, are used to estimate thickness. These estimates can be uncertain, especially in complex 
geological structures like large-scale folding or discontinuous lava profiles. Multiple calculations 
should be made across any potential formation to identify variability, if any, in the dip of the potential 
reservoir unit, thus reducing uncertainty or deriving a more representative thickness. For intrusive 
potential reservoir lithologies, the vertical thickness can be inferred only from the morphology of the 
intrusion, the shape of the surface outcrop, or intersections with associated cone sheets. Igneous 
intrusions are generally not thicker than they are wide unless they are dykes, or bound by faults, 
providing some constraints on their vertical thickness. Otherwise, magnetic lineation, foliation, and 
mineral layering within the pluton might provide an estimated minimum thickness. Given the lack of 
accurate data for the vertical thicknesses of potential Irish mineralisation reservoirs, this criterion 
might exclude favourable reservoirs where thickness is not well constrained. Therefore, only a value 
of two was given to reservoirs with a known thickness above 300 m. 

Instead, ranking criteria of this study put more weighting on surface area and outcrop pattern, which, 
to some extent, relates to volume and capacity for CO2 storage, and are easily measurable. As the CO2 
plume disperses laterally at the depth of injection, a larger area will increase CO2 capacity and improve 
the security of a reservoir. Any potential carbonation sites that geographically divided due to folding, 
faulting, or erosion will complicate their use as mineral carbonation sites because injection wells 
require placement across multiple units to mineralise the available formation volume. Partitioned 
formations will also necessitate further transportation of CO2 to the spread injection wells and require 
CO2 tracing for individual outcrops. 

Because the reservoir capacity is controlled by porosity and permeability, these are important to 
characterise and include as criteria (Kelemen et al., 2019). Scoring for this criterion were based upon 
qualitative descriptive terms in literature. Any recorded pervasive fracturing or known vesicularity in 
basalts can provide initial measures because quantitative well data is unavailable for most sites. 
Evidence of amygdale precipitation in basalt will reduce porosity, implicating reservoir capacity. 
However, the presence of secondary zeolites in amygdales can be a positive indicator due to their high 
cation exchange capacity, large surface area, and potentially high Ca content (Ragnarsdóttir, 1993; 
�W�������o���v�� ���v���� �����Œ�š���š�š�]�U�� �î�ì�ì�í�V�� �,���Ž�u���v�•�l���� ���š�� ���o�X�U�� �î�ì�î�î�•�X��Faulting may be recorded at a local scale or 
otherwise using satellite imagery or the Tellus survey (Anderson et al., 2016). Where volcanics were 
�Z�À���•�]���µ�o���Œ�[�� �š�Z���Ç�� �Á���Œ���� ���Á���Œ�������� �š�Z�Œ������ �‰�}�]�v�š�•�X�� �t�Z���Œ���� �����•���o�š�•�� �Á���Œ���� �Œ�����}�Œ�������� �Z���u�Ç�P�����o�}�]�����o�[�� �Á�]�š�Z��
�u���v�š�]�}�v�� �}�(�� �Ì���}�o�]�š���•�U�� �š�Z���Ç�� �Á���Œ���� ���Á���Œ�������� �š�Á�}�� �‰�}�]�v�š�•�U�� �Á�Z�]�o�•�š�� �š�Z���� �š���Œ�u�� �Z�(�Œ�����š�µ�Œ�����[�� ���o�•�}�� ���Á���Œ�������� �š�Á�}��
points for either plutonic or volcanic rocks. Amygdaloidal volcanics withou�š���Ì���}�o�]�š���U���}�Œ���Z�]�u�‰���Œ�u�������o���[��
�}�Œ���Z�u���•�•�]�À���[���Œ�}���l���Á���Œ�����v�}�š�����Á���Œ�����������v�Ç���‰�}�]�v�š�•���(�}�Œ���š�Z�������Œ�]�š���Œ�]���X 

Lastly, the confining stratigraphy of the reservoir is an extra consideration. Without an existing 
impermeable seal unit overlying the reservoir, supercritical CO2 injection is unsafe. However, this is 
uncommon for most reservoirs in this study because they are exposed at the surface. This is also a 
nonrequirement as injection with water causes instant solubility trapping. However, a value of two 
was awarded for any reservoir with a seal unit as it allows for safer injection, and the possibility of 
supercritical CO2 injection, reducing water consumption. Further consideration could be given to 
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unconventional reservoirs with underlying sandstone reservoirs, as this might act as an extended 
reservoir. For example, if basalt dissolution occurred during injection and the reaction was buffered, 
the resulting fluid could mineralise into the adjacent porous sedimentary rock. 
 

3.1.5 Socioeconomic and Environmental Ranking Criteria: Proximity to CO2 Sources, Urban Centres, 
Aquifers, Seawater, Mineral Prospects, and Geoparks 

Less infrastructure is required if storage reservoirs are proximal to CO2 sources. Therefore, geological 
formations within 20 km from a CO2 source were awarded more points, while those farther away 
received fewer. This criterion was significant and easily measurable, but the emergence of DAC and 
potential power plant decommissioning reduces its importance. Distance from urban centres was also 
considered, favouring rural, sparsely populated areas to avoid construction restrictions and public 
opposition. Therefore, geological formations that are in, or cover, rural areas will be generally more 
favourable. Coastal geological units were preferred as seawater can be exploited for CO2 dissolution. 
This criterion is crucial to consider due to the high water demand during injection and the unsuitability 
for supercritical CO2 injection in Irish reservoirs. However, In Ireland, where urban centres are not 
densely populated and water access is unproblematic, these criteria were only influential by two 
points each. Additionally, reservoirs coinciding with productive aquifers were cautioned due to 
groundwater contamination risks, losing two points. 

Lastly, geoparks and Sites of Special Scientific Interest (SSSIs) are considered. These might constrain 
the size of any in-situ carbonation project as pipelines, busier road links, and the injection footprint 
will affect the surrounding area. Obtaining permits for injection in protected areas will be difficult, so 
these sites were excluded in this study. 
 

3.2 Sample Preparation 

Based on the results of the reservoir screening, four reservoirs were chosen for sampling: the Antrim 
Lava Group (ALG), the Tyrone Plutonic Group, the Connemara Metagabbro-Gneiss Complex (MGC), 
and the Dawros Peridotite of the Dawros-Currywongaun-Doughruagh Complex (DCDC). Fieldwork was 
undertaken in 08/2022 to collect samples from representative outcrops of these reservoir lithologies. 

For the ALG, three field samples for the Upper Basalt Formation (UBF) were taken from Portstewart 
Beach. Two samples from the Causeway Tholeiite Member (CTM) and one sample from the Port na 
Spaniagh Member (PSM) were collected from Causeway Head and the Craignahulliar Landfill site. A 
further three samples for the Lower Basalt Formation (LBF) were taken from Blackhead path. For the 
Tyrone Plutonic Group, three gabbro samples were collected from Beaghmore and one sample from 
Orritor. For the MGC, a total of four metagabbros were sampled from outcrops north of the summit 
of Errisbeg, around Lough Bollard, on the northern side of Lough Nalawney and the Nalawney Fault. 
A further two were taken from Ballyconeely Bay Beach, on the southern edge of Mannin Bay, for some 
representation of metagabbro from Errismore, on the opposing west side of the Delaney Dome. A 
total of five samples were collected from Dawros More, North-West Connemara, of the coastal 
Dawros Peridotite. Previous studies have outlined repeated outcrops of lherzolite and harzburgite and 
a mass of orthopyroxenite on the southwest side of the intrusion (Hunt et al., 2012). Therefore, it was 
important to sample different parts of the intrusion for a greater representation of the lithology. Two 
samples were taken from around a small, quarried area representing part of a 40,000 m2 outcrop of 
orthopyroxenite. Three additional samples were taken from alongside the coast on the south side of 
Ballynakill Harbour. However, the lack of primary igneous textures during the fieldwork in this area 
made it difficult to determine the original protoliths for these three remaining samples. Sample D3 
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was collected closer to outcropping harzburgite, whilst sample D4 and sample D5 are potentially from 
lherzolite, according to the published maps of the Dawros Peridotite (Hunt et al., 2012). 

Furthermore, additional ALG samples were acquired from geological drill cores from two boreholes. 
Core samples were labelled with respect to core ID, either 1 �t n and 2 �t n, referring to core samples 
from boreholes 03/08 - 0001 (GR: 326391, 406143) and 03/08 - 0002 (GR: 333053, 414144), 
respectively. Sample selection was made, with crystal size, alteration, vesicularity, and secondary 
mineralisation being representative of the reservoir whilst avoiding any localised geological features 
such as localised brecciation or stockwork. From fieldwork sampling and their visual analysis and 
assessment, it was decided to focus on three of the four sampled reservoirs, the ALG, MGC, and the 
Dawros Peridotite, on which further mineralogical analysis would be carried out. Field samples were 
labelled with a letter denoting their locality: A �t Antrim, C �t Southern Connemara, D �t Dawros. 

All five samples from the Dawros Peridotite were cleaned, examined, cut with a lapidary saw at the 
University of Galway, and sent to ALS Petrophysics in Guildford, Surrey, England, for thin sectioning. 
Further cutting, resin impregnation and polishing commenced to produce uncovered thin sections. 
The remaining 32 samples from the ALG and MCG were examined and trimmed into blocks using a 
lapidary saw at the University of Liverpool. However, five samples, one UBF hand sample, one UBF 
core sample, and three PSM core samples, were too altered or fractured to be used. Therefore, only 
27 samples were sent to Paul Hands, Hands on Thin Sections LTD, for resin impregnation, trimming, 
polishing, and mounting. Overall, 32 uncovered thin sections were obtained. 
 

3.3 Transmitted Light Microscopy 

Thin sections were analysed with transmitted light microscopy using a model Leica DM750P 
microscope, where minerals were identified based on their optical properties. Transmitted light 
microscopy was utilised to determine estimates of the relative abundances of divalent metal cation-
bearing minerals (such as olivine, plagioclase, and pyroxene) and identify any presence of existing 
mineral alteration in chosen samples, particularly the presence of carbonates that might suggest 
mineral carbonation has occurred naturally.  

The composition of the ALG basalt samples was quantified using the point-counting software 
PetrogLite, utilising 500 counts over roughly 10 mm x 15 mm regions of each thin section, controlled 
by a mechanical stage. Above 500 counts, limited changes were noted, with no extra value considering 
the subjectiveness of the approach. Representative areas containing phenocrysts and groundmass 
were selected for point-counting to approximate relative mineral abundances. Basalt samples 
containing amygdales that occupy large percentages of the groundmass (c. > 1 mm) are also recorded 
if they appeared in the region of point counting. If phyllosilicate deposition or alteration completely 
obscured the original mineral, it was recorded separately. Recording alteration as a separate value 
might impact the estimate of the original composition because pyroxene, plagioclase, and olivine 
could be variably affected by chloritisation. Therefore, the least altered samples will provide stronger 
estimates of primary composition. 
 

3.4 Scanning Electron Microscopy Energy Dispersive X-ray Spectroscopy 

Energy dispersive X-ray spectroscopy (EDS) is a technique used for rapid mineral identification and 
element analysis. EDS involves firing a high-energy electron beam onto a sample at an accelerating 
voltage (e.g. of 20 kV), causing individual incident electrons to produce a vacancy in the electron 
orbital of the inner shell of a constituent atom. From the excitation and relaxation of electrons, the 
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interaction generates characteristic X-rays that have a specific energy value depending on the element 
targeted. The detector captures the X-rays, enabling qualitative analysis of major elements 
(concentrations above 10 wt%) and minor elements (concentrations between 1�t10 wt%) via EDS 
spectra (Goldstein et al., 2017). Because the detection limit is 0.1 wt%, trace elements are undetected 
but irrelevant in this study. Overall, it is a rapid, effective, and precise analysis to establish the 
elemental composition of minerals in thin sections through an electron microscope in a non-
destructive manner. 

Thin sections chosen for SEM-EDS analysis were first gently cleaned with isopropanol or ethanol to 
remove fingerprints, oils, and dust from the glass slides. Thin sections were then given a thin (< 50 nm) 
carbon coating via thermal evaporation. This process involved placing the uncovered thin sections in 
a vacuum, outgassing the chamber for 30 seconds, and evaporating carbon for 900 ms. During the 30 
second outgassing stage, the current is slowly increased, or ramped up, to prepare the rods for 
evaporation. Carbon evaporation is then achieved by heating the contact of two clamped carbon rods 
via a passing current.  The thin sections are rotated in the chamber to ensure complete coverage. 
Depending on the contact of the carbon rods, the evaporation stage is run until a suitable amount of 
carbon coating is applied. A carbon coat is used because of its conductivity and low atomic number, 
which does not interfere with the collection of other elemental data. The carbon coat is required to 
inhibit electrical charging that accumulates in nonconductive material when under a high-energy 
electron beam. 

Once carbon coated, the thin sections were fixed onto an SEM stage and inserted into an SEM chamber 
for imaging and analysis. In this study, we used a Zeiss Gemini 450 Field Emission Gun �t Scanning 
Electron Microscope fitted with a backscatter electron (BSE) detector and an Oxford Instruments X-
Max EDS detector. 

BSE images were acquired of whole thin-section slides or regions of interest on the thin-section 
samples. BSE imagery is produced by elastic collisions of electrons from the electron beam with atoms 
of the thin section. These collisions change the trajectory of the electrons. Elements with larger atoms 
will implicate the trajectory of more electrons, causing greater scattering and producing a higher signal 
from the BSE detector positioned over the thin section. Therefore, BSE images can highlight 
compositional changes and aid with targeting areas of interest. 

Pre-defined target areas are then set up for EDS mapping. During EDS analysis, the SEM settings were 
optimised to achieve a suitable �Z�����������š�]�u���[�U��representing the percentage of time that the X-ray is busy 
and cannot process incoming X-rays. For the X-Max EDS detector used here, the optimal dead time is 
around 50%. Therefore, a slower process time was used (set to five), which means that a smaller 
proportion of incoming X-rays are processed, allowing for better peak resolution. The input count rate, 
a measure of the number of generated X-rays detected by the EDS detector each second, was ~15,000, 
whilst the output count rate was kept around 9,000 to maximise the data collected during acquisition. 
These settings gave a dead time of around 40�t50%. 

The input count rate was found to vary across individual frames, with a greater range occurring for 
areas of acquisition with lower magnification. This variation occurs because one edge of the thin 
section is closer to the beam and detector, as the probe is not fixed directly above the machine, nor 
is the sample rotated to face it. Therefore, the characteristic X-ray signal is gradually stronger on the 
top of the frames in the element maps produced, and it may produce visual artefacts for montaged 
frames. These artefacts are not a major issue as the relative graduation is discernible from elemental 
abundances. Where possible, smaller magnifications were used to try and minimise this effect. 
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Each recorded EDS spectrum is mapped to a specific pixel on the imaged thin section, producing an 
overall elemental distribution map of a chosen area, known as a field. At least 15 frames (scans) were 
imaged for each field at a working distance of 10 mm, a dwell time of 66 µs, a 20 KeV energy range, 
2048 channels and a magnification of usually around 90x. Using the Oxford Instruments AZtec (Version 
6.1) EDS software, element counts can be displayed as individual element maps or as a multivariate 
map that overlays multiple, variably coloured, individual elemental maps. Post-acquisition processing 
of acquired EDS maps (via �Zauto brightness�[ and �Z�v�}�Œ�u���o�]�•���� ���Œ�]�P�Z�š�v���•�•�[) was performed to visually 
enhance them, to expose finer scale chemical variations and remove trace values.  �ZAuto brightness�[ 
was utilised to graphically present all elements at equal brightness and contrast, making it easier to 
observe details in mineral chemical zoning, alteration, and minor elemental abundances. Therefore, 
figures produced in this study use this processing mode. �ZNormalise brightness�[ was the primary option 
for cross-comparing elemental abundances across the maps, as each element is normalised based on 
EDS X-ray count. However, low element counts are often not displayed because they are compared 
with abundant mineral-forming elements such as Si and O. 

By using the AZtec software, EDS spectra can be used to predict mineral stoichiometric formulae. 
Using the �Z�W�}�]�v�š���˜���/���[���(�µ�v���š�]�}�v���o�]�š�Ç, EDS spectra for a specific area on a mineral can be created. For 
produced EDS spectra, the identified elements were manually confirmed based on their match to the 
spectral peaks. Subsequently, �š�Z���� �Zcalculate composition�[ feature of the software was used to 
generate the possible number of cations of each element from a spectrum (via stoichiometry) for a 
manually inputted number of oxygen ions. If the inputted O anion count is eight for a spectrum of 
anorthite, it will display one cation of Ca, two cations of Al, and two cations of Si. This process requires 
some trial and error regarding the inputted oxygen ions and is potentially limited in its ability to 
accurately quantify minerals that have more extensive and complex chemical formulae. For example, 
hornblende has a long and complex chemical formula incorporating an OH component, where H is not 
detectable via EDS. However, because (OH)2 has a charge of -2, it can be represented by an O anion. 
Therefore, because hornblende comprises O22(OH)2, the correct cation sum will correspond to O23 
because the charge is matched. The same process can be followed for the identification of serpentine, 
where XYO5(OH)4 is represented by XYO7. For mineral phases that contain no oxygen, the ion count is 
set to one, and a ratio of the recorded elements can suggest stoichiometry (e.g. pyrite should have a 
2:1 ratio of Fe to Cu). 

The Analyse Phases tool within AZtec was utilised to outline and group phases that share the same 
EDS element peaks. Grouping the spectral peaks is undertaken via a principal component analysis in 
the AZtec software that uses data clustering to group pixels of similar compositions into phases. This 
tool generates a map of several phases discriminated by the combined presence of spectral peaks. 
The Analyse Phases tool can also quantify the proportion of mineral assemblages. However, the tool 
works poorly for phases with similar chemical abundances. Furthermore, small opaques or grain 
���}�µ�v�����Œ�]���•�� ���Œ���� �o�]�l���o�Ç�� �š�}�� ������ �µ�v�]�����v�š�]�(�]������ ���v���� ���Œ���� �o���(�š�� ���•�� �Z�µ�v�]�����v�š�]�(�]������ �‰�]�Æ���o�•�[�X�� �d�Z���� �‰�Œ�}�����•�•�]�v�P�� ���o�•�}��
requires manual adjustments where spectral peaks are misidentified. Strong stoichiometric matches 
for spectra from the software-identified phases are ideal, although often unlikely because of 
occasional miss grouping. 
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4. RESULTS 

4.1 Overview of Suitable Bedrock Lithologies for Mineral Carbonation 

Maps of mafic and ultramafic lithologies across the island of Ireland are shown in Figures 1, 2, 3 and 
4, indicating the locations of suitable lithologies for in-situ mineral carbonation. 

 

Figure 1: Map of the island of Ireland showing igneous lithologies with potential to store CO2 via in-situ mineral carbonation. 
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Figure 2: Map of the northeastern region of the island of Ireland, displaying CO2 point sources and the potential igneous 
lithologies for in-situ mineral carbonation. See Figure 1 for key of lithologies. 
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Figure 3: Map of the southeastern and eastern regions of the Republic of Ireland, displaying CO2 point sources and the 
potential igneous lithologies for in-situ mineral carbonation. See Figure 1 for key of lithologies. 
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Figure 4: Map of part of the western region of the Republic of Ireland, displaying CO2 point sources and the potential igneous 
lithologies for in-situ mineral carbonation. See Figure 1 for key of lithologies. 
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4.1.1 Offshore Sites 

Offshore complexes are inaccessible for sampling and are often only identified using geophysical, 
gravity or magnetic surveys (Readman et al., 2005). Several large igneous units are reported within 
the continental shelf/platform adjacent to the west coast of Ireland and across the Porcupine High. 

Of the igneous units identified, several are outlined in the EMODnet database. The Drol Igneous Centre 
is a ~200 km2 �o���v�š�]���µ�o���Œ���u���•�•���}�(���Z�]�P�v���}�µ�•���u���š���Œ�]���o�[ situated at the base of the northern slope of the 
Porcupine High. The Tur Igneous Centre (~340 km2) and Seabight Igneous Centre (two units of 
~135 km2 and ~117 km2) are located on the edge of the Irish Mainland Platform and Celtic Platform, 
to the southwest of Ireland. These centres comprise basalt or phaneritic igneous rocks (indicated in 
the EMODNet database). In the Rockall Basin, the large (~813 km2) Hebrides Terrace Seamount is 
reported. Among all the offshore mafic intrusions, the Brendan Igneous Centre, a substantial equant 
mass spanning 1,500 km², appears the most feasible candidate for offshore mineral carbonation. It 
lies ~�ò�ñ�� �l�u�� �(�Œ�}�u�� �/�Œ���o���v���[�•�� ���}���•�š�U�� �}�v�� �š�Z���� �����P���� �}�(�� �š�Z����Clare Basin, well within the boundary of the 
Porcupine Bank, and close enough to Ireland that it is shown in Figure 1. 

Several other igneous units are documented within the Irish offshore (Naylor and Shannon, 2005) but 
do not appear in the EMODNet database. Two igneous centres are located within the confines of the 
Porcupine High, the Donn Igneous Centre and the much larger Lir Igneous Centre. The elongated Bui 
Igneous Centre lies closely offshore of the granitic Thorr Pluton and Donegal. Lastly, the Porcupine 
Median Volcanic Ridge and many laterally extensive mafic sills are identified by geophysics located 
centrally in the Porcupine Basin (Gagnevin et al., 2018). 

The early-mid Eocene lavas and tuffs of the Druid Formation are acknowledged as potential offshore 
reservoirs for subsurface mineralisation but are not shown on the map as their extent is not entirely 
constrained (Shannon et al., 2021). Wells/boreholes and interpretations of 2D seismic lines pinpoint 
the local development of lavas in the northern and southern areas of the Slyne Basin (O'Sullivan et al., 
2022). 
 

4.1.2 Onshore Sites 

Assessment of onshore geological formations suitable for mineral carbonation in Ireland provides a 
range of possible sites (Figure 1). �/�Œ���o���v���[�•�� �P���}�o�}�P�Ç�� ���}�v�š���]�v�•�� �v�µ�u���Œ�}�µ�•�� �}�µ�š���Œ�}�‰�‰�]�v�P�•�� �}�(�� �‰�}�š���v�š�]���o�o�Ç��
suitable lithologies for mineral carbonation, with variable shapes and sizes. Igneous intrusions and 
volcanics are predominantly confined to Ordovician island-arc volcanism, the Ordovician Trans Suture, 
Carboniferous diatreme volcanism, or later Paleogene rocks associated with the closure of the Iapetus 
Ocean. Large areas of Ireland, particularly the southwest and central parts of the country, lack any 
surficial mafic/ultramafic lithologies, whilst areas of western Connaught, northern Leinster, and 
Northern Ireland contain significant exposures of large igneous complexes.  

Of the outcropping volcanic lithologies across Ireland, most are documented as basalt or basaltic 
andesites, the largest being the tholeiitic Antrim Lava Group, followed by the more evolved Tyrone 
Volcanic Group, both within Northern Ireland (Figure 2). In the Republic of Ireland, the smaller 
Ordovician (~460 Ma) Gorumna Formation and Bunmahon Formation are composed of basalts (Figure 
4). Carboniferous volcanism produced basalts of the Knockseefin and Knockroe Lava Flow Members 
in Country Limerick and the Croghan Hill basalts in County Offaly. Several large gabbroic igneous 
intrusions are also observed in Ireland, the largest of these being the metagabbros of the Connemara 
Metagabbro-Gneiss Complex, followed by the Tyrone Plutonic Group, and younger, Paleogene 
Carlingford and Slieve Gullion Complexes. Ultramafic lithologies like peridotites are rarely exposed in 
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Ireland, with over 90% of their total extent located in Connemara, County Galway, and around Clew 
Bay in County Mayo (Figure 4). The two largest ultramafic regions identified are the Dawros Peridotite 
and the ophiolitic Deer Park Serpentinite. 

4.2 Reservoir Screening 

Each of the 29 onshore geological units identified via mapping was screened based on criteria outlined 
in the methodology (Table 1). Table 2 presents the result of these calculations, where a higher SUM 
represents a better suited mineral carbonation reservoir. 

Table 2: Ranking of mafic/ultramafic geological formations in Ireland, criteria (C1 �t C12) are indicated in the methodology. A 
perfect scoring reservoir would have sum of points equalling 30. 

No. Formation, member, name C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 SUM 

1 Paleogene Antrim Lava Group 9 0 3 2 4 2 2 2 0 3 2 0 29 

2 Tyrone Volcanic Group 3 -1 3 0 2 2 3 0 0 3 0 0 15 

3 Tyrone Plutonic Group 9 -1 3 2 2 2 0 0 0 3 0 0 20 

4 Green Hill, Barrack Hill, Comber, and Recarson, Andesite Members 3 0 2 0 2 2 3 0 0 1 0 0 13 

5 Slieve Gullion Complex 6 0 2 2 2 2 0 0 0 3 0 Elim 17 

6 Carlingford Complex 9 0 2 2 2 2 0 2 0 3 0 0 22 

7 
Brittstown, Byranstown, Carrickdexter, Collon, Hill of Slane, Knockerk, 
White Island Bridge Formations, St Mary's Basalt 

3 -1 3 2 2 0 2 0 0 1 0 0 12 

8 Carnes and Hilltown Formations (also known as Bellewstown) 3 -1 2 0 2 2 2 2 -2 1 0 0 11 

9 Belcamp, Clashford House, and Herbertstown Formations (Balbriggan) 3 -1 3 0 2 0 3 2 0 3 0 0 15 

10 Lambay and Portrane Volcanic Formations 3 -1 3 2 4 2 2 2 0 3 0 0 20 

11 Croghan Hill 6 -1 2 0 4 2 2 0 0 1 0 Elim 16 

12 Greenore Point Group 3 -2 3 2 2 0 0 2 -2 3 0 0 11 

13 Copper Coast: Ballynaclogh and Bunmahon Formations 3 -1 3 0 4 2 3 2 -2 1 0 Elim 17 

14 
Clogher Head, Ferriters Cove, Foilnamahagh, Mill Cove, Inishvickillane and 
Landing Place, Formations 

3 -2 1 1 1 2 3 2 -2 0 0 0 10 

15 Limerick Igneous Suite: Knockroe Lava Flow Member 3 -2 3 2 2 0 3 0 0 1 0 0 12 

16 Limerick Igneous Suite: Knockseefin Lava Flow Member 9 0 2 0 2 2 3 0 0 1 0 0 19 

17 Gorumna Formation 3 -1 3 2 1 2 2 2 0 3 0 0 17 

18 Connemara Metagabbro-Gneiss Complex 9 -1 3 2 1 2 2 2 0 3 0 0 23 

19 Dawros-Currywongaun-Doughruagh Complex 9 0 1 2 1 2 2 2 0 1 0 0 20 

20 
Lough Nafooey Arc; Finny and Knock Kilbride Formations, Ardaun Lava 
Member 

3 -1 1 2 1 2 3 0 -2 3 0 0 12 

21 Bohaun Volcanic Formation 3 -1 1 0 1 2 2 0 0 3 0 0 11 

22 Farnacht Formation 3 -2 1 2 1 2 2 0 0 3 0 0 12 

23 Deer Park Complex (Serpentinite) 9 0 1 2 1 2 2 2 0 1 0 Elim 20 

24 Ooghnadarve and South Carrowgarve Formations 6 -2 1 2 1 2 0 2 0 3 0 0 15 

25 (Ox Mountain mafics, incl. Callow Formation) 6 0 3 2 1 2 0 0 -2 1 0 0 13 

26 
Charlestown Group; Bockagh Member, Carracastle, Tawnyinagh, and 
Horan Formation with Caledonian Pyroxene Diorite 

3 -1 3 2 2 2 2 0 -2 3 0 0 14 

27 
Metabasite pods, inc. Lough Lareen or Knader Lough metagabbro of the 
Slishwood Division 

9 -2 1 0 2 2 0 0 0 0 0 0 12 

28 Garrison Sill 9 0 1 0 2 2 0 0 0 1 0 0 15 

29 ���}�v���P���o�[�•�����‰�‰�]�v�]�š�����^�µ�]�š���U�����Œ�����Œ�������‰�‰�]�v�]�š����plutons 3 -1 2 2 2 2 0 2 0 0 0 0 12 
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The screening process eliminates the Slieve Gullion Complex and the volcanics of the Copper Coast 
because both areas are UNESCO Global Geoparks. These areas are likely to be protected, with 
restrictions on construction, drilling, or economic development. Similarly, the Deer Park Complex 
serpentinite, despite scoring highly in the screening process, is eliminated due to its proximity to 
Croagh Patrick, an important pilgrimage and cultural heritage site. Nevertheless, the faulted nature 
and thin outcrop of the Deer Park Complex also negatively impact its potential as a reservoir. Croghan 
Hill was also eliminated because of its cultural importance, being the site of an ancient pagan burial 
ground and several medieval builds. 

Several geological formations are situated beneath gravel aquifers of local importance for 
groundwater resources, based on aquifer locations from the Geological Survey of Ireland. Any 
connection to potential aquifers reduced their score in the screening process, as developing such 
lithologies for mineral carbonation may negatively impact the groundwater resource. 

The highest-scoring lithologies sites are the Antrim Lava Group, Connemara Metagabbros, Carlingford 
Complex, and Tyrone Plutonic Group. Among the three lithologies, the Antrim Lava Group consists of 
amygdaloidal basalt, whereas the other sites feature intrusive dolerite and gabbro. All sites have mafic 
compositions with relatively high-calcic plagioclase indicated during screening (Figure 5). The Antrim 
Lava Group ranks highest in our screening method due to its geographical extent, mineralogy, and 
thickness. It is also the only onshore geological formation noted to have a potential seal because of 
the positioning of the Lough Neagh Clays to the south of Lough Neagh (Figure 2), which covers part of 
the ALG surface outcrop. Detracting from this high score somewhat is the prevalence of zeolite 
minerals infilling vesicles and vugs that will lower the porosity of this site, required for CO2 injection 
and storage. If these zeolites are not calcium-bearing, then they will also not provide any divalent 
metal cations for carbonation reactions. Whilst not impacting its score, the lower plagioclase anorthite 
content (An%) might indicate that the composition of the ALG will contain fewer divalent metal cations 
than peridotite or anorthite-bearing gabbro (Figure 5). The MGC scored highly due to its unusual, 
highly anorthic plagioclase and pervasive fracturing. Furthermore, it represents the largest intrusive 
mafic outcrop in Ireland, and studies suggest there may be a further sizeable offshore extent not 
currently indicated on offshore geological maps (Downs-Rose and Leake, 2019). Geologically 
associated with the MGC, the Dawros peridotite of the DCDC did not score as highly in the screening 
process applied here due to its minor size. However, the ultramafic lithology of the Dawros intrusion 
is outlined as having the most ideal composition alongside the serpentinite of the Deer Park Complex 
(Figure 4). 
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Figure 5: The awarding of points for the mineralogy of geological formations. Solid lines represent An% ranges that were 
taken from literature, or where the mineral variety (e.g. labradorite) was quoted. Dashed lines represent ranges that were 
inferred for geological formations based on recorded magma geochemistry and evolution. 
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4.3 Petrographic and Mineralogical Analysis 

The wide range of field and core samples from Antrim are tabulated (Tables 3 and 4) due to the large 
number obtained. 

Table 3: Hand samples of the ALG obtained for this study, with corresponding locations, latitude and longitude, stratigraphy, 
major features.  

Table 4: Core samples of the ALG obtained for this study, with corresponding locations, latitude and longitude, stratigraphy, 
major features. 

 

 

Sampl
e ID 

Locality 
Latitude/ 
Longitude 

Strat- 
igraphy 

Colour 
Macroscopic 

alteration 
Macroscopic 

fracturing 
Amygdaloidal

/Massive 
Notes 

A1 Craignahulliar Landfill 
55.190362 
-6.6154887 

CTM Dark grey Fresh None Fe-mesostasis 
Dark with spherule Fe-
nodules 

A2 Craignahulliar Landfill 
55.190362 
-6.6154887 

PSM Brick red Complete Fractured Amygdaloidal Weak, crumbly 

A3 Portstewart Beach 
55.188709 
-6.7147748 

UBF Pale grey Partial Fractured Amygdaloidal Small amygdales 

A4 Portstewart Beach 
55.188709 
-6.7147748 

UBF Purple/red High Fractured Amygdaloidal Tabular zeolites 

A5 Portstewart Beach 
55.188709 
-6.7147748 

UBF Pale grey High Fractured Amygdaloidal Nodular green 

A6 Blackhead 
54.766871 
-5.6887769 

LBF Grey Fresh None Amygdaloidal 
2 cm cream zeolites, 
celadonite pore lining 

A7 Blackhead 
54.766782 
-5.6888286 

LBF Grey Fresh None Massive Olivine-rich 

A8 Blackhead 
54.768381 
-5.6888151 

LBF Grey Fresh None Massive Flow centre 

A9 Giants Organ 
55.241727 
-6.5037437 

CTM Dark grey Fresh None Massive 
Columnar basalt sample, 
very hard 

Sample 
ID 

Borehole 
Top/ 

Base (m) 
Strat- 

igraphy 
Colour 

Macroscopic 
alteration 

Macroscopic 
fracturinga 

Amygdaloidal
/Massive 

Notes 

1�t9 03/08 - 0001 
122.30 
122.36 

LBF Dark grey Fresh Surface Massive Flow banded, brittle 

1�t8 03/08 - 0001 
107.15 
107.20 

IBF Red/brown Complete Fractured Massive 
Altered grey+orange 
bands 

1�t7 03/08 - 0001 
103.12 
103.21 

IBF Orange/brown Complete Fractured Massive 
Altered grey+orange 
bands 

1�t6 03/08 - 0001 
102.72 
102.77 

IBF Grey/brown Complete Fractured Amygdaloidal 
Interconnected orange 
amygdales 

1�t5 03/08 - 0001 
96.90 
97.00 

UBF Pale grey Partial None Massive Clay altered phenocrysts 

1�t4 03/08 - 0001 
65.56 
65.63 

UBF Grey Fresh Fractured Amygdaloidal 
Acicular zeolites on 
tabular zeolites 

1�t3 03/08 - 0001 
52.31 
52.41 

UBF Grey Fresh Surface Massive Vitreous 

1�t2 03/08 - 0001 
39.71 
39.76 

UBF Purple/red Complete Fractured Amygdaloidal No acicular zeolites 

1�t1 03/08 - 0001 
23.84 
23.90 

UBF Purple/red Complete Fractured Amygdaloidal 
Large white tabular 
open amygdales 

2�t7 03/08 - 0002 
80.65 
80.80 

LBF Grey Fresh None Massive Vitreous 

2�t6 03/08 - 0002 
69.12 
69.19 

LBF Pale grey Partial None Amygdaloidal 
Tabular cream zeolites, 
open amygdales 

2�t5 03/08 - 0002 
60.67 
60.77 

LBF Grey Fresh None Massive Vitreous 

2�t4 03/08 - 0002 
34.73 
34.79 

LBF Grey/brown Partial None Amygdaloidal 
Tabular zeolites, open 
amygdales 

2�t3 03/08 - 0002 
29.72 
29.82 

LBF Pale brown High Surface Amygdaloidal 
Very large, closed 
amygdales 

2�t2 03/08 - 0002 
25.67 
25.77 

LBF Pale brown Partial Surface Amygdaloidal 
Lithomarge, small open 
amygdales 

2�t1 03/08 - 0002 
6.19 
6.29 

LBF Grey Fresh Surface Massive Vitreous 

aCore �•���u�‰�o���•���Á�]�š�Z���(�Œ�����š�µ�Œ�]�v�P���o�������o�o���������•���Z�•�µ�Œ�(�������[���Z���������v�������P�����š�Z���š���Á���•���•�‰�o�]�š�����Ç�������v���š�µ�Œ���o���(�Œ�����š�µ�Œ���������(�}�Œ�����š�Z���]�Œ���Œ���u�}�À���o���(�Œ�}�u�����}�Œ�� and were otherwise unfractured 
samples. 
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Of the metagabbro samples retrieved adjacent to Lough Bollard, three samples were taken from areas 
described by Downs-Rose and Leake (2019) as Errisbeg Metagabbros. Two (sample C1 and sample C3) 
are phaneritic, predominantly grey, and comprise vitreous dark minerals alongside lesser opaque 
white minerals. Sample C1 (53.409687, -9.969487) appears almost pegmatitic on one end, whilst the 
other side of the sample has a smaller crystal size. Sample C3 (53.414642, -9.959819) displays clear 
foliation and elongated crystals. The other, sample C4 (53.415085, -9.959852), appears more 
texturally homogenous, with an exposed fresh surface that is almost aphanitic, grey, and with a 
vitreous lustre owing to its ubiquitous dark minerals. Small, white crystals can be observed under a 
hand lens; however, these appear more translucent and potentially less altered. 

Sample C2 (53.410039, -9.968371) was acquired from an outcrop that appeared very pale, with lesser 
melanocratic minerals that appeared anhedral and had a particular green appearance in the hand 
sample. This phaneritic, leucocratic sample was assumed to be silicified metagabbro comprising 
primarily quartzofeldspathic material with lesser hornblende or pyroxene (Downs-Rose and Leake, 
2019). 

Sample C6 (53.440650, -10.07212) and sample C7 (53.441172, -10.07222), acquired from North-East 
Errismore, are phaneritic, grey-white speckled, with a very dark weathered surface. Fresh surfaces are 
similar to metagabbros at Errisbeg, with vitreous dark minerals, some with exposed cleavage 
suggestive of hornblende, and slightly lesser anhedral pale white-yellow crystals. 

Sample C5 (53.415781, -9.959922) was retrieved east of Lough Bollard on a small, elongated N�tS 
striking knoll outlined by Downs-Rose and Leake (2019) as feldspathic peridotite. This mass of 
peridotite and several hornblende peridotites are interpreted to be a suite of less fractionated rafts 
contained within the metagabbro (Downs-Rose and Leake, 2019). The outcropping rock was visibly 
darker than the encountered metagabbro, very phaneritic, with a particularly knobbly brown 
weathered surface. The rock could be removed by hand, perhaps owing to the size and partial 
weathering of the crystals. Fresh surfaces unveiled a predominantly melanocratic rock containing 
large (up to 1 cm) greyish or translucent, anhedral plagioclase crystals within a darker glossy 
assemblage of vitreous minerals, some with cleavage indicative of hornblende. The darker 
appearance, with translucent (rather than opaque) plagioclase, may indicate the sample is less 
fractionated, potentially indicative of the outlined feldspathic peridotite mass. 

Of the samples acquired from the Dawros Peridotite, sample D1 and sample D2 were retrieved from 
the presupposed orthopyroxenite (Hunt et al., 2012). Sample D1 (53.564885, -9.973656) was taken 
from an outcrop that externally appeared altered and serpentinised. However, fresh surfaces of 
sample D1 were crystalline, dark, granular/phaneritic, with vitreous crystals. Several fractures were 
notable in the hand sample. Although carbonate was not identifiable by eye, thin red veins of iron 
oxides were visible. Sample D1 also appeared to be bimodal, with paler grey masses enveloped and 
partially intruded with veins of a darker silvery crystalline material, possibly areas of hydrous 
alteration/serpentinisation. Sample D2 (53.564844, -9.973478) was taken from a large rock exposure 
in a small, partially quarried hill. The outcrop was highly fractured, brecciated, and crumbly, with clear 
evidence of serpentinisation. Some rarer exposures displayed a smooth, green-coloured, glassy 
surface of pure serpentine, possibly antigorite. The obtained sample was much more altered than 
sample D1, with fresh surfaces indicating a developed mineral fabric. Once cut with a rock saw, the 
exposed surface appeared brecciated, with a mixture of darker minerals, alongside pale orange wavy 
veining in an overall silvery grey matrix. 

Sample D3 (53.568177, -9.974680) appeared more homogenous and darker than sample D1 and 
sample D2. Crystal outlines were unclear, suggesting sample D3 is aphanitic or altered to a poorly 
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defined material. Two distinguishable dark blocks were contained within lighter-coloured grey 
material, indicating brecciation of serpentinised material. 

Sample D4 and sample D5 are also serpentinised peridotites, acquired 50 m east of sample D3. Sample 
D4 (53.568091, -9.974286) has a silvery appearance and is foliated. It contains pale alteration products 
alongside large, black, equant, opaque minerals. Sample D5 (53.568102, -9.974091) is dark grey and 
comprised mainly of waxy melanocratic crystals alongside a minor green crystal phase. Therefore, 
sample D4 and sample D5 clearly represent different compositions despite being sampled in the same 
area. 
 

4.3.1 Antrim Lava Group (n = 20; Amygdaloidal and Massive Basalt) 

The samples of the Upper and Lower Basalt Formations studied here are comparatively similar in 
mineralogy and texture, with only minor differences. Basalt samples are olivine-bearing and 
predominantly coarse, with an average crystal size of > 0.1 mm. Polysynthetic albite-lamellar-twinned 
plagioclase typically comprises a third of the groundmass (Table 5), appearing as fresh or slightly 
chloritised laths reaching 0.3 �t 0.7 mm in length (Figure 6). In some samples, particularly sample 1�t5 
of the UBF, large plagioclase phenocrysts measuring 3 x 1 mm are observed (Figure 6d). These large 
plagioclase phenocrysts are less evident within the LBF, as the groundmass is invariably coarse (Figure 
6f). 

The basalts are either subophitic or ophitic, with second-order birefringent, allotriomorphic 
clinopyroxene crystals enveloping the groundmass plagioclase laths. Euhedral/idiomorphic 
clinopyroxene is absent. The size of the interstitial clinopyroxene masses varies from 0.2 mm to 0.9 
mm, although even larger examples are observed. 

Two generations of olivine are present in most samples, with smaller 0.1 mm olivine within the 
groundmass and large phenocrysts measuring upwards of 0.5 mm (Figure 7). Both generations are 
subhedral�teuhedral, comprising around 10 �t 20% of the rock (Table 5), and at least partially altered 
to iddingsite, chlorite, or clay minerals. In several samples, the broken altered cores of olivine have 
weathered out, either naturally or during thin sectioning (Figure 8). Some olivine in a massive flow 
banded basalt (sample 1�t9) of the UBF is entirely replaced by iddingsite or Fe-O/OH minerals, 
appearing brown in plane-polarised light (PPL). Pure olivine crystals are less common but observed in 
more fresh, massive basalt samples, with iddingsite rims and minor inclusions of opaque minerals 
(Figure 7). Where large olivine phenocrysts are common, they are often glomeroporphyritic and leave 
large gaps where several interpenetrated crystals have lost their cores (Figure 8g). 

Vesicular basalts of the ALG, which represent the upper and lower bounds of individual flows, are 
invariably amygdaloidal, with empty cavities only existing where amygdale minerals have not fully 
developed. Most large basalt amygdales are irregular in shape, while smaller amygdales are more 
equant. The majority of amygdale secondary minerals are zeolites, with only three samples containing 
amygdales of rare calcite accompanying zeolite (Table 5). No amygdales of quartz are identified in the 
samples of this study. Of the zeolite minerals, rhombohedral and pseudo-cubic crystals of first-order 
interference are common, indicative of chabazite. These zeolites have precipitated in almost all 
samples, including massive basalt, despite their limited porosity prior to secondary mineralisation 
(Figure 9a). For UBF and LBF samples in this study, zeolite sequences appear consistent across multiple 
amygdaloidal samples. For well-developed amygdales, chabazite represents the first precipitated 
zeolite (Figures 9b, 9c, 9d and 9f), sometimes on vesicle walls lined with a thin clay deposit (Figure 9a). 
Large radial assemblages of a fibrous or acicular zeolite, with white to yellow first-order birefringence, 
are observed projecting outwards from chabazite. These radial splays exhibit orthorhombic extinction 
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and are suggestive of thomsonite, the second precipitated zeolite observed in samples of this study. 
Few amygdales record the precipitation of zeolites following thomsonite because it appears there was 
no more available pore space left. At least two samples (2�t3 and 1�t2) display a continuation of the 
zeolite sequence, although it is not uniform. Large amygdales of sample 2�t3 contain a disordered 
assemblage of stubby acicular crystals that precipitated in the remainder of the pore space.  This 
zeolite is interpreted to be natrolite, which displays a speckled first-order interference pattern that is 
distinguishable from the radial, ordered thomsonite needles (Figure 9b). Instead of natrolite, an 
amygdale sequence in sample 1�t2 displays a thin layer of clay over the thomsonite needles, followed 
by a transition back to tabular zeolites (Figure 9f). However, a second large amygdale in sample 1�t2 
does not display further zeolite mineralisation following the clay-coated thomsonite. 

Both samples of the CTM, A1 and A9, are comparatively fine-grained and aphanitic when compared 
with the UBF and LBF basalts. Both samples appear generally aphyric, although some small plagioclase 
phenocrysts are discerned (Figure 10). The groundmass comprises intergranular, equant (< 0.1 mm) 
pyroxene crystals and Fe-oxides around small (c. 0.1 mm long) plagioclase laths. Proportions of 
plagioclase and feldspar are almost identical, although pyroxene is slightly more abundant (Table 5). 
Olivine was not identified during petrographic analysis, possibly altered to Fe-oxides, obscured in the 
aphanitic groundmass, or simply absent. Large (c. 0.4 mm) spherules of brown, Fe-bearing mesostasis 
are noted within the groundmass of sample A1 (Figure 10c), although smaller examples are also seen 
for sample A9 (Figure 10c). 

In summary, the Upper and Lower Basalt Formations exhibit similar mineralogy and texture, with 
minor variations. Both formations are olivine-phyric and coarse-grained, featuring plagioclase, 
clinopyroxene, and olivine. Plagioclase typically constitutes a third of the groundmass and appears as 
fresh or slightly altered laths, with large plagioclase phenocrysts observed more frequently in the 
Upper Basalt Formation. Clinopyroxene is subophitic or ophitic, enveloping plagioclase laths, and 
anhedral. Two generations of olivine, partially altered to iddingsite or other minerals, are present. 
Vesicular basalts contain amygdaloidal cavities filled primarily with zeolites like chabazite and 
thomsonite. Some samples show additional zeolite mineralisation, such as natrolite or secondary clay 
deposits. In contrast, the CTM samples are fine-grained, aphanitic, and generally aphyric, with a 
groundmass composed of pyroxene, Fe-oxides, and small plagioclase laths, but lack olivine. 
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Figure 6: Petrographic images of plagioclase phenocrysts and groundmass in several basalts of the ALG. (a) Plane-polarised 
light (PPL) and (b) cross-polarised light (XPL) images of sample 1�t3 show large, slightly chloritised plagioclase phenocrysts 
amongst a relatively coarse groundmass of the UBF. (c) PPL and (d) XPL images of sample 1�t5 show fresh large, twinned 
plagioclase phenocrysts and a glomerocryst within a much finer groundmass, also in the UBF. (e) PPL and (f) XPL show the 
general ophitic texture observed for the LBF where plagioclase phenocrysts are noted, here in sample A7, although less 
common. Cpx refers to clinopyroxene. 
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Figure 7: Petrographic images of olivine phenocrysts in sample 2�t1, the best preserved of all samples studied. (a) and (c) 
represent PPL images of (b) and (d) respectively. Olivine phenocrysts display large iddingsite alteration rims and host Cr-spinel 
inclusions. Ophitic plagioclase and clinopyroxene (Cpx) is also observed. 
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Figure 8: Petrographic images of altered olivine phenocrysts/glomerocrysts common in the UBF and LBF. Both (a) and (c) are 
PPL images that correspond to (b) and (d) XPL images respectively. These display glomerocrysts from sample A8, LBF, which 
contain varying amounts of fresh olivine, but primarily chloritised centres. (e) and (g) PPL images correspond to (f) and (h) 
XPL images respectively and were photographed in sample 2�t7, also from the LBF. 
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Figure 9: Various zeolites contained within both UBF and LBF samples. (a) The general appearance of most zeolite in massive 
basalt samples, amorphous, pseudo-cubic tabular chabazite, displaying roughly 90° fractures, in sample 2�t5. (b) Zeolite 
sequence in sample 2�t3. Precipitation of chabazite is followed by acicular thomsonite, and later natrolite. (c) Zeolite sequence 
in sample 1�t4. Precipitation of zoned chabazite, followed by stubby thomsonite with yellow birefringence. (d) Zeolite sequence 
in sample 2�t2. Precipitation of pseudo-cubic, partially replaced, chabazite, followed by thomsonite. Smaller (e) and larger (f) 
amygdales of sample 1�t2 contain clear pseudo-cubic, zoned chabazite. Chabazite precipitation is followed by thomsonite, a 
thin clay deposit, and later tabular zeolites assumed to be chabazite. 
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Figure 10: Petrographic images of two samples of the CTM, displaying fine groundmass and large spherules of Fe-mesostasis. 
(a) PPL and (b) XPL images of sample A9. (c) PPL and (d) XPL images of sample A1. 

Table 5: Modal analysis (vol.%) of basalt samples from the Antrim Lava Group, Northern Ireland. Based on 500 points in ~10 
x 15 mm thin sections. Alteration (e.g., Fe-oxides, phyllosilicates) may cause misrepresentation of original minerals. Estimates 
of amygdale and olivine abundances are limited by recorded areas. 

Stratigraphy Sample Olivine Feldspar Pyroxene Fe-oxides Amygdales Phyllosilicate Calcite 

UBF 

A3 10.0 36.8 25.0 20.4 �x  7.8 �x  
A4 10.9 28.3 37.1 �x  23.4 0.3 �x  
1_3 24.2 42.4 23.4 1.8 3.6 1.8 0.6 
1_4 8.0 40.0 25.0 6.8 14.8 5.4 �x  
1_5 13.2 40.0 26.8 6.4 4.2 9.2 0.2 
1_9 21.7 42.9 24.6 7.4 �x  3.4 �x  

LBF 

A6 12.6 37.2 31.2 4.2 4.6 10.2 �x  
A7 18.4 33.6 27.8 5.2 0.2 13.8 1.0 
A8 29.2 32.8 30.4 1.4 �x  6.2 �x  
2_1 23.4 27.4 35.0 6.8 5.0 2.4 �x  
2_2 16.0 43.2 26.4 3.8 10.4 0.2 �x  
2_3 13.4 37.2 26.0 4.2 11.6 7.6 �x  
2_4 10.0 28.4 20.8 3.0 28.4 5.0 �x  
2_5 15.4 34.2 25.4 4.4 17.6 3.0 �x  
2_6 15.2 36.6 31.4 5.2 2.2 7.8 �x  
2_7 25.6 32.6 20.6 8.2 �x  13.0 �x  

CTM A9 0.5 37.0 39.0 22.0 �x  1.5 �x  
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4.3.2 Connemara Metagabbro-Gneiss Complex (n = 7; Metagabbro, Feldspathic Peridotite)   

Sample C4 consists of mostly equant (0.5 mm) minerals of second-order birefringence with isoclinal 
extinction. Where the crystals are deformed, they become elongated and display a plethora of high-
interference colours. These minerals are suggestive of clinopyroxene, although several crystals display 
subtle faint green pleochroism, indicating that amphibolitisation may have taken place. Aggregates of 
these crystals can reach around 2 mm, with central areas comprised of anhedral crystals with mottled 
first-order interference colours and acicular crystals displaying second-order birefringence (Figure 
11b). These aggregates might represent large poikiloblasts of hornblende and needle-like actinolite or 
tremolite, with relict clinopyroxene. These minerals are surrounded by turbid, equant minerals, 
around 0.2 mm in size, although individual crystal boundaries are obscured and difficult to recognise. 
In cross-polarised light (XPL), turbid minerals display first-order birefringence and often exhibit 
undulose extinction, whilst in PPL, the crystals have high, granular-textured relief. These are 
associated with white or pale areas of the thin section and hand sample and represent plagioclase 
crystals. Numerous opaque minerals appear as inclusions in relict clinopyroxene or amphibole 
alongside exsolution lamellae (Figure 11c). 

Minerals comprising Sample C2 are generally similar to Sample C4, but relict clinopyroxene crystals 
are individually larger and occasionally amphibolitised, forming pseudomorphs with acicular or fibrous 
style textures and first-order birefringence (Figure 12). The wavy distribution of the needle-like 
crystals and undulose extinction might result from deformation.  The second-order birefringent rim is 
suggested to represent the remaining clinopyroxene or hornblende, with alteration to more fibrous 
amphibole or chlorite propagating from the centre of the crystal. Opaque minerals are found within 
the large altered pseudomorphs, up to 0.4 mm in size (Figure 12). More notably, the composition of 
sample C2 is mostly anorthite with indistinguishable mineral boundaries, forming an entirely turbid 
and dark mass in PPL. However, a mineral of low relief is often encompassed within anorthite, also of 
first-order birefringence, assumed to be areas of albitisation (Figure 12a). 

Sample C3 displays a clear, uniform transition of mineral size and form across the thin section. Large, 
up to 6 mm, crystals of clinopyroxene and anorthite comprise one side of the sample, whilst 
progressively smaller crystals are noted across the thin section (Figure 13). The opposing end of the 
sample comprises much smaller 0.1 mm crystals that exhibit a substantial change in birefringence 
compared to the larger crystals. The large anorthite crystals are dark and turbid in both PPL and XPL. 
This appearance contrasts with the smaller masses of equant anorthite that appear fresh, with only a 
lightly dulled appearance in PPL and speckled texture in XPL. Large, second-order pyroxene (Figure 
13d) transitions to smaller crystals that display first-order interference colours with acicular textures, 
suggestive of amphibole (Figure 13b). Opaque masses found throughout the thin section are always 
confined to clinopyroxene or amphibole. These are predominantly irregular grains, sometimes 
reaching 0.5 mm in size. Very minor, lenticular inclusions of opaque minerals and exsolution lamellae 
exist parallel to clinopyroxene cleavage (Figure 13d). 

Anorthite in sample C1 is identical to other samples, appearing dark and speckled in both PPL and XPL. 
Some areas of low relief are noticeable in anorthite, suggested to be albite (Figure 14). The crystal 
texture of the presupposed second-order clinopyroxene is more unusual, occurring as polycrystalline 
masses or aggregates that display faint green pleochroism, akin to crystals in sample C4. These crystals 
have a deformed habit. The aggregated crystal texture might be produced by pseudomorph 
amphibolite over clinopyroxene. The hand sample is distinctly sheared, where the thin section exhibits 
alternating lenses of anorthite interlocked with the deformed aggregates of altered clinopyroxene. 
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Samples C6 and C7 are petrographically identical (Figure 15). Both are mostly comprised of 
hornblende, showing strong pleochroism and cleavage not observed in other samples. Smaller (c. 0.2 
mm), equant anorthite crystals appear very dark in PPL. Areas of high birefringence amongst anorthite 
might represent alteration to sericite assemblages (Figure 15b). Furthermore, grains of first-order 
birefringence and very low relief are characteristic of quartz. Opaque minerals are mostly confined to 
inclusions in hornblende. 

Sample C5 is composed of much larger crystals compared to the majority of metagabbro samples in 
this study. Several amphiboles, including one individual crystal up to 1 cm long, show faint green 
pleochroism and observable cleavage. Some areas of amphibole show alteration to a fibrous-looking 
phase with first-order interference colours and low relief (Figure 16b).  Large, fractured anorthite 
appears less turbid than most of the samples in this study but displays minor patchy alteration to 
sericite assemblages. Smaller (c. 0.2 mm) elliptical masses of anorthite, sometimes sericitised, are also 
found encapsulated within amphibole crystals (Figure 16a). Subhedral areas comprising an aggregate 
of grains with extremely high relief, surrounded by outer zones of low relief and first-order 
interference, were observed only in sample C5. The subhedral form of these aggregates suggests they 
are pseudomorphs. 

The MGC samples are fairly uniform overall. Most clinopyroxenes are amphibolitised to hornblende 
and surrounded by turbid plagioclase of the anorthite variety, whilst some acicular amphiboles likely 
represent tremolite or actinolite. However, the metagabbros from the west side of Delaney Dome, 
samples C6 and C7, are different. They feature hornblende with much stronger green pleochroism and 
distinct cleavage, alongside sericite-altered anorthite and minor quartz and opaque minerals. Sample 
C5 is also unique, containing larger amphibole crystals, some up to 1 cm, with faint green pleochroism 
and minor sericite-altered anorthite. Additionally, subhedral pseudomorphs with high relief are 
distinctive to sample C5. 
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Figure 11: Petrographic images of sample C4, one of the fresher metagabbro samples observed in this study. (a) PPL and (b) 
XPL images of a large aggregate of amphibole, with acicular amphibole assumed to be tremolite or actinolite, alongside 
anorthite. (c) PPL and (d) XPL images display another aggregate of amphibole, adjacent to several subhedral clinopyroxene 
crystals and anorthite. 

 

Figure 12: (a) PPL and (b) XPL petrographic images of an altered femic mineral, replaced by acicular amphibole, surrounded 
by turbid, partially albitised anorthite, sample C2. 
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Figure 13: Petrographic images of varying crystal size in metagabbro of sample C3. PPL (a) and XPL (b) images of small, low 
birefringent amphibole and anorthite, contrasting with PPL (c) and XPL (d) images of a large clinopyroxene (Cpx) and turbid 
anorthite. 

 

Figure 14: PPL (a) and XPL (b) images of an area of sample C1, a deformed metagabbro, where dashed white lines represent 
the edges of amphibole aggregates, interleaved with anorthite. 
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Figure 15: Petrographic images of sample C6, PPL (a) and XPL (b), and sample C7, PPL (c) and XPL (d). Both show characteristic 
hornblende (Hbl) with clear cleavage, strong green pleochroism, and opaque inclusions, alongside turbid anorthite with 
quartz (Qtz) and sericite replacement. 

 

Figure 16: Petrographic images of sample C5, a phaneritic, or possibly pegmatitic, metagabbro. (a) PPL image displays high 
relief mineral assemblages of corundum encapsulated by a thin layer of chlorite. Surrounding hornblende (Hbl) is partially 
chloritised, containing blobs of anorthite, sometimes sericitised. 
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4.3.3 Dawros Peridotite (n = 5; Orthopyroxenite,  Serpentinised Peridotite) 

Sample D1 has a crystalline adcumulate texture, with bright second-order birefringence emanating 
from fractured (c. 1 mm) subhedral minerals (Figure 17). With two cleavage planes intersecting ~90°, 
the minerals are pyroxenes (Figure 17b). All subhedral pyroxene crystals showed straight extinction, 
occurring along the c-axis of the crystal, suggesting they are orthopyroxene despite their high 
birefringence. The much brighter orthopyroxene interference colours observed in sample D1 (Figure 
17c) might result from greater refraction because of a raised iron content. Several orthopyroxenes 
appear yellow-orange in XPL (Figure 17c) and are fractured parallel to the crystal c-axis. These 
fractures have developed exsolution lamellae, most likely composed of clinopyroxene, based on their 
higher birefringence compared to orthopyroxene crystals. Generally, orthopyroxene appears 
characteristic of bronzite, a Fe-variety of enstatite. However, in PPL, the minerals are colourless, with 
only a limited number of orthopyroxenes displaying a faint brown pleochroism. Several 
orthopyroxenes do not display high birefringence or exsolution lamellae and are equant with greater 
relief and fracturing (Figure 17b). These are assumed to be basal sections of orthopyroxene where 
intersecting cleavage is visible. Small areas between orthopyroxene crystals display bright, turquoise, 
second-order birefringence that may represent anhedral, intergranular clinopyroxene. 

Three large veins are distinguishable on one side of the thin section (Figure 17a). Two are infilled with 
aphanitic material, displaying a mosaic of high interference colours suggestive of carbonate (e.g. 
Figure 17d). Pyroxenes adjacent to these veins show considerable increases in birefringence, appear 
slightly turbid and sometimes show a faint green pleochroism in PPL. Opaque minerals, assumed to 
be magnetite, are found in abundance along the edges of the veins, coating the edges of 
orthopyroxene. A third, much smaller vein is filled with opaque Fe-oxide minerals appearing black or 
deep red and speckled in PPL. Lastly, one corner of the thin section contains a much more altered 
section with orthopyroxene appearing paler in XPL, replaced by high birefringence minerals, possibly 
talc (Figure 17a). 

Sample D2 was retrieved proximal to the orthopyroxenite of sample D1 but appears much more 
altered (Figure 18). Some areas of the thin section contain acicular or elongated minerals displaying 
high birefringence with orthorhombic extinction, assumed to be fractured orthopyroxene. 
Alternatively, these crystals could represent metamorphic-derived orthorhombic amphibole 
(anthophyllite) replacing orthopyroxene. Several elongated crystals are considerably deformed and 
sheared into lens-shaped masses within a talc matrix (Figure 18b). The fractures and edges of some 
elongated crystals have been infiltrated by a mosaic of talc that displays second-order birefringence. 
Some relict orthopyroxenes display extremely high birefringence because of alteration to talc (Figure 
18c). Small opaque minerals are observed within the groundmass, primarily within a deformed, 
���o�š���Œ�������Z���Z���v�v���o�[���}�(���š���o�����}�µ�š�o�]�v�������]�v���&�]�P�µ�Œ����18a. However, larger (c. 50 µm) equant opaque minerals 
are also found in clusters alongside the deformed orthopyroxene or amphibole (Figure 18b). In 
addition, several major fractures are coated with Fe-oxide, distinguishable by their rusted colour in 
PPL. 

Two separate areas are identified within sample D3 (Figure 19a) and are described individually. Most 
of the thin section comprises a mixture of wavy, feather-like crystals that display some second-order 
birefringence amidst equant, high-relief crystals (Figure 19b). The latter appear grey in XPL, although 
several display small multicoloured interference colours suggesting birefringence is high, typical of 
carbonate minerals. They are also found in clusters or veins, sometimes as larger polycrystalline 
textured masses. Feather-like, bladed crystals are interpreted to be a mixture of amphibole and 
serpentine minerals deformed around carbonate masses (Figure 19b). The other area exists as blocks 
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of darker material in the thin section. Under the microscope, these blocks display a mesh texture with 
minerals of first-order birefringence in XPL, heavily net-veined with opaque minerals, likely Fe-oxides 
(Figure 19c). The mesh texture is characteristic of serpentine with magnetite veining, and the lack of 
any olivine cores suggests these blocks represent entirely serpentinised and altered peridotite. 
Serpentine groundmass within mesh texture displays a clear yellow appearance in PPL. The interface 
between the two areas is marked by acicular, feather-like amphibole that are bent along several veins. 
Lastly, a large composite vein primarily comprised of serpentine contains two columns of twinned, 
highly birefringent carbonate minerals (Figure 19d). Large (c. 0.5 mm) opaque masses are contained 
within the assemblage of amphibole and carbonate, assumed to be Cr-spinel. In a serpentine vein 
connected to a Cr-spinel, small (c. 0.1 mm), irregular, opaque masses appear to have detached from 
the large Cr-spinel mass, suggesting alteration or possibly oxidation (Figure 19b). 

Sample D4 is almost identical to sample D3 but does not contain any mesh-textured blocks of 
serpentinite (Figure 20). Second-order birefringent, feather-like minerals of amphibole envelope 
several clusters of high-birefringent carbonate. A small vein displays first-order birefringence typical 
of serpentine and hosts carbonate lenses in its centre (Figure 20b). A much larger carbonate vein 
displays distinct banding that indicates its pattern of growth (Figure 20d). When compared to sample 
D3, large opaque masses of chromite are much more frequent, some of which reach 0.7 mm in width. 
These appear embayed by groundmass, possibly from alteration, and several small, fragmented, 
opaque masses might represent removed altered material. Some relict minerals are entirely replaced 
by pseudomorphs of highly birefringent, orthorhombic, acicular minerals, and minor, abundant 
opaque minerals (Figure 20c). The acicular minerals are identified as amphibole, specifically 
anthophyllite, due to their orthorhombic structure. A blue pleochroism is noted in some small zones 
of the acicular material and adjacent to chromite, suggested to be chlorite. Elongated opaque minerals 
have mineralised across the pseudomorph parallel to amphibole. 

Sample D5 is texturally homogenous, with only three different minerals identifiable in the thin section. 
In PPL, opaque minerals are easily recognised (Figure 21a), arranged as linear, discontinuous masses 
forming an interconnected network typical in a mesh texture of serpentinite. These opaque minerals, 
assumed to be magnetite, outline the original crystal boundaries. Clusters of minerals within these 
areas display moderate relief and form polygonal outlines, showing extremely high birefringence in 
XPL as brown masses with multicolored specks, indicative of carbonate mineralisation (Figure 21b). A 
couple of veins (c. 0.2 mm thick) elsewhere in the thin section are infilled with the same mineral. 
Propagating from the opaque masses are large areas of serpentine with first-order interference 
colours in XPL and a feathered appearance. The absence of primary minerals suggests sample D5 is 
entirely serpentinised. 

Overall, the Dawros Peridotite samples exhibit significant variability. Less altered orthopyroxenite has 
a crystalline adcumulate texture with subhedral bronzite orthopyroxene, minor clinopyroxene, and 
large carbonate veins accompanied by opaque minerals. Altered orthopyroxenite (sample D2) is 
extremely talcose and deformed, comprising amphibole, possibly of anthophyllite, and Fe-oxide-
coated fractures. Other areas of the peridotite are completely altered, featuring feather-like 
amphibole, serpentine crystals, and extensive talc. Sample D3 contains serpentinised peridotite 
fragments with a serpentine mesh texture and Fe-oxide veins. Sample D5 is entirely typified by a 
serpentine mesh texture but with additional high-birefringence carbonate masses. Large opaque 
minerals, likely chromite, are common in all serpentinites, particularly in sample D4.  
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Figure 17: Petrographic images of sample D1. (a) A whole PPL slide scan of sample D1, displaying an overview of fractures, 
crystal size, and altered areas, also acting as an inset map. (b) Orthopyroxene (Opx) crystals of varying birefringence, 
displaying some cleavage, and bronze-colour in XPL. (c) Another area of orthopyroxene crystals with unusually bright 
birefringence, adjacent to minor intergranular clinopyroxene (Cpx). (d) PPL and XPL of a large magnesite vein of sample D1. 
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Figure 18: Petrographic images of sample D2. (a) Full PPL slide scan detailing the fractures and various altered zones of the 
thin section, as well as inset areas. (b) PPL and XPL image of deformed anthophyllite in an altered groundmass of talc, 
alongside opaque minerals of ferritchromit. (c) PPL and XPL of relict orthopyroxene, almost entirely replaced by talc, 
surrounded by acicular or elongate amphibole and fractures coated with Fe-oxides. 
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Figure 19: Petrographic images of sample D3. (a) Full PPL slide scan displaying the two distinguishable zones of the thin 
section, alongside several carbonate veins and following inset areas. (b) PPL and XPL image of partially serpentinised 
amphibole, serpentine, and carbonate groundmass alongside opaque masses of Cr-spinel and magnetite. (c) PPL and XPL of 
serpentine and magnetite mesh texture. (d) Magnified image of the large serpentine and carbonate vein from the PPL slide 
scan (a). 
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Figure 20: Petrographic images of sample D4. (a) Full PPL slide scan displaying carbonate minerals surrounded by darker 
areas of amphibole and lesser talc, along with parallel veins and inset areas of the following. (b) PPL and XPL image of a 
composite serpentine and carbonate vein and several large, altered Cr-spinel, within an amphibole�tcarbonate matrix. (c) PPL 
and XPL of relict crystal pseudomorphed by elongate opaque minerals and acicular amphibole. (d) PPL and XPL of a large, 
banded carbonate vein. 



 

49 
 

 

Figure 21: PPL (a) and XPL (b) petrographic images of the mesh texture that entirely characterises sample D5. Dashed white 
lines on the PPL image (a) highlight crystal boundaries of the protolith peridotite, traced by carbonate and magnetite veins. 

 

4.4 EDS Results 

4.4.1 Primary Minerals of the Antrim Lava Group (Sample 2�t1) 

Large (c. 1 mm) glomeroporphyritic olivine phenocrysts are observed in the less altered ALG sample 
2�t1, which EDS reveals are Mg-rich. Quantitative stoichiometry calculations of the cations in measured 
olivine crystals present an olivine formula of Mg1.7Fe0.3SiO4, classifying the olivine in this sample as 
forsterite. Thin (c. 25 µm) iddingsite reaction rims have developed on all olivine phenocrysts. On EDS 
element maps, iddingsite rims show an overall enrichment of Fe and depletion of Mg relative to 
olivine. However, iddingsite rims also exhibit a gradational chemical zonation with an outwardly 
increasing Mg, Al, and, to a lesser extent, Ca and decreasing Fe and Si (Figure 22a). Spectra for 
iddingsite rims confirm minor counts of Ca expected for smectite. Hairline fractures in olivine 
phenocrysts show on EDS maps as increased Al and low Mg relative to olivine, with limited change to 
other element proportions (Figure 22b). The positioning of hairline fractures in olivine appears to be 
controlled by the location of mineral inclusions as they are interconnected. Smaller (c. 70 µm) 
fragmented olivine within the groundmass is distinguished geochemically from the forsterite 
phenocrysts. EDS spectra of these olivine fragments display slightly higher counts of Fe, producing a 
formula, Mg1.25Fe0.75SiO4. This groundmass olivine is uncommon in many of the samples of this study 
except sample 2�t1. 

A range of Fe-oxide/oxyhydroxides (FeO/OH) are situated within or proximal to large olivine 
phenocrysts. EDS data shows these FeO/OH phases are rich in Cr, Fe, Al, Ti and Mg, the relative 
amounts of which vary from grain to grain (Table 22). Many FeO/OH phases are small and unpitted, 
with stoichiometrically calculated formulas of Mg0.6Fe0.5Cr0.8Al1.1O4, providing a potential mineral 
identification of picotite, alumo-chrompicotite, or berezovskite ((Mg,Fe)(Cr,Al)2O4). Other FeO/OH 
grains are identified as spinel, appearing pitted and generally larger (e.g. Figure 22b). For pitted-
textured spinel, stoichiometric calculations from EDS data provide a formula of Mg0.4Fe0.9Ti0.1CrAl0.6O4, 
with some grains having a minor Ca component. In multiple samples, pitted spinel is found at the 
boundary between groundmass and olivine phenocrysts. Lastly, some FeO/OH phases are identified 
as a rarer spinel, with a stoichiometric formula of Mg0.3Fe1.5Cr0.7Ti0.4Al0.2O4, though the generated 
cation sums are slightly higher than expected (Table 6). This FeO/OH phase exhibits higher Fe and Ti 
counts compared to other spinel (Figure 22b), suggesting a greater substitution of Fe3+ or Ti3+ in place 
of Al3+ and Cr3+ to fit stoichiometry. These spinel grains are mostly contained within olivine 
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phenocrysts. In sample 2�t7, a pitted spinel displays a zone richer in Fe and Ti and lacking Cr, which 
indicates the presence of ulvospinel, Fe2+

2Fe3+
0.1Ti0.9O4. 

Groundmass clinopyroxene shows a similar EDS spectral Mg count to olivine phenocryst rims but is 
lower compared to olivine phenocryst cores.  These clinopyroxenes display a high Ca EDS count, which 
makes it the most Ca-rich mineral in the ALG basalt samples. In addition, clinopyroxene has a minor 
abundance of Fe.  Stoichiometric calculations using EDS spectra provide an augite formula, 
(Ca)(Mg,Fe,Al)(Si,Al)2O6), but with a low proportion of Al. EDS spectra from sample 2�t3 show 
clinopyroxene contains equal proportions of Ca and Mg, with lesser Fe (~Ca0.85Mg0.9Fe0.25Al0.1Si1.9O6), 
potentially classifiable as Fe-bearing diopside (CaMgSi2O6). Chemical alteration is noted in one augite 
fragment that shows the replacement of Ca for Fe on one edge, whilst Mg content remains uniform. 
More altered basalt samples contain fragmented augite with higher abundances of Mg and Fe 
compared to non-fragmented augite. 

Within the basalt groundmass, plagioclase laths display high EDS counts of Al, with low counts of Ca 
and Na. Stoichiometric calculations using EDS counts infer this plagioclase to be labradorite (Ca0.5-

0.7,Na0.3-0.5)(Al,Si)4O8. Specifically, in one of the least altered samples (2�t1), stoichiometric calculations 
of EDS spectra produce the formula (Ca0.7Na0.3)(Al1.7Si2.3)O8. However, pervasive hairline fracturing in 
this plagioclase has led to minor enrichment of Mg and Fe and a loss of Al and Ca due to partial 
chloritisation (Figure 22a). There is also a weak increase in EDS Na counts on the edges of plagioclase 
laths and at the walls of fractures. In more altered basalt samples (e.g. sample A8), plagioclase crystals 
show variable alteration and zonation (Figure 23). Some labradorite contains chloritised Mg- and Fe-
rich alteration cores related to hairline fracturing in the crystals, shown as decreases in Al and Si EDS 
counts and, to a lesser extent, Na counts. Stoichiometric calculations of the formula of these altered 
plagioclase cores almost correspond to clinochlore var. ripidolite, (Mg,Fe,Al)6(Al,Si)4O10(OH)8, with the 
specific stoichiometry of (Mg3.48,Fe1.05,Al)(Al0.1,Si3.9)O10(OH)8. Several intergranular areas around 
plagioclase laths are outlined by a marked increase in K counts and lack of Ca counts, which appear to 
occupy positions once held by interstitial pyroxene. These areas are associated with subtly increased 
Na counts in labradorite, although no chloritisation has occurred (Figure 23). 

Thin (10 µm), elongate (0.1 mm long), Ti-Fe oxides are also present in the groundmass of the ALG 
basalts, with a composition matching ilmenite, FeTiO3, with a very minor Mg component to their 
composition. Ilmenite composition is uniform across multiple basalt samples. Less common, very small 
(< 10 µm) masses of native copper are outlined by high counts of Cu in multiple basalt samples (e.g. 
2�t1, 2�t7). These are observed amongst groundmass clinopyroxene and plagioclase, although one 
example is situated within a pitted Cr-spinel (Figure 22b). Small (c. 5 µm) rare grains of a different 
phase produce high EDS counts of Ca and minor P suggestive of apatite, Ca5(PO4)3, from amongst 
fractured augite and labradorite. 
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Figure 22: [A] Cross-polarised light, BSE, and EDS element maps of fresh glomeroporphyritic olivine phenocrysts and 
groundmass in massive basalt (sample 2�t1, LBF). Fe and Mg maps show iddingsite alteration on olivine; Na and K maps 
indicate feldspar albitisation and zeolite variation. Ca map highlights Ca-rich clinopyroxene and Al map indicates feldspar Al-
loss in fractures. White square in BSE image indicates field for [B]. [B] BSE and EDS element maps of Cr-spinel, native Cu 
between olivine phenocrysts, and Al concentration in olivine fractures. Si map shows Si-absent oxides, Cr-spinel, and ilmenite, 
highlighted in Al, Cr, Fe, and Ti maps. 
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Table 6: Stoichiometry of several spinel (AB2O4) spectra collected from samples of the Antrim LBF. Basalts appear to contain 
a range of spinel chemistries, however these can be �P�Œ�}�µ�‰�����������•�������}�v���Z�‰�]�š�š�����[���~�š�}�‰���Œ�}�Á�•�����v�����Z�µ�v�‰�]�š�š�����[���~���}�š�š�}�u���Œ�}�Á�•���•�‰�]�v���o�X 

 

Sample 
ID 

A8 �î�x�í  �î�x�í  �î�x�í  �î�x�í  �î�x�ó �î�x�í  �î�x�í  �î�x�ï  �î�x�í  �î�x�í  �î�x�ï  A8 

Mg 0.28 0.28 0.36 0.29 0.36 0.35 0.37 0.34 �x  0.44 0.54 0.39 0.52 

Al �x  0.22 0.24 0.41 0.3 0.57 0.48 0.54 0.65 0.76 0.76 0.5 0.84 

Si �x  �x  �x  �x  �x  �x  �x  �x  �x  �x  �x  0.26 0.14 
Ca �x  �x  �x  �x  �x  �x  �x  �x  �x  �x  �x  0.12 �x  
Ti 0.53 0.37 0.4 0.26 0.26 0.17 0.16 0.1 �x  �x  �x  �x  �x  
Cr 0.75 0.75 0.67 0.9 0.95 0.91 1.05 1.04 1.1 1.04 1 0.96 0.84 
Fe 1.54 1.51 1.48 1.23 1.25 1.1 1.01 1.09 1.37 0.85 0.81 0.78 0.68 

Total 3.1 3.14 3.15 3.08 3.12 3.09 3.07 3.11 3.12 3.1 3.12 3.01 3.02 

Sample 
ID 

A8 �î�x�í  �î�x�í  �î�x�í  �î�x�í  �î�x�í  �î�x�ï  A8 A8 �î�x�ï  A8 �î�x�ï   

Mg 0.51 0.62 0.59 0.69 0.66 0.63 0.73 0.6 0.59 0.7 0.68 0.69  
Al 0.91 1.02 1.03 1.06 1.1 1.11 1.14 1.15 1.2 1.23 1.26 1.28  
Si 0.26 �x  �x  �x  �x  �x  �x  �x  �x  �x  �x  �x   
Ca 0.07 �x  �x  �x  �x  �x  �x  �x  �x  �x  �x  �x   
Ti �x  �x  �x  �x  �x  �x  �x  �x  �x  �x  �x  �x   
Cr 0.62 0.86 0.79 0.8 0.78 0.82 0.69 0.81 0.75 0.73 0.67 0.62  
Fe 0.6 0.55 0.68 0.52 0.52 0.48 0.53 0.46 0.48 0.37 0.43 0.46  

Total 3.01 3.06 3.09 3.07 3.06 3.04 3.09 3.02 3.02 3.02 3.04 3.05  
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Figure 23: XPL and BSE imagery alongside EDS element mapping (Si, Mg, Fe, Al, Ca, Ti, Cr, K, Na) of a large chloritised 
glomerocryst surrounded by fresh pyroxene and Mg-filled, chlorite-centred plagioclase, ilmenite and minor albite, sample A8, 
LBF. Characteristic X-ray intensity is slightly greater on the upper portion of EDS frames resulting in a spatial gradient owing 
to the positioning of the thin section with the detector and changing input count rate. Therefore, stitching of EDS montages 
is not perfect although element variations for individual minerals are still easily distinguishable within frames. 
 
 

4.4.2 Alteration of Olivine Phenocrysts in the Antrim Lava Group (Sample A8) 

Olivine phenocrysts and glomerocrysts often contain fragments of fresh, birefringent olivine alongside 
dull, turbid, altered remnant material. EDS spectra of birefringent remnants of olivine in sample A8 
(Figure 24) show the highest EDS Mg counts in the sample and correspond to Mg1.7Fe0.3SiO4, identical 
to the composition of fresh forsterite phenocrysts measured from sample 2�t1, (Figure 22). Fractured, 
dark turbid areas under petrography, characterised by a darker appearance in BSE imagery, represent 
areas within the olivine phenocrysts depleted in Mg, and to a lesser extent Fe, and enriched in Si and 
Al counts with respect to the olivine itself. 

Figure 23 shows EDS element maps and BSE images of a glomeroporphyritic olivine comprising three 
aligned phenocrysts. BSE imagery identifies at least two different altered zones within the olivine 
glomerocryst matrix. EDS element maps and spectra show both zones do not represent variations in 
Mg but rather in Si depletion and enrichment in Al and, to a lesser extent, Fe. The most intensely 
altered zones are concentrated around fractures in the olivine. A ubiquitous Fe-reaction rim, 
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approximately 50 µm thick, surrounds most olivine phenocrysts and glomerocrysts across multiple 
samples. However, Figures 23 and 24 illustrate this alteration rim can be discontinuous. Areas where 
the olivine alteration rim is absent or diminished often coincide with olivine-pyroxene boundaries. In 
addition, some reaction rims contain Fe-rich specks and clusters (Figure 25b). 
Phenocryst/glomerocryst alteration rims display a series of parallel fractures, suggesting a 
crystallographic weakness or cleavage (Figure 4b). Larger scale fractures are observed in the altered 
olivine, with associated alteration zones, and are perpendicular to the previously mentioned fractures 
(Figure 24).  

 
Figure 24: XPL and BSE imagery alongside EDS element mapping (Si, Mg, Fe, Al, Ca, Ti, Cr, K, Na) of several small, partially 
chloritised, phenocrysts surrounded by fresh pyroxene and plagioclase, ilmenite and almost void of albite, sample A8, LBF. 
Patches of second order birefringence in phenocrysts correspond to discrete fragments of fresh olivine with much higher Mg 
counts. 

Large (c. 50 µm) silicate inclusions are noted within olivine glomerocrysts (Figure 25b). Despite 
morphologically appearing similar to the identified zoned Cr-spinel inclusions, these inclusions are 
void of Cr, contain Si, and are characteristically darker appearance in BSE imagery. For stoichiometric 
calculations, both zones show a cation sum of just under four when associated with six O-2 anions, 
potentially suggestive of pyroxene, but a sum of Al0.65

3+ and Si1.75
4+ equivalent to 2.4 cations for both 

zones. Via stoichiometry, the zones are distinguished by varying divalent metal cations, where one 
zone comprises Ca and Mg0.6, considered augite, and the other comprises Mg1.1 and Fe0.5, possibly 
orthopyroxene. A distinct, irregular boundary separates these two zones. 



 

55 
 

An EDS element map of sample 2�t3 shows a much smaller olivine phenocryst (Figure 26). Relative to 
other imaged phenocrysts, the iddingsite reaction rim of the olivine is minor. Except for the iddingsite, 
the remaining olivine displays a similar chemistry to the surrounding chloritised groundmass, 
indicating complete alteration of the phenocryst to chlorite. Plagioclase crystals in sample 2�t3 are 
almost indistinguishable from the olivine matrix and phyllosilicates. Only thin (c. 10 µm), fragmented, 
Al-rich plagioclase remains. 

 

 
Figure 25: Observed fracturing within olivine phenocrysts of A8. (a) EDS element map (Fe, green, and C, white) highlighting 
orthogonal cracks within small olivine phenocryst and alteration rim. (b) BSE image of large glomerocryst displaying parallel 
fractures within olivine alteration rim perpendicular to bright hairline Fe veins and fractures within chloritised olivine. 
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Figure 26: XPL and BSE images alongside EDS element mapping (Si, Mg, Fe, Ca, Al, Na, Cr, Ti) of a large olivine phenocryst 
altered to chlorite from sample 2�t3, LBF. Angular holes within the phenocryst are sometimes infilled with either Na- or Ca-
rich zeolite. 

 

4.4.3 Zeolites of the Antrim Lava Group 

Figure 22 presents four examples of zeolite minerals in sample 2�t1 of the ALG, all sharing a similar 
chemical composition to plagioclase with high EDS counts of Ca and Al but minor amounts of Na. 
Stoichiometric calculations of these phases confirm no match to plagioclase, based on the number of 
Si cations to eight O anions. Instead, stoichiometry suggests chabazite-Ca, CaAl2Si4O12·6H2O. One 
measured zeolite closely matches chabazite but contains minor amounts of Mg and Fe, potentially 
resulting from alteration. High EDS counts of K are measured from one radial zeolite crystal. 
Stoichiometry of this zeolite corresponds well to a T5O10 zeolite such as scolecite, but with marked 
substitution of Ca with K, equivalent to Ca0.6K0.4Al2Si3O10·3H2O.  

Sample 2�t5, another massive basalt of the LBF, also contains regions comprised of minerals that 
petrologically display low birefringence and low relief. All these minerals exhibit a tabular, blocky 
appearance and are identified as Ca-rich zeolites through EDS spectra, with minor Na and K 
components. Formulae, determined via stoichiometric calculations, generally corresponded to 
chabazite-Ca, (Na0.25K0.1Ca0.65)Al2.2Si4O12.  
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Figure 5 shows several regions of a chloritised olivine phenocryst that have been lost. Some of these 
regions within the olivine phenocryst are filled with material with compositions resembling zeolite 
minerals. Stoichiometric calculations for this silicate appear to suggest the chemical composition for 
a zeolite, potentially analcime (NaAlSi2O6·H2O) or a tabular Na-rich zeolite with the formula 
Na2Al2Si4O12. A larger gap in this olivine phenocryst has been entirely infilled with another silicate 
mineral with high EDS counts of Al, Ca and low counts of Na and K. This phase is in full contact with 
the surrounding chlorite matrix of the phenocryst, sharing an irregular boundary. Based on its 
morphology and stoichiometric calculations, this mineral is likely the tabular zeolite chabazite-Ca, 
(Ca0.9K0.1Na0.1)Al2Si4O12. 

A sequence of various zeolites comprises large amygdales within sample 1�t2 from the UBF (Figure 27). 
An initial filling phase is composed of tabular, pseudo-cubic crystals attached to the walls of the 
vesicle. EDS maps reveal that this phase is composed of two distinct phases. An inner phase, attached 
to the vesicle wall, is predominantly Si- and Ca-rich, with lower counts of Na and K. The outer phase 
remains Si-rich but shows increased counts of Al and Ca and lower counts of Na and K. Although both 
zeolite phases appear tabular, stoichiometric calculations for the inner zone do not align well with 
T6O12 zeolites based on resultant proportions of Al to Si, outputting the formula 
Na0.26K0.14Ca0.54Al1.55Si4.47O12. This is problematic as stoichiometric calculations for the outer zone 
corresponded well to the formula Na0.2K0.1Ca0.9Al2.1Si3.9O12, indicative of chabazite-Ca. Under the 
microscope, the crystals appear zoned rather than comprising two individual zeolite minerals. 
Therefore, the inner phase is assumed to be chabazite-Na despite the disproportionate Al:Si ratio. 

From the initial zeolite phases of sample 1�t2, propagates a larger radial assemblage of an acicular 
zeolite, rich in Ca and lesser Na. The acicular habit of the zeolite suggests these are likely T5O10 zeolites. 
The best fitting stoichiometric-derived formula for the spectrum appears to be Na0.5Ca0.9Al2.4Si2.6O10 
with proportions of Ca always greater than Na. The abundance of Ca suggests this is not natrolite, 
whilst the orthorhombic extinction and yellow birefringence in XPL petrography suggest this is 
thomsonite-Ca. These thomsonite needles appear coated by a thin silicate layer rich in Al, Mg and 
minor Ca. Stoichiometric calculations inputting O22, equivalent to O20(OH)4, correspond to a whole 
cation sum of 13 and suggest this is a small film of smectite comprised mostly of Ca-montmorillite, 
with the derived formula Ca0.4Mg2.6Al2.3Si7.7O20(OH)4. 

A final zeolite phase develops on the smectite-coated acicular zeolite. This final zeolite phase appears 
primarily white-yellow in XPL, with undulose extinction, pseudo-cubic crystals, and very low relief in 
PPL. Stoichiometric calculations of EDS spectra best match the formula Ca0.6K0.1Mg0.3Al1.9Si6.1O16, a 
possible match for yugawaralite Ca(Al2Si6)O16·4H2O. The observed morphology does not match with 
the zeolite goosecreekite. The crystal habit and high EDS counts of Mg suggest this to be an Mg-
bearing chabazite. Some crystals of this final stage of zeolite formation (the right edge of Figure 27) 
show chemical variation that, via stoichiometric calculations, match a typical formula for chabazite-
Ca. These chemically variable areas also have the appearance of chabazite in thin section (Figure 27). 
Therefore, it is interpreted that chabazite-Mg, alongside lesser chabazite-Ca, represents the last 
zeolite of this sequence. Smaller amygdales within sample 1�t2 only appear to contain chabazite-Ca 
(Figure 9e). 
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Figure 27: EDS element mapping (Mg, Ca, Na, K) with corresponding BSE and XPL images of a zeolite sequence in a large 
amygdale of sample 1�t2, UBF. A zoned tabular, Ca-rich zeolite, was the first precipitated, followed by a Ca- and Na-rich 
acicular zeolite, interpreted to be thomsonite-Ca. Mg-rich clay deposition across thomsonite suggests a hiatus in zeolite 
precipitation, after which chabazite-Mg and chabazite-Ca have precipitated. 
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Another sequence of zeolites, formed within a large amygdale in LBF sample 2�t3 (Figure 28), appears 
to have grown from the walls of a vesicle already coated with an existing secondary mineral. This 
coating is seen in all amygdales of this sample, which is uniformly ~25 µm thick. This initial vesicle 
mineral appears to be a phyllosilicate that primarily comprises Mg, Al and lesser Fe and Ca. 
Stoichiometric calculations do not match any general formula; however, the Mg count suggests this 
must be an Mg-rich clay such as montmorillonite or chlorite. The following zeolite sequence has not 
grown uniformly within the amygdales. Petrographic observations indicate that a tabular zeolite is the 
initial phase to form. However, EDS element maps reveal a chemically distinct, undulating, calcium-
rich zone within this zeolite phase. This zeolite is suggested to be chabazite due to its pseudo-cubic 
appearance, symmetrical extinction, and dark first-order birefringence. Stoichiometric calculations 
suggest both zones in the zeolite phase loosely correspond to different chemical varieties of chabazite 
within the same crystal. The thin Ca-rich zone in contact with the Mg-rich clay has a stoichiometric-
derived formula of Na0.2K0.1Ca0.9Al2.2Si3.8O12, almost identical to the chabazite-Ca noted in sample 1�t2. 
The more dominant zone of the zeolite corresponds to the stoichiometrically calculated formula 
NaCa0.4Al1.9Si4.1O12, with negligible K, potentially considered chabazite-Na. Other notable features are 
vein-like wavy cracks only noticeable in BSE imagery of the chabazite-Na zone. 

From this initial zeolite phase (chabazite), large (> 500 µm long), acicular, fan-like, radial splays of 
zeolite are developed. These zeolite splays are Ca-rich but also contain reasonable amounts of Na 
identical to radial zeolites measured in sample 1�t2. Therefore, these are suggested to be thomsonite-
Ca, with the formula Na0.55Ca0.85Al2.3Si2.7O10, calculated based on stoichiometry. Precipitated following 
the thomsonite-Ca is an assemblage of a Na-rich zeolite (Figure 28). Petrography indicates this area 
comprises a crosshatch, or mesh, of grey-yellow birefringent acicular crystals, with orthorhombic 
extinction, that has filled the remainder of amygdale space (Figure 28). These observations and the 
Na-rich composition suggest the last phase of this sequence is natrolite. Stoichiometric calculation 
produced the formula (Na1.7Ca0.1)Al2Si3O10, which agrees well with the identification of natrolite. 
Several crystals of the thomsonite and chabazite phases are observed within the natrolite mass. These 
crystals might have been broken and incorporated during natrolite precipitation or represent in-situ 
zeolite visible from the underside of the amygdale. Patches of natrolite are also observed in several 
areas of the pseudo-cubic chabazite-Na crystals (Figure 28).  
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Figure 28: EDS element mapping (Mg, Ca, Fe, Na, K) with corresponding BSE and XPL images of a zeolite sequence in a large 
amygdale of sample 2�t3, LBF. Zeolites have precipitated on clay coated vesicle walls. Chemically zoned chabazite is followed 
by the precipitation of radial clusters of thomsonite-Ca, and later precipitation of natrolite. 
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Amygdale mineral fills observed in sample A6 comprise petrographically low relief, irregularly twinned 
mosaics of a mineral with dark, first-order birefringence colours. The largest amygdale in sample A6 
comprises a zeolite that appears tabular. Stoichiometric calculations of EDS counts produce a formula 
equivalent to (Na0.73K0.48Ca0.4)Al2Si4O12, suggesting it is Ca-bearing chabazite-Na. Another amygdale, 
containing a zeolite with a similar appearance to the chabazite-Na, contains no EDS K counts and 
shows an EDS-derived stoichiometric formula of (Na1.5Ca0.3)Al2.2Si3.8O12, interpreted to be a more sodic-
rich chabazite-Na. One unique amygdale contains zeolite minerals that appear identical to twinned 
plagioclase and show Na- and K-rich twins. These twins correspond to the chabazite varieties that exist 
within amygdales of sample A6. All zeolites of sample A6 are lined by 70 µm thick vesicle linings of 
collomorph phyllosilicates. The collomorph phyllosilicate was suggested to contain celadonite because 
of its blue appearance in the hand samples. However, EDS spectra indicate this is an Mg-rich clay, 
absent of K expected for celadonite. 

Sample 2�t6 of the LBF contains several fractures that interlink amygdales. These fractures are filled 
with the same zeolites that are precipitated within amygdales; however, amygdales are lined by Mg- 
and Fe-rich collomorph phyllosilicates, which are not present in the fractures. This phyllosilicate 
appears identical to the Mg-clay linings measured in sample A6. EDS mapping of a filled fracture shows 
both Na- and Ca-rich chemical zones (Figure 29). Most of the fracture zeolite corresponds to 
Na2AlSi2O6, assumed to be chabazite-Na, which also comprises the inner zone of the left amygdale in 
Figure 29. EDS element maps show a separate Ca-rich zone lining the margins of this amygdale, with 
an EDS-derived stoichiometric formula of (Na0.91Ca0.3)Al1.8Si4.26O12. Both zeolite phases appear 
petrologically uniform, massive or tabular (where developed), with dark first-order birefringence, 
suggesting they are chemical zones of the same zeolite rather than separately formed zeolite phases. 
On the right side of the vein in Figure 29, the composition transitions to a Ca-rich zeolite that has 
entirely mineralised an amygdale on the right. Stoichiometric calculations determined the zeolite 
matched the formula (Na0.2K0.1Ca0.8)Al1.8Si4.1O12, generally identifying chabazite-Ca. A separate 
amygdale at the bottom of the acquisition area (Figure 29), not connected to the mapped vein, also 
comprised a zeolite that shared this composition.  
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4.4.4 Primary Minerals of the Connemara Metagabbro-Gneiss Complex 

Sample C1 comprises aggregates of amphibole and areas of turbid plagioclase. The latter is 
characterised by high EDS counts of Al, Si and O, with lower counts of Ca (Figure 30). Stoichiometric 
calculations indicate that plagioclase is of anorthite variety (CaAl2Si2O8), with higher Ca than expected, 
producing a skewed formula Ca1.3Al1.9Si1.9O8. Zoning in the anorthite, outlined via BSE imagery, 
corresponds to minor variations in EDS counts of Fe. Slightly higher EDS counts of Fe are discernible 
on the outer rim of the anorthite phase. Several fractures within the inner zone of the anorthite 
contain intercalated assemblages of a mineral phase rich in K, although this phase was unidentifiable. 
A more dominant phase, predominantly confined to the outer edges of the anorthite, is marked by an 
increase in Na and loss of Ca. These chemical alterations are typical for albitisation in feldspars. 
Stoichiometric calculations of one albitised area produced the formula Na0.7Ca0.4Al1.5Si2.5O8, indicating 
Ca has been lowered relative to the anorthite but is still present. 

Figure 30: XPL and BSE imagery with EDS element mapping (Si, Mg, Fe, Ca, Al, K, Na) of a sheared metagabbro, sample C1. 
Dark turbid areas in XPL correspond to anorthite represented by high Ca counts, surrounded by small patches of K and Na. A 
Ca-absent phase amongst the mosaic of hornblende and clinopyroxene represents chlorite alteration with high Mg and Al 
counts. 
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Overall, the large aggregates of amphibole display high counts of Mg and Fe with lesser Al and Ca 
(Figure 30). The amphibole displays a uniform composition across sample C1, identified generally as 
hornblende with the interpreted formula Na0.3Ca1.7(Mg4Fe0.6Al0.4)(Al1.2Si7.1)O22(OH)2, produced by 
stoichiometric calculations. However, intergranular areas between the hornblende aggregates display 
an absence of Ca EDS counts, lower EDS counts of Si, and higher EDS counts of Mg, Fe, and Al. These 
chemical changes are suggestive of chlorite alteration, a hypothesis supported by the appearance of 
the phase under XPL and stoichiometric calculations that suggest the formula 
(Mg3.7Fe0.8Al1.5)(Si2.9Al1.1)O10(OH)8, generally indicative of ripidolite. Minor silicate minerals rich in Ca, 
lesser Ti and minor Al are found in sample C1, generally along the boundaries of the anorthosite and 
hornblende. Stoichiometric calculations suggest these correspond to accessory minerals of titanite, 
CaTiSiO5, that contain minor impurities of Al. 

Sample C4 generally comprises the same mineralogy as sample C1 but with slightly different alteration 
phases. A silicate phase with high EDS counts of Al and lesser Ca corresponds to anorthite of an 
identical highly calcic composition as those in sample C1. BSE imagery displays a noticeable pitted 
texture for the anorthite (Figure 31). This texture corresponds to alteration phases high in counts of 
either K or Na, replacing the anorthite in disorderly blebs. The alteration is also associated with the 
complete loss of Ca and minor Al from the anorthite phase. As observed in sample C1, areas with high 
counts of Na represent partial albitisation of the anorthite, noticeably more pervasive on the top of 
the anorthite phase. Contrastingly, areas of anorthite replaced by the K-rich phase comprised only K,  

Figure 31: XPL and BSE imagery with EDS element mapping (Si, Mg, Fe, Ca, Al, K, Na) of veining and alteration within 
metagabbro, sample C4. 
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Al, Si and O where developed, indicating the complete loss of Ca. Stoichiometric calculations suggest 
these areas of anorthite are replaced by minor assemblages of sericite, KAl3Si3O10(OH)2. Amphiboles 
in sample C4 are chemically similar to those in sample C1, identifiable as hornblende, but lacking EDS 
counts of Na, containing lower counts of Al and higher counts of Si. Two distinguishable crystal habits 
characterise the hornblende in this sample. The first comprises larger (approximately 250 µm) equant 
crystals rich in calcium-bearing minerals, while the second consists of smaller, elongated 
parallelogrammatic crystals measuring around 200 µm x 50 µm. Despite their visual differences, these 
hornblendes are chemically identical and only minor variations are observable. Specifically, elongated 
hornblendes exhibit slightly lower Fe and higher Mg counts in EDS analysis. Their general formula is 
determined through stoichiometric calculations to be Ca1.9(Mg3.6-4.1Fe0.8-1.1Al0.3-0.5)(Al0.3Si7.7)O22(OH)2. 
Ca-rich minerals within the equant hornblende represent calcite, CaCO3. Although extremely minor, 
fragments of a phase containing Ti are interpreted to be titanite, CaTiSiO5. Very minor counts of Cr are 
detected in hornblende, often proximal to the calcite growth. 

Amphibole of sample C7 (and sample C6) appears more characteristic under PPL and XPL than 
amphibole in other metagabbro samples of this study. EDS mapping indicates that the amphibole has 
high EDS counts of Mg and Fe, with lesser counts of Ca (Figure 32). Stoichiometric calculations 
determined the amphibole to be hornblende, with the formula Na0.4Ca1.8Mg2.9Fe1.8(Al1.8Si6.6)O22(OH)2, 
which contains comparably low Mg and high Fe relative to hornblende of sample C1 and sample C4.  

Figure 32: XPL and BSE imagery with EDS element mapping (Si, Mg, Fe, Ca, Al, K, Na) of alteration within metagabbro of 
sample C7. 
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Furthermore, the hornblende shows a high degree of alteration, with an alteration phase discernible 
via BSE imagery around the hornblende rim. The phase is typical of alteration to chlorite with a loss of 
EDS counts of Si, Ca and Na and an increase of EDS counts in Mg, Al and minor Fe. Several thin (c. 
10 µm x 50 µm) elongated grains that display only high EDS counts of Si indicate quartz, SiO2, that has 
mineralised in cleavage fractures of the hornblende (Figure 32). Less common grains of calcite, 
outlined by high EDS counts of Ca, and minor titanite have also mineralised within hornblende. Unform 
with sample C1 and sample C4, anorthite is distinctly calcic but also shows considerable alteration at 
the crystal boundary with hornblende. Large areas of complete albitisation are indicated by a high K 
phase, whilst complete sericitisation is indicated by high Na counts. Fractures within anorthite are 
associated with albite alteration. A Fe-alteration rim is also defined on anorthite crystals. 

Petrographic analysis of sample C5 identified a similar composition to other metagabbro samples of 
this study but appeared much more phaneritic, with small high-relief grains. At the bottom of the 
element map of sample C5 (Figure 33), a silicate phase reflecting high EDS counts of Mg, Ca, Al, Fe, 
and minor Na corresponds well to amphibole. Stoichiometric calculations interpret the composition 
of this amphibole to be roughly Na0.3Ca1.8Mg3.7Fe0.8Al0.7(AlSi7)O22(OH)2, representing hornblende. 
Whilst almost impossible to distinguish types of hornblende without microprobe analysis, this 
composition, and amphibole of the other metagabbro samples in this study, seem to align with Al-
poor magnesiohornblende, Ca2[(Mg,Fe)4Al]Si7AlO22(OH)2. Within hornblende are small oval pockets of 
anorthite, CaAl2Si2O8, distinguishable by coexisting high EDS counts of Al and Ca (Figure 33). Some of 
these pockets are altered to small zones rich in K and Al, equivalent to sericite, KAl2(AlSi3O10)(OH)2, 
also noted during petrographic analysis. 

At the top of Figure 33, hornblende crystals are almost completely altered, absent in EDS counts of Ca 
and Na, and depleted in Si EDS counts. The alteration is uniform with chlorite alteration observed for 
other metagabbro samples of this study, displaying high EDS counts of Mg, Al and lesser Fe. Chlorite 
replacement of hornblende appears to show minor zonation, with higher Mg counts towards the 
centre of the altered hornblende masses. Despite minor variations in EDS counts of Fe, Mg and Al, all 
chlorite is generally considered a variety of ripidolite. 

Sample C5 contains large subhedral aggregates suggested to be pseudomorphs. These comprise a 
minor groundmass of ripidolite, surrounding large (50 �t 100 µm) oxides, displaying extremely high EDS 
counts of Al that correspond to corundum, Al2O3 based on stoichiometric calculations. This 
identification is supported by the high relief in PPL determined via petrography (Figure 16). In parts, 
the corundum is fractured, and two zones can be distinguished in BSE imagery. These zones appear 
identical in the element map and might be a result of minor elements untraceable in EDS imagery. A 
silicate phase rich in counts of Al and Ca is clearly distinguishable in the Ca element map, found 
amongst the corundum. Whilst chemically similar to anorthite, the silicate phase appears much darker 
in BSE imagery. Stoichiometric calculations identified this phase as margarite, CaAl2(Al2Si2)O10(OH)2, a 
common alteration product of corundum.  

A small vein matches the composition of anorthite but with minor EDS counts of Mg. It crosscuts the 
chloritised groundmass and corundum-chlorite pseudomorph before branching outwards into several 
small pockets (Figure 33). These pockets are of a separate phase displaying high EDS counts of K and 
Al, generally matching sericite, but with minor EDS counts of Mg and Fe. Several minor sulphides of 
pentlandite are present within sample C5, mostly concentrated within the pseudomorph and 
characterised by high counts of Fe and Ni. A 10 µm grain of sphalerite, ZnS, is also found on the side 
edge of a mass of corundum, whilst even smaller sphalerite grains are detected within corundum 
grains. Two small crystals in the general groundmass of sample C5, no greater than 20 µm, showed 
equally high counts of Ti and Ca representing titanite, CaTiSiO5. 
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Figure 33: BSE and EDS element mapping (Si, Mg, Fe, Al, Ca, K) of alteration and corundum grains within a porphyritic 
hornblende-rich metagabbro, sample C5. The K-rich phase represents sericite, whilst the high-Ca phase (lacking Mg) 
corresponds to anorthite, both found in blobs encapsulated within hornblende. BSE imagery shows several variations for 
corundum grains. 
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4.4.5 Primary Minerals of the Dawros Peridotite 

EDS data confirms that sample D1 is an orthopyroxenite comprising Mg-rich silicate minerals. 
Stoichiometric calculations of EDS spectral data suggest the dominant mineralogy of this sample 
corresponds to pyroxene with the Mg and Fe at a ratio of 1.8:0.2, with no Ca, suggesting enstatite. 
High EDS counts of Fe were expected in these orthopyroxenes based on their high birefringence, which 
corresponds well with the identification of the bronzite variety. Counts of Fe are slightly higher in the 
orthopyroxene crystals relative to the interstitial matrix, although spectra of this matrix still match 
that of enstatite, typical of an adcumulate. Both Ca- and Al-rich phases exist within enstatite cleavage 
planes but are too small to isolate reliable EDS spectra. 

Several small (c. 50 µm) irregular masses within the sample show high EDS counts of Ca with lower Mg 
counts relative to those measured in the enstatite (Figure 34). This Ca-richer phase is identified as 
clinopyroxene, with constituent cations of roughly Mg1.2, lesser Ca0.5, and minor Fe0.1 and Al0.1 
determined via stoichiometry, suggesting pigeonite or augite. One such Ca-rich mass displays a Ca EDS 
count equalling the Mg count, suggesting rare occurrences of diopside (CaMgSi2O6). 

EDS maps of a vein within sample D1 (Figure 34) show high counts of Mg and lesser counts of Fe, 
similar to those of the measured orthopyroxene, but lack Si and show low Mn counts. Stoichiometric 
calculations using the EDS spectra suggest this phase is an Mg-rich carbonate, or magnesite (MgCO3), 
with a minor Fe constituent. One small 50 µm mass of carbonate adjoined to this vein indicated some 
presence of Ca, representing dolomite, MgCa(CO3)2, with equal Ca and Mg proportions. Enstatite 
adjacent to the vein display a very minor loss of Si, but other element abundances appear unchanged. 

 

 
 

 

Figure 34: BSE and EDS element mapping (Si, Mg, Fe, Ca, Al) of a magnesite-filled fracture within an orthopyroxenite, sample 
D1. The area of alteration shows little effect on Mg count. 
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Small (20 µm) equant or lens-like FeO/OH phases are present, concentrated around the magnesite 
veins (Figure 34). Stoichiometric calculations are unable to discern between Fe2+ and Fe3+, thus making 
it impossible to differentiate between wüstite (FeO) and magnetite (Fe2O3). Some FeO/OH opaques 
have small EDS counts of Al. A single mineral cluster with high Mg and O counts, small Fe counts, and 
no Al, Si and C suggest an Mg-oxide phase. Stoichiometric calculations suggest these minerals are 
periclase (MgO). More common (10 µm) oxide minerals are found across the whole area of acquisition, 
with counts of Fe, Cr, and Al. These FeO/OH phases are determined to be Al-bearing chromite, 
Fe2+Al0.7Cr1.3O4, by stoichiometric calculations, indicating some substitution of Cr by Al. Other minor 
phases are observed in these samples but are too small for confident identification with EDS spectra. 
Several of these minerals are observable in Ni, Fe, and S EDS maps. One larger mass shows a spectrum 
resembling pentlandite but with a ratio of ~Fe:Ni/S of 7:6 rather than 9:8. One minor phase rich in Ti 
may be ilmenite. Lastly, a larger (25 µm) phase enriched in K is found amongst the orthopyroxene in 
both sampled sites but is unidentifiable. 

The more altered orthopyroxenite, sample D2, is texturally distinguishable from sample D1 via 
petrography and BSE imagery. EDS chemical maps indicate the sample has changed in composition 
but remains geochemically identical to the less altered sample D1. The least deformed minerals within 
the sample display spectra of enstatite, although increased Fe, Si, and Al and decreased Mg EDS counts 
suggest these minerals are subtly altered to amphibole. The rims of these relict enstatite are also 
altered to a material representing the intergranular phase (Figure 35). The intergranular phase has 
subtly decreased Al and increased Fe and Mg counts that perfectly match the composition for Fe-
bearing talc, Fe0.2Mg2.8Si4O10(OH)2, identified by stoichiometric calculations. Distinguishable by their 
bright appearance in BSE imagery, several acicular crystals are also found within talc and deformed 
around or into fractures of the relict, talcose enstatite. These acicular crystals display variable 
compositions resulting from non-uniform chemical zonation. The largest chemically mapped crystal 
shows a Fe- and Mg-rich rim that stoichiometric calculations suggest is identical to the composition of 
Fe-bearing anthophyllite, FeMg6Si8O22(OH)2. Comparably, the centre of the crystal displays higher Ca 
and lower Si counts that stoichiometric calculations suggest represent relict augite or pigeonite. 
Pervasive cleavage in enstatite has led to the formation of exsolution lamellae with inclusions 
displaying high EDS counts of Ca and Al, as seen in sample D1. The Ca-rich inclusions appear 
geochemically similar to clinopyroxene (Figure 35). An Al-rich phase appears depleted in O and is 
sometimes associated with a minor increase in K counts.  

More deformed crystals in sample D2 are broken parallel to mineral cleavage into several smaller rafts 
within the talc matrix (Figure 36). Stoichiometric calculations reveal that these crystals closely 
resemble Fe-bearing anthophyllite, characterised by higher Si and lower Mg counts compared to 
enstatite. While no Ca-rich phases such as apatite, clinopyroxene, or Ca-inclusions were detected in 
the vicinity of the deformed amphibole and talc, significant Al EDS counts were observed within 
fractures and pitted areas of larger anthophyllite crystals. Larger (c. 50 µm) Fe- and Cr-rich 
oxides/oxyhydroxides are numerous but vary in composition compared with those in sample D1. 
These generally correspond to Cr-spinel, with stoichiometric calculations indicating that Cr-spinel 
comprises two Fe cations and only one Cr cation. Therefore, it is suggested that these Cr-spinel are 
enriched in Fe3+ and may represent either ferrichromite, Fe2+(Cr,Fe3+)2O4, or altered varieties of Al-
bearing chromite (identified in sample D1) to ferritchromit. A thin, elongated Ti mineral phase in 
sample D2 is more abundant than in sample D1, which, based on stoichiometric calculations, is 
ilmenite. Although difficult to isolate the phase, it contains minor Mg and very minor Mn, suggestive 
of partial substitution commonly seen in ilmenite. 
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Figure 35: BSE and EDS element mapping (Mg, Fe, Ca, Cr, Ti, Al) of talcose enstatite and anthophyllite, in orthopyroxenite, 
sample D2. Anthophyllite appears stubby and acicular. Exsolution lamellae in altered enstatite are predominantly Ca-rich, 
possibly clinopyroxene. 
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Figure 36: BSE and EDS element mapping (Fe and Al) displaying deformed anthophyllite, zoned equant Cr-spinel, and high Al 
counts within the amphibole mineral cracks, sample D2. Large dark masses on the bottom of the image represent carbon 
flakes from carbon coating. 

 

Figure 37: PPL and XPL views of an altered boundary in orthopyroxenite, sample D2. BSE and EDS acquisition shows 
interlocking serpentine minerals amongst minor elongate Cr-spinel and apatite in the channelised area of sample D2 (see 
Figure 18). The right side of the acquisition area displays talcose enstatite. 
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The boundary between altered enstatite and a large, channelised mass in the centre of the thin section 
(Figure 37) contains ubiquitous high Mg counts but varies in Fe counts across several mineral phases. 
Outlined by BSE imagery, chemical zonation in relict silicate minerals corresponds to minor increases 
in Fe, Si and a �������Œ�����•���� �}�(�� ���o�����}�µ�v�š�•�U���Œ���‰�Œ���•���v�š�]�v�P�����}�v�À���Œ�•�]�}�v���š�}���š���o���X���d�Z���� �Z���Z���v�v���o�[�� �Z���•���µ���]�‹�µ�]�š�}�µ�•��
counts of Mg but comprises acicular, occasionally radial, assemblages of crystals with low Si EDS 
counts and high Fe EDS counts within fine talc. Stoichiometric calculations indicate these minor 
acicular minerals correspond to assemblages of serpentine. Several thin, elongate Ca-rich phosphate 
minerals are located within the channel, closely matching the chemical formula for apatite, 
Ca10(PO4)6(OH,Cl)2. Further thin, aligned phases rich in Al are found throughout the channel, as well as 
ilmenite crystals. 

Sample D3 is mineralogically and chemically diverse. The dominant mineralogy is a groundmass 
comprising exclusively high EDS counts of Mg, Si, O and lesser Fe. The determined chemical formula, 
via stoichiometric calculations, for the primary groundmass phase did not directly link with any 
mineral formula. The most fitting formula was Mg3.57Fe0.42Si3O10, which simplifies to (Mg,Fe)4Si3O10, 
but this does not correspond to a known mineral. The most likely composition of this phase is 
serpentine or talc, although the groundmass might represent a mixture of these minerals impacting 
stoichiometry calculations. This material is unlikely to be chlorite, cummingtonite or anthophyllite 
because there are no EDS counts of Al, and the ion ratio of Mg+Fe to Si is >1. 

 

 

Figure 38: XPL and BSE imagery alongside EDS element mapping (Si, Mg, Fe, Ca) of small serpentine veins surrounded by 
dolomite and magnetite, sample D3. Dolomite on the right side of the images appears to have infilled areas of the mesh-
textured serpentinite where adjacent to the vein. 
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Several large parallel veins of zoned magnesite, MgCO3 (with minor Fe), are indicated by EDS mapping. 
The chemical zonation of the magnesite is only visible via BSE imagery. Magnesite is also commonly 
interspersed with the groundmass as well as smaller O-poor, Ca-rich areas corresponding to dolomite. 
Another different vein (Figure 38) displays a chemical composition similar to the groundmass, with 
high EDS counts of Mg, Si, O and Fe. Stoichiometric calculations confirm it has almost identical 
mineralogy to the groundmass. However, the stoichiometrically determined chemical formula for the 
vein mineral matches well with serpentine (Mg2.5Fe0.3)Si2.1O5(OH)4, supported by petrographic 
observations. On the right side of Figure 38 is mesh-textured serpentine identified via petrography. 
Equant silicate minerals are noticeable, and EDS-derived stoichiometric calculations confirmed these 
are partially serpentinised, relict orthopyroxene porphyroclasts. Some of these large masses of 
orthopyroxene have since been pseudomorphed by dolomite minerals adjacent to the serpentine 
vein. 

On the opposing side of the sample D3 thin section, a much thicker (over 1 mm wide) composite vein 
traverses the same groundmass (Figure 39). Stoichiometric calculations suggest the formula 
Mg3.5Fe0.5Si3O10 for this groundmass that does not correspond to any singular mineral. Instead, the 
formula lies between that expected for serpentine and talc. The vein itself is comprised of angular 
crystals with high counts of Ca and Mg and lower counts of Fe and Mn within a phase that shows high 
EDS counts of Mg, Si and O. The lack of Si within the angular minerals, alongside minor counts of C, is 
indicative of dolomite, MgCa(CO3)2, whilst the surrounding Mg-rich vein material was petrologically 
indicative of serpentine, Mg3Si2O5(OH)4, both confirmed by stoichiometric calculations from the EDS 
spectra. BSE imagery indicates clear zonation within the dolomite, but this is not mappable with EDS. 

 

 

Figure 39: A layered element map (Si, Mg, Ca, Fe, Al) of a large composite vein in serpentinite of sample D3. Dolomite appears 
purple due to the presence of Ca and is surrounded by pink that represents a combination of Mg (red) and Si (blue) of 
serpentine. The red phase represents magnesite, amongst interstitial pink talc-serpentine groundmass, large green zoned 
masses of Cr-spinel, and small green specks of Fe-bearing pentlandite. Some cyan zones around Cr-spinel, magnesite and talc-
serpentine represent Al-enrichment, potentially chlorite alteration of Cr-spinel. 
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Numerous Fe-oxide/oxyhydroxide (FeO/OH) minerals are observable across sample D3, with high Fe 
and O EDS counts. Sometimes, minor EDS counts of Mg are detectable, accompanied by a reduced Fe 
count. These minerals represent either magnetite or wüstite. Two significantly larger conjoined 
oxide/oxyhydroxide (FeO/OH) minerals were compositionally mapped, revealing distinct chemical 
zonation, as illustrated in Figure 39. The combined core, 0.1 mm wide, is Cr-rich, with lower Mn, Ti, 
and Co EDS counts. Al gradationally decreases towards the crystal rims, whilst Fe increases. Enveloping 
the core is a 50 µm thick rim of Fe, with minor Co, Ti, and Mn, that appears to be damaged and partially 
replaced by groundmass and magnesite. EDS stoichiometric calculations determine the core 
represents Al-bearing chromite, Fe2+Fe0.2

3+Al0.7Cr1.1O4, with greater Fe3+ substituting for Al3+ towards 
the rim. Spinel is enveloped by Fe-oxide/oxyhydroxide (FeO/OH) rims assumed to be magnetite and 
coincide with areas of groundmass that contain high EDS counts of Al and minor Cr, possibly chlorite. 

Several other smaller (10 µm) phases are found across all mapped areas of sample D3, as well as two 
larger 25 µm masses located within a magnesite vein. These contain EDS counts of roughly equal Fe, 
Ni and S, coincident with pentlandite (FeNi)9S8, although ratios of Fe and Ni are not always ideal. A 
rarer phase, represented by two discrete 25 µm masses of Fe, Cu, and S, was traced in the serpentine-
talc-magnesite assemblage and determined to be chalcopyrite. 

Chemical maps suggest sample D4 is geochemically similar to sample D3 but with more variation in 
groundmass and Fe-oxide/oxyhydroxide (FeO/OH) minerals that are proportionally larger and more 
frequently zoned. The majority of sample D4 comprises a groundmass associated with high EDS counts 
of Mg, Si and O. Two minerals are distinguishable in this groundmass, using birefringence in XPL and 
minor variations in Fe and Si EDS counts (Figure 40). Areas with absent Fe counts correspond to a 
mineral phase with extremely high birefringence that stoichiometric calculations determined was talc, 
Mg3Si4O10(OH)2. Acicular assemblages surrounding talc displayed very faint EDS Fe counts that 
stoichiometry discerned as anthophyllite, Fe0.4Mg6.6Si8O22(OH)2. Both phases are interspersed, with 
large areas of magnesite together with lesser masses of dolomite (Figure 40). 
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Figure 40: XPL images and corresponding EDS element maps (Si, Mg, Fe, Cr, Al, K, Ca, S) of amphibole-talc-carbonate 
groundmass and veining within a serpentinite, sample D4. Phases absent in Si are  large, zoned Cr-spinel (presented in a 
layered element map), small pentlandite (S counts), or carbonates of dolomite (Ca counts), and magnesite (very high Mg 
counts). A vein of serpentine is shown to the right with a central dolomite core. Cr-spinel coincides with Al and K phases. 
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Several mineral veins were identified and targeted for acquisition. The largest (0.5 mm thick) 
comprised a single, uniform phase of dolomite that bifurcates, producing another smaller parallel vein. 
The smaller vein hosts several crystals of magnesite. A thinner, 50 µm thick vein found further along 
the thin section contains dolomite but with a thin serpentine border isolating the vein from magnesite 
(Figure 41). A much larger vein, 0.2 mm thick, also contains serpentine with only a discontinuous core 
of dolomite that appears as a series of lenses usually no greater than 50 µm thick (Figure 40 and Figure 
41). When bordering the larger serpentine-dolomite vein, the magnesite within the groundmass 
appears to display greater Fe EDS counts. 

 

 

Figure 41: EDS element mapping (C, Mg, Fe, Ca, Al) with XPL and BSE imagery of two parallel veins of different composition. 
The left comprises dolomite, the right comprises serpentine. Bright Fe counts represent pentlandite and pyrite. 

 

Large subhedral oxide minerals are zoned with two discrete phases (Figure 42). The central zone 
represents Al-rich spinel, Mg0.3Fe0.7

2+Fe0.2
3+Cr0.9Al1.1O4 determined by stoichiometric calculations, 

whilst the outer zone contains high EDS counts of Fe and a decrease in counts of Al and lesser Ti, 
representing ferritchromit. Meanwhile, Cr and Mn counts are uniform across the Cr-spinel (Figure 42). 
Like those seen in sample D3, spinel is surrounded by a partially destroyed rim of Fe-O, assumed to be 
magnetite. In Figure 39, spinel entirely comprised ferritchromit with much thicker rims of magnetite. 
One of these spinel contains a small inclusion of Ca- and Na-bearing silicate, whilst another is fractured 
and filled with the phase comprising magnetite. Similar to sample D3, Al-rich areas within groundmass 
are almost always associated with Cr-spinel or magnetite opaques. An Al-rich phase within Figure 43 
appears to have a lensoidal structure wrapping around the Cr-spinel grain, perhaps representing the 
remains of a strain shadow. 
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Figure 42: XPL and BSE images corresponding to EDS element mapping of a large, zoned Cr-spinel enclosed in magnetite 
within an altered serpentinite, sample D4. 

 

Some large mineral assemblages were outlined in sample D4 as potential relict minerals that have 
been entirely pseudomorphed by alteration phases. Figure 43 displays two examples, where these 
now appear to show high EDS counts of Al and Mg, with minor K and Fe. Stoichiometric calculations 
did not match any known K-bearing mineral, although it possibly matches a form of chlorite 
(K0.3Mg4.19,Fe0.33,Al)(Al0.75,Si3.25)O14, supported by its appearance and orthorhombic extinction under 
XPL. One pseudomorph comprises a mixture of the Al-rich phase with amphibole (Figure 43). High Ca 
counts indicate dolomite, oriented with the supposed cleavage of the pseudomorph. Surrounding 
these pseudomorphs are several minor (5 µm) Cr-spinel grains enclosed by thicker (25 µm) masses 
assumed to be magnetite alteration rims. Very minor (10 µm) specks of ilmenite, FeTiO3, were also 
noted from EDS acquisition. Minor sulphides are present across the entire sample, predominantly 
displaying high EDS counts of Ni and Fe characteristic of pentlandite. Several opaque grains, reaching 
diameters of up to 50 µm (as depicted in Figures 41 and 43), exhibit zonation of S, Ni, and Fe, indicative 
of composite grains comprising pentlandite and pyrite. Additionally, a narrow vein measuring 50 µm 
in thickness was captured within the acquisition area shown in Figure 43. EDS counts of Fe were higher 
in the vein relative to groundmass amphibole, indicating a different mineral phase. The stoichiometric 
analysis identified the vein mineral as Fe-bearing serpentine. 
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Figure 43: XPL and BSE images alongside EDS element mapping (Mg, Fe, S, Cr, Ti, Ca, Al) of the sides of large altered 
pseudomorphs in an altered serpentinite, sample D4. The XPL image was rotated after being captured, as the pseudomorphic 
minerals are orthorhombic and the large left area would be in extinction (arrow shows original top). The large Al-bearing 
phase assumed to be chlorite, always corresponds to blue-green pleochroism, and is surrounded by Cr-spinel and magnetite. 

 

Petrological analysis of sample D5 reported a homogenous sample comprised of serpentine, opaque 
minerals, and masses of carbonate. EDS data confirmed these mineral identifications, with most of 
the sample comprising a groundmass displaying high EDS counts of Mg, Si and O (Figure 44). 
Stoichiometric calculations of the groundmass matched the formula Mg2.9Fe0.1Si2O7 that corresponds 
precisely with serpentine, Mg3Si2O5(OH)4. Carbonates were confirmed to be dolomite, MgCa(CO3)2, 
with a slightly higher Ca EDS count over Mg. The opaque minerals display high EDS counts of Fe and O 
and represent magnetite typical for mesh-textured serpentine. Both dolomite and magnetite are 
interlinked along the same boundaries within the texture. No Cr-spinel is present within sample D5. 
However, a small, 10 µm mass with a high count of Al corresponds to corundum, Al2O3, found within 
serpentine. No other counts of Al were noted within the area of acquisition, despite other samples 
from the Dawros Peridotite containing Al-bearing phases within groundmass. Concerning sulphides, 
only small (5 µm) masses of pentlandite were noted and ingrained within magnetite (Figure 44). 
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Figure 44: Petrographic images (PPL and XPL) alongside BSE and EDS element acquisition (Al, Fe, Ca) of mesh textured 
serpentine that characterises sample D5. The Ca-rich phase represents dolomite, which is often interlinked with the green 
highlighted Fe-rich magnetite that surrounds serpentine. Two small pentlandite grains were encapsulated in some magnetite. 

 

5. DISCUSSION 

5.1 What A�U�H���,�U�H�O�D�Q�G�¶�V��Best Options for Mineral Carbonation? 

Over the last few decades, laboratory rock-fluid reaction tests and pilot studies have shown that 
effective mineral carbonation of carbon dioxide requires mafic or ultramafic rocks that comprise 
mineral phases rich in metal divalent cations, Mg2+, Fe2+, Ca2+ (Oelkers et al., 2008). As successful basalt 
carbonation has been shown at pilot projects such as Wallula (McGrail et al., 2011) and CarbFix (Pogge 
von Strandmann et al., 2019), many countries have begun to characterise basalt reservoirs for CO2 
injection (Pedro et al., 2020; Okoko and Olaka, 2021; Oelkers et al., 2022). Furthermore, the high 
reactivity of gabbros and peridotites, indicated by natural carbonation, encouraged the development 
of 44.01 in Oman and provoked the characterisation of ultramafic reservoirs (Kelemen et al., 2018). 
Therefore, both mafic and ultramafic lithologies across Ireland were identified, screened, and ranked 
for reservoir feasibility for subsurface mineral trapping of CO2. The following discussion explores the 
impact of ranking criteria findings on whether mafic and ultramafic lithologies across the island of 
Ireland could serve as feasible mineral carbonation sites.  
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5.2 In-situ Mineral Carbonation Storage in Northern Ireland: Antrim Lava 
Group 

Comparing 29 groups of geological units (Table 2), the Antrim Lava Group (ALG) has the most 
favourable ranking characteristics when considered for in-situ mineral carbonation. The ALG is large, 
outcropping over a 3500 km2 area and near several major emitters in Northern Ireland (Figure 45). 
The LBF of the ALG is the bedrock underneath one of the largest CO2 emitters in Northern Ireland, 
Ballylumford Power Station, on the north edge of Islandmagee Peninsula. Furthermore, less than 
15 km to the south lies Kilroot Power Station, positioned just beyond the confines of the ALG outcrop 
on the northern shores of Belfast Lough. The basalt rocks under and surrounding both power stations 
offer potential as a CO2 storage solution. The manufacturing, food, and agricultural sectors in the 
vicinity of Belfast could potentially leverage the ALG rocks for decarbonisation efforts, particularly by 
establishing a joint CO2 hub to facilitate connectivity and utilisation of a larger CO2 supply. Although 
slightly further afield, Cookstown Cement or smaller industries closer to Dungannon, Co. Tyrone are 
found within 15 km of the southeast edge of the ALG and may combine into a separate, small CO2 hub 
for storage. Lastly, a pipeline or transport to store CO2 emissions from the currently commissioned 
Coolkeeragh Power Station in Londonderry/Derry could also integrate into a CO2 hub on the eastern 
edge of the ALG.  

However, despite several CO2 emissions sources lying within 20 km of the ALG, CO2 injection must also 
be positioned where a suitable storage reservoir lithology is thick enough. Feasibility studies and 
companies (e.g. by Cella Mineral Storage, CarbonSAFE, and recommendations by CarbFix) state that 
the burial depth should exceed 500 m. As such, ALG surface outcrops must have a maximum or total 
gross thickness exceeding 500 m. Shallower depth (< 200 m) reservoirs are less secure, especially if 
lacking an overlying impermeable geological seal, and injection at such sites requires more water for 
CO2 dissolution due to lower hydrostatic pressures.  

Estimates for the subsurface extent and thickness of the ALG are determined from 45 exploration 
boreholes. From surface outcrops of the UBF, the base of the combined ALG is > 370 m below the 
surface, although thinner deposits are recorded on the northwest of the plateau. Faulting also 
influences ALG basalt thickness and basal depth, such that surface exposures of LBF can be thin and 
shallow due to upfaulting and complete erosion of the overlying UBF (Figure 45). On the other hand, 
the thickest basalt sequences are found within a series of faulted blocks on the north and east sides 
of Lough Neagh, making them prominent targets for mineral carbonation. As the injection depth will 
need to be around 400 m, the LBF will be the primary target for mineralisation rather than the UBF. 
Such thickness estimates carry potentially large errors as basaltic lava flows can be deposited over 
significant topography, making their base and associated thickness geographically variable.  

While the reservoir thicknesses near Lough Neagh are suitable for mineral carbonation, their distance 
from the Northern Ireland coast presents challenges, particularly regarding access to seawater. 
However, alternative solutions, such as utilising water from Lough Neagh itself, should be explored. 
One option is to build a saltwater co-pipeline alongside a CO2 pipeline from coastal CO2 emitters, or 
to dissolve CO2 in seawater at a coastal facility before transporting it to the geological storage sites. 
Both options would require a stainless steel pipeline to prevent corrosion, which would be costly. Pre-
dissolved CO2 from Kilroot Power Station could be delivered via pipeline or transported by trucks 
across the A2 to Ballylumford, Larne, where both power stations form a hub with connections to the 
north edge of Lough Neagh via A8 and the M2.  
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Figure 45: Map of CO2 point source and 46 borehole locations across the Antrim Plateau. Sizes and numbers represent the 
depth of the base of the ALG (not to be confused with thickness which depends on overburden and Lough Neagh Clay 
thicknesses). 

 

 



 

82 
 

Permeability was not directly assessed within this study and requires examination across both a micro- 
and macro scale, including both primary (porosity) and secondary (structural) geological fluid flow 
pathways. However, valuable insights into ALG permeability are provided by microscale observations 
derived from petrography and SEM analyses. Petrography and EDS mapping of the ALG basalts show 
pervasive secondary mineralisation of zeolites in both massive and vesicular basalt, resulting in a loss 
of porosity, and unfilled vesicles were not identified, in agreement with other studies (Walker, 1951). 
In one LBF sample, amygdales interconnected by fractures were mineralised with zeolite, suggesting 
a reduction in fracture permeability within these basalts, at least on a local scale. 

Despite this permeability reduction, the zeolites within the basalts may still prove beneficial for 
mineral carbonation processes in these basalts. The predominant zeolites appear to be chabazite-Ca 
and thomsonite-Ca, both containing divalent cations beneficial for mineral carbonation. If these basalt 
reservoirs were stimulated by CO2 fluid injection, the dissolution reactions caused by injected carbonic 
acid would liberate Ca2+, thereby generating dissolution pores and opening fractures. This process 
would locally enhance permeability around injection sites (Hartman, 2006; Li et al., 2022). There is 
also the potential that zeolite precipitation could fracture the original pore space via pressurised 
crystal growth in these open spaces, creating new secondary permeability and exposing a greater 
reactive surface area for mineral carbonation to occur. Zeolite nucleation in etch pits can instigate 
fracturing by exerting a crystallisation pressure sufficient to break and expand subcritical fractures in 
minerals (Monasterio-Guillot et al., 2022). However, zeolite observed within fractures and gaps of a 
chloritised olivine shows no evidence to suggest zeolite precipitation dilated these cavities, especially 
as the cavities appear unfilled. In addition, little evidence is noted for the dilation of vesicles by 
precipitated amygdales. However, fractures are pervasive across altered glomeroporphyritic olivine, 
and some fractures connect multiple amygdales, indicating that secondary permeability has been 
produced by hydrothermal alteration. Fractured plagioclase appears to contain progressively larger 
chloritised cores with greater spilitisation, despite not originally comprising Mg. Therefore, it is 
assumed that Mg has been mobilised and subsequently deposited within plagioclase, signifying some 
loss of permeability due to chloritisation. 

Basaltic rocks from the Antrim Plateau comprise a high abundance of silicate minerals bearing metal 
divalent cations. The ALG hosts large (0.5 mm) olivine (var. forsterite) phenocrysts and glomerocrysts 
rich in Mg, with lesser Fe. Sample 2�t1 contained almost unaltered phenocrysts, whilst several other 
samples comprise fragmented fresh olivine amongst clay minerals. For rapid mineral carbonation 
rates, the presence of large unaltered phenocrysts of forsterite is ideal, with olivine carbonation 
outlined in the following mineral reaction: 

(4)                                            Mg2SiO4(s) + 2CO2 �W���î�D�P���K3(s) + SiO2(s) 

 

However, all olivine phenocrysts and glomerocrysts are enveloped in multiphase reaction rims of 
iddingsite. Therefore, even the freshest olivine has experienced alteration to some degree. Iddingsite, 
generally comprised of smectite clays admixed with goethite, is represented by higher EDS Fe and Al 
counts and lower Mg and Si counts. The lower Mg count indicates the loss or mobilisation of Mg2+, 
whilst the higher Al count represents the fixation of Al3+ in smectite minerals, substituting for Si3+, or 
some substitution of Fe3+ within goethite. EDS cannot differentiate if the high Fe count represents the 
enrichment of Fe2+ or Fe3+. However, the formation of goethite will result in additional Fe3+ ions, whilst 
smectite will comprise Fe2+. Studies have determined that most of the Fe in iddingsite is ferric 
(Delvigne et al., 1979). Minor counts of Ca represent the incorporation of Ca2+ within smectite. 
Because of the loss of Mg2+ and enrichment of Fe3+ rather than Fe2+, iddingsite alteration negatively 
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impacts the carbonation kinetics of olivine. However, smectite with a higher saponite content has 
been shown to have a higher cation exchange capacity and act as a potential source of Mg2+ and Ca2+ 
for carbonation reactions (Zeyen et al., 2022). Smectite can absorb substantial amounts of H2O or CO2, 
leading to volumetric expansion and swelling. This process can reduce permeability and fluid flow, and 
decrease carbon storage capacity (Busch et al., 2016). On the other hand, if swelling pressure was 
large enough to induce fracturing, this might have positive implications for permeability. 

The occurrence of reaction rims around olivine is problematic for reaction kinetics as they can act as 
diffusive boundaries, inhibiting the carbonation of reactant minerals (Kelemen et al., 2011). However, 
petrological observations and EDS element mapping of the ALG basalts indicate a series of parallel 
fractures confined to all iddingsite reaction rims for olivine viewed perpendicular to the c-axis, 
suggesting some optical homogeneity of iddingsite. These parallel fractures, or lamellar fissures, are 
evenly spaced between 5 �t 25 µm apart and oriented parallel to the c-axis (001) of the olivine crystal, 
projecting into chloritised or unaltered olivine. Spacing between lamellar fissures is recorded as 
narrow as 20 nm in iddingsite from Australian basalt (Smith et al., 1987), suggesting the potential 
presence of additional small-scale fissures between the larger fissures observed in the ALG. Initial 
alteration is suggested to have etched across the olivine c-axis (001) along planar crystallographic 
discontinuities, resulting in the initial lamellar fissures (Colman, 1982; Smith et al., 1987). The 
dissolution of Mg2+ and replacement by H+ is suggested to weaken the olivine lattice for alteration 
(Smith et al., 1987). BSE imagery of iddingsite rims in the ALG suggests iddingsite alteration has since 
radiated perpendicularly from lamellar fissures. Therefore, it is interpreted that iddingsite alteration 
exploits these lamellar fissures whereby water has diffused into olivine crystals, instigating dissolution, 
oxidation, and associated formation of smectite and goethite. The lamellar fissures and other fractures 
in iddingsite rims are concentrated with Al and lesser Fe whilst depleted in Mg and Si. Increased counts 
of Al indicate clay deposition within fissures and hairline fractures, although it is clear from EDS 
mapping that many fractures remain unclosed and are thus available fluid flow pathways. Overall, the 
resultant, pervasive fissures produced during olivine alteration might allow for additional fluid 
pathways for CO2-rich fluids during carbon mineralisation despite some clay precipitation.  

Olivine phenocrysts have become glomeroporphyritic via synneusis, where crystals have accumulated 
by surface tension and fuse during crystal growth by interpenetration (Helz, 1987; Schwindinger and 
Anderson 1989). Because the olivine phenocrysts are clustered, the iddingsite reaction rims alter and 
envelop a smaller portion of the overall olivine mass. Uniformity in the thickness of the iddingsite rims 
in sample 2�t1 could be attributed to outer Fe-zonation in the parent olivine phenocrysts, occurring 
after their aggregation through synneusis. Alternatively, cessation of oxidation and deuteric or 
hydrothermal processes leading to iddingsite alteration could account for the uniformity of iddingsite 
alteration rims, preserving the remaining olivine. Observations of other samples, suggest that the 
development of the alteration rim might be impeded at the interface between olivine and pyroxene. 
This obstruction may result from limited fluid pathways through unfractured clinopyroxene or limited 
availability of Al3+, compared to fractured plagioclase, hindering alteration to smectite 

.Spinel is solely isolated within or on the rims of olivine phenocrysts, invariably as inclusions. 
Therefore, it is inferred that spinel was incorporated into the growing olivine phenocrysts at depth 
before the development of the basalt groundmass and the emplacement of the lava. Mg2+ and Fe2+ in 
spinel inclusions, sometimes controlled by post-entrapment re-equilibration and olivine�tspinel Mg�t
Fe2+ interdiffusion (Kamenetsky et al., 2001), might be available for carbonation reactions. However, 
when compared with olivine, spinel has a stronger resistance to chemical weathering and dissolution 
due to its low solubility (Rasool and Ahmad, 2023). EDS counts of Mg and Fe were indirectly 
proportional within Cr-spinel, suggesting some substitution between Mg2+ and Fe2+ has occurred. 
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Spinel masses remain evident even after the complete alteration of olivine phenocrysts to clay 
minerals. However, pitted textures indicate alteration within Cr-spinel, more commonly observed in 
spinel located at the edges of the olivine. For pitted Cr-spinel in the ALG olivine phenocrysts, EDS 
element counts showed lower levels of Mg and Al compared with unpitted spinel, while higher counts 
of Ti and Fe were recorded. These element counts directly correlate with the alteration of Cr-spinel in 
volcanic rocks of the Carpathians, which record an enrichment in Ti4+, Fe2+, Fe3+, and depletion in Mg2+ 
and Al3+ �~�D�]�l�µ�“�����š�����o�X�U���î�ì�ì�ò�•�X���d�Z���Œ���(�}�Œ���U���š�Z���������P�Œ�������}�(�����o�š���Œ���š�]�}�v�����v�������v�Œ�]���Z�u���v�š���}�(���&�����]�v���•�‰�]�v���o���u�]�P�Z�š��
have a minor impact on the chemistry of carbonate that forms via mineral carbonation processes. In 
addition to possibly supplying Mg2+ and Fe2+ cations for carbonation, petrographic images and EDS 
element maps indicate that Cr-spinel is found within hairline fractures inside olivine phenocrysts. 
Capturing spinel inclusions during the growth of the olivine lattice may instigate stress, resulting in 
crystallographic weaknesses or defects that nucleate fractures, providing microscale fluid flow 
pathways to enable some CO2 carbonation. Furthermore, microfractures are advantageous during 
carbonation, as precipitation within them can induce additional stresses, causing the microfractures 
to dilate and/or propagate, thereby sustaining permeability. 

Augite appears comparatively unaltered in many samples investigated here. Augite appears 
comparatively unaltered in many samples investigated here. EDS analysis revealed that Ca counts 
were slightly higher than Mg counts, with only minor amounts of Al recorded and no detectable Na. 
Therefore, whilst limited substitution of Al for Si in the tetrahedral site can occur, the overall charges 
will not be balanced by Na+. It is suggested that Al3+ might involve a Tschermak-style coupled 
tetrahedral substitution, possibly incorporating Fe3+. Whilst EDS acquisition cannot differentiate 
charges of Fe, a very small proportion might represent Fe3+. Higher proportions of Tschermak-style 
substitutions might have consequences on lattice strain in clinopyroxene (Mollo et al., 2020), aiding 
in the fracturing and dissolution of minerals during carbonation. For effective mineral carbonation, 
unaltered augite is ideal because it contains high abundances of Ca2+, Mg2+ and lesser Fe2+ that will 
react with CO2. 

Experiments on Fe-bearing pyroxene indicate that dissolution rates were much faster than Fe-poor 
pyroxene because of the oxidation of Fe (Hoch et al., 1996). Furthermore, augite has shown quicker 
reaction rates than diopside because additional Al and, where applicable, Na encourage a strong 
positive dissolution-precipitation feedback loop (Monasterio-Guillot et al., 2022). However, closed 
system studies on individual crystals may not be relevant because additional Al and Na will mobilise 
from surrounding plagioclase and zeolites during basalt carbonation. Nevertheless, the composition 
of augite in the ALG is well-suited for mineral carbonation. 

Plagioclase crystals of the ALG contain high counts of Ca alongside even greater counts of Al, 
equivalent to labradorite composition. Those with distinct plagioclase phenocrysts will represent 
unique lava flows, some of which have been traced several kilometres laterally (Walker, 1951). High 
counts of Ca imply a large abundance of Ca2+ will be available during plagioclase dissolution, suggesting 
that CO2 trapping will occur through calcite precipitation. Coupled substitution of Ca2+ and Al3+ for Na+ 
and Si4+ occurs in faint alteration rims on plagioclase laths, evidence of partial albitisation, even in the 
freshest samples. Basalts with greater albitisation will contain less Ca2+ available for CO2 mineralisation 
in calcite, as it is increasingly substituted for Na+. Carbonation of albite can precipitate dawsonite, 
NaAl(CO3)(OH)2, but will compete for Na+ and Al3+ with zeolites and other secondary products. As 
albitisation in the ALG is limited, the precipitation of dawsonite is unlikely here.  

Minor albitisation of plagioclase in the ALG might be advantageous for carbonation reactions because 
it is associated with partial fracturing of the plagioclase laths, which allows for increased permeability. 
Furthermore, increased Na might be beneficial in producing bicarbonate ions that buffer pH and 
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increase the mass of CO2 stored via dissolution and solubility trapping (Matter and Kelemen, 2009). 
Na+ and Al3+ from labradorite dissolution might also be incorporated into the precipitation of Na-rich 
zeolites, shifting the dissolution-carbonation reaction to the product side, as in the case of augite 
dissolution (Monasterio-Guillot et al., 2022). Batch experiments on plagioclase (An67-73) resulted in 
precipitated phases of Al-hydroxide (gibbsite), followed by calcite that, at a late stage, showed 
redissolution to boehmite (Munz et al., 2012). An alternative study on both anorthite and albite 
identified the precipitation of clays (kaolinite, smectite, or illite), boehmite, and a Mg, Ni, Fe�t
hydrotalcite-like phase, with no evidence of calcite or dawsonite (Hangx and Spiers, 2009). That study 
suggested that a carbonate substrate might be required to promote the carbonation of plagioclase. 

Although a lesser constituent of the ALG basalts, unaltered ilmenite is found as an accessory mineral 
within all samples. Fe2+ and very minor Mg2+ in ilmenite might be accessible for incorporation within 
carbonation reactions, whilst Ti3+ will not. During carbonation, with the presence of water, ilmenite 
might alter to form pseudo-rutile and leucoxene, predominantly consisting mainly of rutile and TiO2 
(Mücke and Chaudhuri, 1991). This alteration occurs from the progressive removal of Fe via oxidation 
and leaching. The impact of ilmenite on carbonation rates is undocumented. 

Less abundant minerals noted from EDS element mapping are native copper and apatite. Native Cu is 
commonly associated with hydrothermal mineralisation and is assumed to be cogenetic with zeolite 
precipitation (Cornwall, 1956). Native Cu is assumed to have no impact on carbonation. Apatite is a 
minor accessory mineral to the ALG basalts, owing to its low solubility and acceptance of phosphorus 
from melt. Whilst comprising Ca2+, it will have a negligible impact during mineral carbonation because 
of its low abundance and solubility. 

Secondary mineralisation is a crucial focus for mineral carbonation studies. Only very minor calcite 
mineralisation was noted in two samples from the ALG. Therefore, it is assumed that only minor 
natural carbonation has occurred in these basalts. No quartz mineralisation was noted in this study, 
an observation supported by previous studies (Walker, 1951). Secondary quartz mineralisation would 
not have consumed divalent cations otherwise available for mineral carbonation; however, it would 
lower porosity and permeability. Quartz dissolution during injection would also provide no divalent 
cations for CO2 mineralisation. Instead, low-temperature secondary mineralisation of zeolites is 
prevalent within the basalt of the ALG, filling almost the entirety of vesicle space and some secondary 
fractures. In both field and core samples, the prevalent zeolite is chabazite-Ca, often sequentially 
followed by fibrous thomsonite-Ca in several amygdales. 

The dissolution of Ca-bearing zeolites potentially releases Ca2+ into the solution alongside secondary 
Al-�Z�Ç���Œ�}�Æ�]�������‰�Z���•���•���~�,���Ž�u���v�•�l�������š�����o�X�U���î�ì�î�î�•�X���d�Z�������]�•�•�}�o�µ�š�]�}�v���Œ���š�������‰�‰�����Œ�•���•�]�u�]�o���Œ���š�}�U���}�Œ���•�o�]�P�Z�š�o�Ç���o�}�Á���Œ��
than, pyroxene and intermediate plagioclase but far greater than phyllosilicates and alteration 
products (Ragnarsdóttir, �í�õ�õ�ï�V���,���Ž�u���v�•�l�������š�����o�X�U���î�ì�î�î�•�X��This rate might vary depending on the specific 
types of zeolites, though only the dissolution rates of heulandite and scolecite have been reported at 
va�Œ�Ç�]�v�P�� �š���u�‰���Œ���š�µ�Œ���•�� �~�Z���P�v���Œ�•���•�š�š�]�Œ�U�� �í�õ�õ�ï�V�� �,���Ž�u���v�•�l���� ���š�� ���o�X�U�� �î�ì�î�î�•�X Overall, the presence of 
secondary Ca-rich silicate amygdales, as opposed to quartz or calcite, is ideal for basalt reservoirs. 

Several amygdales in the ALG contained zoned chabazite crystals, which displayed variable cation 
abundances (Ca2+ and Na+) across weakly defined boundaries, only notable in BSE imagery and 
elemental maps. In one sample, chabazite-Na was identified against the walls of one vesicle and 
dominant within a fracture. However, chabazite-Ca has developed homoepitaxially over the 
chabazite-Na and entirely comprises other amygdales within the thin section. These chemical 
variations are interpreted to result from high cation exchange rates recorded for zeolites with aqueous 
solutions that have little impact on mineral structure (Pabalan and Bertetti, 2001). As such, Na+ might 
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have been exchanged for Ca2+ due to the change in the chemistry of the circulating hydrothermal fluid. 
If CO2 injection was co-injected with Na-bicarbonate brine, Ca2+ might be liberated at a much faster 
rate via zeolite cation exchange. Cation-exchange properties of zeolite minerals are also highlighted 
for their potential use for the treatment of nuclear waste, acid mine drainage, or municipal and 
industrial waters (Pabalan and Bertetti, 2001). Therefore, the ALG 'reservoir' could be advantageous 
for various applications beyond the primary focus of this project. 

Although not the primary focus of this study, a preliminary interpretation can be made regarding the 
sequence of mineral phases filling the amygdales, which are assumed to have occupied vesicles. 
Secondary zeolites and associated phyllosilicates in amygdale sequences initially deposit from the 
outer walls of vesicles towards the centre of the amygdales or veins. Several samples contain 
amygdales that propagate from clay-lined vesicle walls. Clay deposition represents the first mineral 
phase to form, possibly resulting from basalt devitrification due to hydration or femic mineral 
dissolution. The first forming zeolite appears to be chabazite. Almost all samples exhibit the 
precipitation of chabazite-Ca, which is often found solely comprising amygdales of massive basalts, 
generally without phyllosilicate vesicle linings. Some chabazite phases exhibit zoning with variable Na 
and Ca cations, although individual basalt samples differ, depending on which cation deposited first. 
This zoning indicates a period of fluctuation in the chemical composition of the circulating 
hydrothermal fluid, potentially due to localised differences in element mobility. Such variability could 
result from differential Ca release during labradorite alteration. Following the deposition chabazite, 
are acicular-fibrous zeolites, identified as thomsonite-Ca. One zeolite of the LBF displayed a thin layer 
of clay and later chabazite precipitation following thomsonite, whilst a separate sample showed 
epitaxial growth of natrolite on thomsonite, the last phase identified in samples of this study.  

The secondary mineral sequence of the ALG has some similarities to early-stage mineral phase 
crystallisation in amygdales of tertiary basalt from the Isle of Skye (Triana et al., 2012). Both basalts 
display early-formed phyllosilicates, followed by chabazite (although Ca-varieties are prevalent in the 
ALG) and later fibrous thomsonite. Natrolite was also noted to be epitaxial on thomsonite. The ALG 
sequence observed by Walker (1951) was also similar to that identified in this study, as well as zeolites 
in Hungary (Kónya and Szakáll, 2011), indicating a correlation among hydrothermal deposition of 
zeolite. 
 

5.3 In-situ mineral carbonation storage in the Republic of Ireland: 
Metagabbro-Gneiss Complex and Dawros-Currywongaun-Doughruagh 
Complex 

Generally, very few mafic/ultramafic outcrops are situated close to major CO2 emitters in the Republic 
of Ireland. Most powerplants (e.g. Tynagh, Edenderry, or those within Dublin) are clustered across the 
centre or east side of the country. Only thin disseminated outcrops of basalt, tuff, and minor 
sediments are easily accessible for in-situ mineral storage in these areas. Many of these are juxtaposed 
by faults, which also form boundaries with surrounding sediments that, if injected into, require 
complex and uncertain CO2 tracing. Therefore, despite outcropping far from any emissions source, the 
metagabbro of the MGC was considered the most promising reservoir in the Republic of Ireland. Little 
emphasis was placed on reservoir proximity to CO2 emitters during screening because industries may 
be decommissioned or relocated and require more detailed scenario-led modelling. Furthermore, the 
emergence of modular DAC might allow for a primary CO2 stream if sufficient concentrations are met 
for injection. Consequently, if in-situ mineral storage is deployed in Connemara, onsite DAC might be 
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the best option as a CO2 source. Alternatively, the Dawros Peridotite and MGC may be suitable for 
smaller-scale ERW or OAE projects.  

The MGC scored highly based on its sizeable outcropping area, which suggests a greater capacity for 
CO2 storage. However, the intrusion of the Galway Granite Batholith uplifted several kilometres of 
metagabbro, which was later eroded, resulting in its highly irregular outcrop pattern (Figure 1). 
Despite the loss of outcrop to the southeast, the metagabbros are suggested to be preserved several 
km offshore on the southwest edge (Downs-Rose and Leake, 2019). This offshore extension is not 
indicated on EMODnet geological data but is suggested by the occurrence of Mile Rock, a small 
gabbroic mass outcropping 10 km south of the Connemara coast. Because offshore drilling is around 
ten times more costly than drilling on land (Kelemen et al., 2011), drilling for CO2 injection could be 
situated onshore and inclined southwards offshore. 

To the very northeast lies the Cashel-Lough Wheelaun intrusion, described in detail in Leake (1957). 
This intrusion �Œ���‰�Œ���•���v�š�•���š�Z�����}�v�o�Ç���•�]�P�v�]�(�]�����v�š���‰�}�Œ�š�]�}�v���}�(���š�Z�������}�u�‰�o���Æ���š�}���Œ���u���]�v���µ�‰�Œ�]�P�Z�š���Á�]�š�Z�]�v���š�Z�����Z���ï�[��
Cashel synform, indicated by upward-graded bedding in the metagabbro (Downs-Rose and Leake, 
2019). The remaining Errismore-Roundstone-Gowla intrusion is considered to be inverted, and the 
metagabbro to the south of the D3 Cashel antiform is northward dipping (Downs-Rose and Leake, 
2019). Geochemical probe analysis traversing the Glinsk-Gowla district observed a progressive 
decrease in fractionation of metagabbro towards the north (Downs-Rose and Leake, 2019). 
Additionally, the least fractionated rocks within the Roundstone district were identified at higher 
elevations surrounding the 300 m Errisbeg summit. In this area, at least 80 occurrences of peridotite 
are documented, whereas significantly fewer occurrences were found to the north of Errisbeg at lower 
elevations (Downs-Rose and Leake, 2019). Because the original fractionation sequence was upwards, 
inversion has resulted in the least fractionated gabbro occurring stratigraphically high and at higher 
elevations. Considering that the injection of CO2 will result in rock-fluid interactions at depths of 
500 m, the reservoir rock at this depth might be more fractionated than the material sampled in this 
study. 

A key advantage of the metagabbros during screening was its highly anorthic plagioclase, suggestive 
of a high abundance of Ca2+ available for mineral carbonation. All the samples collected in this study 
displayed a high proportion of anorthite. During stoichiometric calculations, the Ca cation count of the 
anorthite appeared so large that, to balance the formula, Al and Si cations were lowered. The derived 
formula was Ca1.3Al1.9Si1.9O8. EDS mapping revealed no detectable Na counts within unaltered 
anorthite, indicating that the plagioclase likely corresponded to An100. However, this scenario is 
considered unlikely. Microprobe analysis of igneous plagioclase in peridotite and metagabbro of the 
Roundstone intrusion confirms a high anorthite content, An89�t96 and An70�t96, respectively (Downs-Rose 
and Leake, 2019). Therefore, very minor Na may be present in the plagioclase of this study but at a 
concentration too low to be detected by EDS. The crystallisation of highly calcic plagioclase during 
diffusion reaction is critically dependent on H2O content in the melt (Lundstrom and Tepley, 2006). 
High water content decreases the liquidus temperature of magma melt, suppressing the crystallisation 
of plagioclase relative to olivine and clinopyroxene, sustaining melt Al2O3 (Danyushevsky, 2001). 
Alternatively, a melt with an abnormally high CaO/Na2O value during petrogenesis may explain the 
formation of highly calcic plagioclase (Panjasawatwong et al., 1995). Because H2O in the melt will have 
had a role in stabilising the formation of abundant hornblende, it is likely that it also inhibited 
plagioclase saturation and resulted in the high An% of the Connemara metagabbros. 

Highly calcic plagioclase/anorthite will contain a higher proportion of Ca2+ than the labradorite of the 
ALG. Generally, the dissolution rate is proportional to the anorthite content of plagioclase minerals 
(Welch and Ullman, 1996). However, this relationship is non-linear, and there are wide variations in 
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dissolution rates for Ca-rich plagioclase (Casey et al., 1991). Due to the abundance of anorthite in 
Connemara metagabbro, dissolution will result in the mobilisation of Ca2+, SiO4

�î�> and Al3+, where Ca2+ 
can be incorporated into calcite, expected to be the dominant CO2-trapping carbonate. Fractured 
anorthite in sample C4 exhibits large areas of patchy alteration, with enrichment of Si, Na and K, and 
the loss of Ca and Al. This element distribution is typical for hydrothermally altered anorthite that has 
been partially albitised. Stoichiometric calculations of the alteration product matched the formula 
K0.21Na0.53Ca0.15Al1.28Si2.78O8, indicating the majority of Ca is lost where anorthite is hydrothermally 
altered. Another more common alteration product was identified to be sericite, where areas of 
anorthite show enrichment of K and Si and loss of Ca. This alteration is distinguished from albitisation 
because of the absence of Na counts in EDS maps and the complete loss of Ca. Because hydrothermal 
alteration of anorthite to either albite or sericite involves the depletion of Ca2+, both will negatively 
impact carbonation rates where alteration is pervasive. 

Quartz and lesser sulphides of pyrite, minor chalcopyrite, with rare pentlandite and sphalerite, are 
associated with areas of alteration in metagabbros. These minerals are the result of hydrothermal 
alteration alongside the sericitisation of anorthite. Assemblages of quartz, sericite and pyrite are 
indicative of phyllic alteration that occurs at high temperatures and moderately low pH from the 
hydrolysis of anorthite (Harris and Golding, 2002; Wallace and Maher, 2019). Whilst negatively 
affecting the abundance of Ca2+, an indication of hydrothermal alteration indicates some permeability 
within the metagabbro to allow the circulation of fluids. Metamorphism and hydrothermal alteration 
may have an overall positive impact on the permeability of intrusive rocks by naturally inducing 
permeability. Although quartz and sericite have mineralised in former open fractures, generally 
lowering permeability, reservoir stimulation techniques might enable the dissolution of these 
alteration minerals. Because the alteration has not entirely consumed the anorthite (or hornblende), 
matrix stimulation (via acidising) might restore the initial permeability of the reservoir, re-exposing 
remaining abundant silicates rich in divalent metal cations. 

Hornblende of the MGC was identified to be magnesiohornblende across the samples in this study, 
although the amphibole of sample C7 was noted to be more Fe-rich. Due to the high counts of Ca and 
Mg identified, the composition of hornblende is rich in divalent metal cations that might be 
incorporated into carbonate through CO2 mineralisation reactions. Variable alteration of hornblende 
to chlorite was noted in all samples, suggestive of propylitic alteration to epidote-chlorite-albite 
assemblages. Chloritisation of hornblende results in the mobilisation of Ca2+ that may be lost to distal 
facies or incorporated into epidote or calcite (Larson et al., 1994). Because dissolution of epidote can 
provide CO2 for mineral carbonation reaction, propylitic alteration may not affect the abundance of 
divalent cations and capacity of CO2 storage. Epidote was not present in samples of this study, 
although it has been recorded in the MGC metagabbros (Bremner et al., 1980). Nevertheless, because 
hornblende crystals showed minor alteration to calcite, it is assumed that some liberated Ca2+ from 
chloritisation has been incorporated into carbonate production, indicating a minor loss of CO2 storage 
has occurred. 

Sample C5 was collected from an outcrop east of Lough Bollard, which had a slightly darker and more 
altered appearance. This outcrop appeared to correspond to the location of a large mass of feldspathic 
peridotite within the metagabbro, outlined by Downs-Rose and Leake (2019). Whilst petrography and 
EDS mapping indicated a similar mineralogy to other samples, not suggestive of a peridotite 
composition, several large corundum aggregates were unique to sample C5. Corundum does not 
contain any metal divalent cations for mineral carbonation. However, its occurrence in the centre of 
the Roundstone intrusion is unusual, as corundum has only been associated with xenoliths of pelite in 
the margins of Cashel-Lough Wheelaun intrusion (e.g. Feely et al., 2017). They are also typically found 
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alongside magnetite, not identified in sample C5. In the thin section of sample C5, the corundum grains 
are inset within a chlorite matrix. Corundum and interstitial chlorite appear to be pseudomorphs of 
either anorthite or hornblende. Minor alteration of corundum to margarite was observed, fixing Ca 
that may be derived from the alteration of anorthite to sericite or Ca-bearing hornblende to chlorite. 
Corundum is assumed to be derived from metamorphism or metasomatism and is possibly related to 
high magma H2O. 

Minor titanite was identified within the groundmass of the metagabbro but also found within 
inclusions of sheared hornblende alongside calcite. The presence of titanite within all samples 
suggests it is an accessory mineral within the gabbro. However, its occurrence as exsolution lamellae 
or crystallisation in cleavage fractures of sheared hornblende alongside carbonate formation might 
suggest an alternative origin. Although very limited in abundance, Ca2+ might be liberated during the 
alteration of titanite to Ti-oxides such as rutile.  

The Dawros-Currywongaun-Doughruagh Complex (DCDC) represents a northern extension of the 
Connemara MGC. It is found on the opposite side of the �ZD4�[ Connemara Antiform axial trace, and its 
relationship with the associated metagabbros is poorly understood (O'Driscoll and Chew, 2021). The 
DCDC is characterised by several layered mafic/ultramafic intrusions outcropping over 5 km2. Both the 
Currywongaun and Doughruagh intrusions outcrop on prominent hills with elevations of 273 m and 
526 m, respectively. Therefore, whilst the individual vertical thicknesses of the DCDC are unknown, at 
least one intrusion has a vertical thickness of over 500 m. The Dawros Peridotite represents the largest 
of the ultramafic intrusions in the DCDC. Whilst only outcropping across an area of around 1 km2, it 
extends offshore below Ballynakill Harbour, potentially doubling its overall geographical extent. Given 
the aerial extent of the outcrops of the DCDC intrusions, they would likely only support a small 
infrastructure for mineral carbonation, requiring associated DAC and separate injection wells for each 
intrusion. Alternatively, these rocks may be suitable for ex-situ mineral carbonation, enhanced 
weathering, or OAE projects due to their ultramafic composition. 

Reservoir screening highlights the Dawros Peridotite as a potential mineral carbonation site due to its 
ultramafic composition. The outcrops represent a composite intrusion of orthopyroxenite, with a 
lower harzburgite sequence and an upper lherzolite sequence (Rothstein, 1957; Hunt et al., 2012). 
EDS mapping data determined that the orthopyroxenite mostly comprised Fe-bearing enstatite, 
possibly of bronzite variety. The high birefringence of enstatite might result from the Fe content noted 
during EDS acquisition, as higher Fe content increases the refractive indices. The dominantly high Mg-
enstatite composition of the orthopyroxenite suggests mineral carbonation will predominantly result 
in magnesite formation. Dissolution of enstatite proceeds via the liberation of Mg from its crystal 
structure asynchronous with Si, creating leached layers on the surfaces of dissolved enstatite (Oelkers, 
1999; Oelkers and Schott, 2001). Si-bonds are not rearranged through the replacement of Mg via 
hydrolysis, leaving the enstatite structure partially intact during Mg liberation (Oelkers, 1999). 
Because silica polymerisation is higher in pyroxene than in olivine (an orthosilicate), complete 
dissolution will occur at a slower rate (Power et al., 2013). Thus, peridotite composed solely of 
pyroxene, like sample D1, will exhibit a slower dissolution rate when compared to those containing 
olivine. However, mineralisation will be favourable in both cases due to their suitable cation 
abundance. 

Similar to Fe-bearing clinopyroxene, an elevated Fe content may enhance the dissolution of Fe-bearing 
enstatite through iron oxidation (Hoch et al., 1996). The carbonation ability of the Dawros 
orthopyroxenite is exemplified by two veins of precipitated magnesite, evidence that natural 
carbonation has occurred in these rocks to some degree. Several Fe-oxide/oxyhydroxides (FeO/OH) 
were observed adjacent to the magnesite veins, suggesting Fe oxidation occurs during dissolution and 
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subsequent mineral carbonation. Although only observed in minor amounts, magnesite veining 
indicates that Mg2+ from orthopyroxene dissolution has already been consumed by carbonation, 
suggesting reservoir capacity for in-situ mineral storage has decreased. 

Exsolution lamellae, parallel to the (100) axis, are noted within the enstatite of the orthopyroxenite 
and appear to contain raised counts of either Ca or Al. Lamellae nucleate within imperfections in the 
crystal and might cause structural defects that aid the dissolution of enstatite (Scherer, 1999). 
Exsolution lamellae of augite are commonly seen for orthopyroxenite (Champness and Lorimer, 1973). 
As augite is intergranular within the orthopyroxenite, the exsolution lamellae of the orthopyroxene 
might also comprise augite. In the deformed orthopyroxenite of sample D2, numerous acicular crystals 
of augite have crystallised into the (100) axis of orthopyroxene cleavage, possibly indicating the 
ongoing growth of exsolution lamellae. Alternatively, these crystals were associated with amphibole 
of anthophyllite variety. The pyroxene structure can influence the orientation of amphibole 
crystallisation, aligning amphibole with exsolution lamellae and amphibole cleavage (Veblen and Bish, 
1988). Stoichiometric calculations could not determine if the acicular minerals represent pyroxene or 
amphibole. However, their habit and divalent cation abundances of variable Mg, with lesser Ca, 
suggest amphibole is more likely.  

Microstructures influence the permeability of the rock on a micro-scale. Numerous microstructures 
have formed in the sheared orthopyroxenes of sample D2, which have separated at cleavage planes 
and become incorporated in a talc-serpentine matrix. As such, microscale permeability may locally 
increase in such rocks, and if the injected CO2 accessed cleavage fractures in crystals, the reactive 
surface area for carbonation would be drastically higher. 

Orthopyroxenite of sample D2 displayed almost complete alteration to serpentine and talc, with some 
enstatite and amphibolite remaining. Evidence for naturally occurring mineral carbonation is absent. 
Contrastingly, the primary mineralogy of samples D3 �t D5 has been entirely lost due to alteration. The 
sampling took place at outcrops suggested to be harzburgite or lherzolite (Hunt et al., 2012). If 
unaltered, harzburgite and lherzolite would have higher overall orthopyroxenite dissolution rates due 
to containing some proportion of olivine. However, sample D3 and sample D4 show pervasive olivine 
alteration to serpentine, talc, and magnesite, with dolomite veining. Sample D5 represents a sample 
of serpentinite displaying a typical mesh texture with lesser carbonate (var. dolomite).  Sampling 
locations of samples D3 �t D5 were relatively contiguous, suggesting that serpentinisation or talc-
carbonate alteration is laterally variable. 

Serpentinisation progresses under isochemical conditions through peridotite hydration (Coleman and 
Keith, 1971). During serpentinisation, the rock undergoes expansion as serpentine minerals occupy a 
larger volume than the anhydrous primary minerals they replace. Where the serpentinite cannot 
accommodate the volume increase, it fractures (O'Hanley, 1992; Kelemen and Hirth, 2012). The 
fracturing will extend into fresh peridotite and facilitate more serpentinisation. Crystal boundaries can 
act as weaknesses during stress-induced fracturing, resulting in fluid pathways for serpentinisation 
(Shimizu and Okamoto, 2016). Magnetite or carbonate can precipitate within these veins through 
processes of oxidation and carbonation, respectively. Serpentinisation propagates from 
olivine/pyroxene boundaries and gradually encloses the crystal core with an aggregate of lizardite, 
chrysotile, and polygonal serpentine (Viti and Mellini, 1998). This mechanism is assumed to have 
formed the serpentine mesh texture displayed by sample D5 but also observed in blocks of sample 
D3. These two mesh textures in the Dawros Peridotite vary slightly, as carbonate is only observed in 
veins within sample D5, possibly because the circulating fluid was rich enough in CO2 to stabilise such 
phases. 
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Dissolution studies observe that a porous siliceous residue is produced from Mg-leaching in serpentine 
veins, opening pathways for further dissolution (Lacinska et al., 2017). The reaction-induced cracking 
leads to faster dissolution in serpentinite than shown for pyroxene-rich harzburgite. General 
compositions suggest that serpentine minerals can store similar, if not slightly greater, quantities of 
CO2 than pyroxene of the same mass, although olivine is the most effective (Power et al., 2013). 
Therefore, depending on the primary composition of the peridotite, serpentinisation may have a 
positive or negative impact on the tonnage of CO2 able to be stored, provided carbonation has not 
occurred. As carbonates are already incorporated within mesh textures of Dawros serpentinite 
(sample D5), it has already been partially carbonated to a minor degree, suggesting serpentinisation 
has negatively impacted the reservoir potential for in-situ mineral carbonation. 

Talc represents the secondary alteration of the silicates within these rocks to serpentine, tremolite, 
chlorite, as well as Mg-rich carbonates (Abdel-Rahman et al., 2022). Minor variations in the 
compositions of talc, carbonate and serpentine minerals will result from local variations in the 
proportion of pyroxene to olivine in the original groundmass. The alteration of the Dawros Peridotite 
to talc�tcarbonate assemblages is interpreted to be a product of shearing, evident from the 
deformation of relict minerals and the circulation of CO2-rich and H2O-rich fluids derived from 
amphibolite-grade metamorphism. The stability of a talc�tcarbonate assemblage is confined to 
temperatures < 550 °C and XCO2 �H 0.02 based on thermodynamic modelling studies (Bjerga et al., 2015). 
It could be assumed that serpentine and brucite are the primary minerals altering to talc, although 
evidence suggests that the orthopyroxenite (sample D2) was not completely serpentinised before talc 
formation, as relics are still discernible. The incomplete serpentinisation before talc formation 
contrasts with findings from various experimental and field studies, which typically indicate complete 
serpentinisation prior to talc formation (Hansen et al., 2005; Bjerga et al., 2015). Magnesite, the 
dominant carbonate in the altered groundmass, will have formed from the carbonation of serpentine, 
orthopyroxene (mainly enstatite), olivine and clinopyroxene. Dolomite veining will have precipitated 
from fluids richer in Ca2+, likely sourced from the alteration of clinopyroxene. The precipitation of 
dolomite veins might represent the earliest forming carbonate because of the limited abundance of 
Ca-bearing minerals.  

Although amphibolite-grade metamorphism has resulted in carbonation to some degree, there is still 
a considerable abundance of Mg2+ contained in serpentine and talc minerals. Natural peridotite has 
shown that complete alteration to talc�tcarbonate assemblages represents about half of the 
carbonation potential for serpentinite (Hansen et al., 2005). Further carbonation is required before 
the formation of magnesite�tquartz assemblages that characterise fully carbonated peridotite, namely 
listwanite (Kelemen et al., 2011). Therefore, there is still potential for mineral storage in the altered 
serpentinite of the Dawros Peridotite via talc and the remaining serpentine. The carbonation of the 
remaining serpentine minerals will react into more talc and magnesite before the final carbonation of 
talc to quartz and magnesite. Dissolution rates for talc at acidic pH are possibly similar to enstatite due 
to similar mechanisms of decomposition (Saldi et al., 2007; Power et al., 2013). The fractured and 
brecciated appearance of the reservoir suggests good permeability for in-situ mineral carbonation. 
Otherwise, the low hardness of talc might make it cheap to excavate as a source of Mg2+ for surficial 
mineralisation pilots. 

Sulphide mineralisation occurs in the form of pentlandite, often enveloped in magnetite, although 
these minerals are of little importance for carbonation reactions. Very rare accessory ilmenite is noted 
within the Dawros samples, although too minor to be impactful on mineral carbonation. The more 
prevalent oxide minerals, identified as Cr-spinel, are present in both the altered orthopyroxenite 
(sample D2) and the talc-carbonate-serpentinite (sample D3 and sample D4). Larger (up to 0.4 mm) 
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euhedral, zoned Cr-spinel, were only observed in the altered serpentinite and enclosed by rims of Fe-
O, assumed to be magnetite. Chemical zonation in one primary Cr-spinel is identified as an abrupt 
transition from an Al-rich core (alumoberezovite or possibly considered a picotite as Al > Cr) to a 
ferritchromit rim. The outer edges of the spinel are altered to magnetite. It is interpreted that spinel 
was initially Al-rich but has undergone a two-stage alteration. In the initial stage, there is a substitution 
of Al3+ by Fe3+ and a minor replacement of Mg2+ with Fe2+, resulting in the formation of 
ferritchromit, which is the predominant spinel. The second stage of alteration is the formation of 
magnetite reaction rims. This sequence appears almost identical to those observed in other studies 
(Merlini et al., 2009; Saumur and Hattori, 2013). Smaller grains are completely altered to ferritchromit 
with occasional magnetite rims. Polygonal, crosscutting fractures noted across large Cr-spinel grains 
represent either relic trellis exsolution or octahedral spinel partings, discussed in Saumur and Hattori 
(2013), now filled with serpentine or talc. These fractures are most apparent in the ferritchromit 
zones. Al-rich zones surrounding Cr-bearing spinel are interpreted to be chlorite derived from the 
liberation of Al3+ during ferritchromit alteration, reacting with serpentine and H2O to form clinochlore 
(Saumur and Hattori, 2013). Alteration of spinel to ferritchromit might be the product of heating 
during amphibolite-grade metamorphism (Saumur and Hattori, 2013). Chlorite appeared to have a 
lensoidal structure wrapping around one of the chromite grains of sample D4, possibly representing a 
strain shadow produced during metamorphism. Because the altered serpentinite is already 
carbonated to a large degree, it is assumed that the Cr-spinel are more resistant to carbonation 
reactions than the surrounding groundmass. Minor Mg2+ liberated during further ferritchromit and 
magnetite alteration might be incorporated into Mg-carbonates, whilst Fe2+ in solution will be 
consumed. The precipitated chlorite might also be dissolved and carbonated at a later stage. At a later 
stage, magnetite will progressively alter, leaching Fe2+ that will incorporate into Fe-bearing magnesite 
until the formation of listwanite (Hansen et al., 2005). 
 

6. SUMMARY AND FUTURE WORK 

6.1 Future Work 

The findings of this thesis confirm that the ALG, MGC and Dawros Peridotite contain suitable 
mineralogies for CO2 mineralisation. Having characterised the dominant mineralogy and alteration of 
these reservoirs, a more specific determination of the chemistries of identified minerals can follow, 
achieved by using microprobes or laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS). Subsequently, fluid interaction studies can investigate the reaction of these minerals with 
carbonate-rich fluids.  

Fluid-rock interaction tests using a batch reactor are designed to simulate and study the chemical 
reactions between fluids and rock materials under controlled conditions. These tests are crucial in 
understanding processes, such as mineral dissolution, precipitation, and alteration, which are 
important parameters for in-situ mineral carbonation. Samples are cleaned, dried and weighed before 
being placed in a reactor, then fully submerged in CO2-rich fluid prepared with the desired pH and 
chemical composition. These samples can be tested as a whole-rock, or as a mineral, depending on 
the application. Crushed or powdered rock can be tested quickly, although will not represent the true 
reaction kinetics of the reservoir. Once sealed, the reactor is brought to the desired temperature and 
pressure, simulating the subsurface conditions. Therefore, the chemistry and temperature of the 
formation water at the injection site will require determination. Periodically, small samples of the fluid 
may be extracted for analysis to monitor changes in its chemical composition. Ion concentration, pH 
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and dissolved gases are measured to track the progress of the reactions. These tests can observe 
changes in the porosity, permeability, and mechanical strength of samples and evaluate the potential 
for CO2 to be converted into stable carbonate minerals. Comparisons can be made between current 
mineral conditions and subsequent alterations resulting from the controlled carbonation reactions. 
For the ALG, the dissolution of zeolite minerals will be crucial to simulate as they occupy most of the 
pore space in the basalts, informed by this study. Fluid-rock interaction tests can also identify if Ca-
rich zeolites provide any Ca2+ for mineralisation. Furthermore, clay alteration of olivine phenocrysts 
should be a clear focus for fluid-interaction tests due to its prevalence in global hydrothermally altered 
basalt. Whilst smectite has a high cation-exchange capacity, carbonation might be implicated by its 
swelling properties, particularly as it deposits in minor iddingsite fractures. The experimental data 
from fluid-rock interaction tests can be used to validate and refine geochemical modelling that could 
be undertaken on the ALG. 

Further study of the MGC will require more insight into the structural geology of the intrusion. Because 
there are no available boreholes, the progressive fractionation of the intrusion with depth is poorly 
well understood. The fractionation will be vital to characterise as its extent will impact the quantity of 
mafic minerals in the reservoir. The offshore extension of the MGC is currently only assumed because 
of the occurrence of gabbro at Mile Island. As this extension is particularly large and less than 40 m 
below sea level, sampling could better determine the size of the offshore outcrop. For the carbonated 
serpentinite of the Dawros Peridotite, isotope studies could be undertaken to interpret the source of 
the fluids responsible for the alteration (O'Hanley, 1996; Bjerga et al., 2015). 

Gabbros of the Carlingford Complex were also noted for their reservoir potential. Plagioclase is 
bytownite in composition, suggesting the overall lithology is highly mafic. Furthermore, the complex 
is suggested to have a thickness greater than 300 m, potentially having the thickness desirable for in-
situ mineral carbonation. However, due to its smaller size compared to the MGC and lack of tectonic 
activity, which suggests lower permeability, this outcrop was not further investigated in this study. 
Lastly, Tellus geochemical maps could be utilised to assess if there might be any buried igneous 
intrusions for mineral storage in Ireland. 
 

6.2 Summary 

All known mafic and ultramafic surface outcrops of Ireland have been screened and ranked for their 
feasibility of storing CO2 via in-situ mineral carbonation. Northern Ireland encompasses several large 
mafic/ultramafic complexes that may act as appropriate reservoirs for CO2 storage. The largest and 
highest-ranking, the Antrim Lava Group, is proximal to several major CO2 point sources in Northern 
Ireland and contains structural and geochemical characteristics that make it suitable for mineral 
carbonation. In the Republic of Ireland, only small, disseminated basalts are found in the central, 
southern, and eastern regions, generally interspersed within intermediate volcanics and sediments. 
More substantial basaltic and gabbroic outcrops are situated on the western side of the Republic of 
Ireland. However, their utilisation for mineral carbonation would necessitate long-distance 
transportation of industrially produced CO2 for storage. Among these, the Connemara Metagabbro-
Gneiss Complex, as well as the Dawros-Currywongaun-Doughruagh Complex, are the two highest-
ranking candidates. This is attributed to their highly anorthic or ultramafic compositions, which offer 
suitable chemistry for carbonation. Additionally, the pervasive fracturing resulting from metamorphic 
deformation in Connemara suggests potential permeability for CO2 injection. 
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Detailed analyses of the Antrim Lava Group, Connemara Metagabbro-Gneiss Complex, and Dawros 
Peridotite (on behalf of the DCDC) were undertaken concerning the main requirements for in-situ 
mineral carbonation.  

�x The Antrim Lava Group is sufficiently thick for mineral carbonation, surpassing the 500 m depth 
generally outlined as a constraint for CO2 injection. Due to this depth constraint, the Lower 
Basalt Formation should be the primary target for carbonation, as it is located at deeper 
intervals to the Upper Basalt Formation. An injection site within faulted blocks located at the 
northeast edge of Lough Neagh is regarded as the most likely position for injection because of 
thicknesses outlined from available borehole data. 

�x Major CO2 emitters such as the Ballylumford Power Station and the Kilroot Power Station are 
potential industries for decarbonisation via mineral carbonation in the Antrim Lava Group. Since 
these facilities are situated at the periphery of the basaltic plateau, transporting CO2 to the 
plateau centre, where the thickness is sufficient for injection and carbonation processes to be 
effective, will be necessary. 

�x The UBF and LBF of the ALG comprise almost identical compositions. Petrographic and chemical 
analyses identify them as amygdaloidal and massive basalt containing large glomeroporphyritic 
forsterite within an ophitic groundmass of fresh augite and slightly altered labradorite. 

�x A combination of rare iddingsite alteration of forsterite rims and common clay alteration of 
forsterite cores will have negatively affected the carbonation rate and capacity of the basalts. 

�x Iddingsite alteration rims on forsterite may have positively impacted the permeability and 
access to mineral sites in olivine if (001) lamellar fissures have formed within it. However, fluid-
interaction studies will be required to assess whether smectite expansion in lamellar fissures 
will implicate fluid pathways and access to olivine. 

�x Clinopyroxene in the ALG is Fe-bearing, which might aid its dissolution via oxidation. Plagioclase 
will provide Ca2+ for carbonation. Although plagioclase laths show partial alteration to chlorite 
or albite, fracturing during hydrothermal alteration may locally increase basalt permeability. 

�x Porosity in both amygdaloidal and massive basalt has been entirely lost from the precipitation 
of zeolites. Therefore, initial CO2-rich fluid pathways will rely on basalt permeability that can 
subsequently instigate the dissolution of zeolites in pore space. Only minor calcite precipitation 
is observed, suggesting some limited natural carbonation has occurred in these rocks. 

�x Alteration of massive basalts is dominated by Ca-rich chabazite. For amygdaloidal basalts, a 
sequential precipitation sequence starts with clay linings, then chabazite-Ca, with variable 
proportions of Ca and Na, then fibrous thomsonite-Ca, and finally Na-rich natrolite.  Due to high 
cation exchange capacities and Ca2+ release during dissolution, zeolites may act as valuable 
reactants for carbonation in the ALG. 

 

�x The Connemara Metagabbro-Gneiss Complex, as well as the Dawros-Currywongaun-
Doughruagh Complex, are generally assumed to have a thickness between 0.5 �t 1 km and up to 
400 m, respectively, though data to support this is sparse. Because the fractionated MGC 
intrusion is mostly inverted, CO2 injection may be more suitable at higher elevations near 
Errisbeg, where basal peridotite is more common. 

�x Given that major CO2 sources are located at a distance from these units, the installation of Direct 
Air Capture facilities might be necessary to utilise them for in-situ mineral carbonation. 
Alternatively, the units might be better suited for surficial and ex-situ mineral carbonation 
projects. 



 

95 
 

�x Metagabbro from the MGC contains highly anorthic plagioclase alongside magnesiohornblende 
and clinopyroxene, all comprising a high abundance of divalent metal cations. However, 
variable phyllic and propylitic alteration to sericite�tquartz�tpyrite and epidote-chlorite-albite 
assemblages will negatively impact reservoir quality due to the replacement of hornblende and 
anorthite with quartz, albite minerals, or sericite aggregates poor in divalent metal cations. 

�x Orthopyroxenites of the Dawros Peridotite in the DCDC are comprised of Mg-rich, Fe-bearing 
enstatite and display minor natural carbonation in the form of magnesite veining. Where 
altered, enstatite is talcose and deformed to amphiboles of anthophyllite. The 
harzburgite/lherzolite units show pervasive alteration to amphibole-serpentine-talc-carbonate 
assemblages, indicating amphibolite-grade metamorphism has been accompanied by 
serpentinisation and talc-carbonate alteration. These assemblages also indicate the peridotite 
has been carbonated to some degree. Remaining fibrous anthophyllite, serpentine and talc still 
contain large amounts of Mg2+ with potential for carbonation reactions. The low hardness of 
talc might be beneficial for excavation for surficial mineralisation pilots. 
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